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The immune system has the double role of 
maintaining tissue integrity and homeostasis and 
of protecting the organism from possible dangers, 
from invading pathogens to environmentally-borne 
dangerous chemicals. New chemicals recognisable by 
the immune system are engineered nanomaterials/
nanoparticles, new agents in our environment that 
are becoming common due to their presence in 
many products, from constructions and building 
material (e.g., solar cells, pigments and paints, tiles 
and masonry materials) to daily products (e.g., 
food packaging, cosmetics, and cigarettes). Human 
beings can be accidentally exposed to engineered 
nanomaterials when these are released from products 
containing them or during production in workplaces. 
Furthermore, intentional exposure occurs in 
medicine, as engineered nanoparticles are used as 
tools for improving delivery of drugs and vaccines, 
vaccine adjuvants and contrast agents in therapeutic, 
preventive and diagnostic strategies. 

Nanoparticles that come in contact with the immune system after unintentional exposure need 
to be eliminated from the organism as they represent a potential threat. In this case, however, 
due to their peculiar characteristics of size, shape, surface charge and persistence, nanoparticles 
may elicit undesirable reactions and have detrimental effects on the immune system, such as 
cytotoxicity, inflammation, anaphylaxis, immunosuppression. Conversely, nanomedicines need 
to escape immune recognition/elimination and must persist in the organism long enough for 

Engineered nanoparticles can greatly differ 
in chemical composition, size, and surface 
coating/charge, and these charateristics 
determine their interaction with immune 
cells. Image: Vasilij Kandinskij, “Several circles” 
1926, Solomon R. Guggenheim Museum.
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reaching their target and exerting their beneficial effects. Immune cells and molecules at the body 
surface (airway and digestive mucosae, skin) are the first that come in contact with nanomaterials 
upon accidental exposure, while immune effectors in blood are those that more easily come 
in contact with nanomedical products. Thus, evaluating the interaction of the immune system 
with nanoparticles/nanomaterials is a topic of key importance both in nanotoxicology and in 
nanomedicine. 

Immuno-nanosafety studies consider both accidental exposure to nanoparticles, which may 
occur by skin contact, ingestion or inhalation (at doses and with a frequency that are not 
known), and medical exposure, which takes place with a defined administration schedule 
(route, dose, frequency). Many studies focus on the interaction between the immune system and 
nanoparticles that, for medical purposes, have been specifically modified to stimulate immunity 
or to avoid immune recognition, as in the case of vaccine carriers/adjuvants or drug delivery 
systems, respectively. 

The aims of this Research Topic is to provide an overview of recent strategies: 
1.	 for assessing the immunosafety of engineered nanomaterials/nanoparticles, in particular in 

terms of activation of inflammatory responses, such as complement activation and allergic 
reactions, based on the nanomaterial intrinsic characteristics and on the possible carry-over 
of bioactive contaminants such as LPS. Production of new nanoparticles taking into account 
their effects on immune responses, in order to avoid undesirable effects on one hand, and to 
design particles with desirable effects for medical applications on the other hand; 

2.	 for designing more effective nanomedicines by either avoiding or exploiting their interaction 
with the immune systems, with particular focus on cancer diagnosis and therapy, and 
vaccination.

This collection of articles gives a comprehensive view of the state-of-the-art of the interaction of 
nanoparticles with the immune system from the two perspectives of safety and medical use, and 
aims at providing immunologists with the relevant knowledge for designing improved strategies 
for immunologically safe nanomaterial applications.

Citation: Italiani, P., Boraschi, D., Castellano, L. R. C., Bonan, P., Medeiros, E. S., eds. (2018). Interaction 
of Nanomaterials with the Immune System: Role in Nanosafety and Nanomedicine. Lausanne: Frontiers 
Media. doi: 10.3389/978-2-88945-387-0
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Editorial on the Research Topic

Interaction of Nanomaterials with the Immune System: Role in Nanosafety and Nanomedicine

In the past 20  years, engineered nanomaterials/nanoparticles (ENMs/ENPs) have become an 
increasingly common presence in our environment and everyday life. These new materials are 
included in a variety of products, such as solar cells, pigments and paints, tiles and masonry materi-
als, and consumer products such as food packaging, cosmetics, and cigarettes. The long-term effects 
of exposure of human beings and environment to ENM are unknown, and concern is raising that 
ENM may have a detrimental impact on human health. In this perspective, it is of major importance 
assessing the interaction between ENM and the immune system, since in all living organisms the 
immune system is deputed to defending and maintaining the integrity of the body, and its failure is 
cause of damage and disease (1).

Engineered nanoparticles are being developed also for improving delivery of drugs, contrast 
agents, and antigens in therapeutic, diagnostic, and vaccination strategies. Such strategies aim at 
exploiting the unprecedented flexibility of design of ENP for tailoring them as efficient vehicles for 
delivering payloads to specific organs and locations, thereby increasing efficacy and minimizing side 
effects. Also in the case of nanomedicines, the interaction between the ENP and the host’s immune 
system is central, because nanomedicines need to avoid immune recognition and elimination. On 
the other hand, ENP can be used for targeting the immune system and stimulating its effectiveness 
in combating infections, cancer, and other diseases (1).

The Research Topic “Interaction of nanoparticles with the immune system: role in nanosafety and 
nanomedicine” intends to provide a snapshot of the latest trends in nanosafety and nanomedicine 
that take into consideration the interaction between ENM and the immune system.

Living organisms have encountered particles of different size since the very beginning of life on 
earth, thus the immune system of plants, invertebrates, and vertebrates is able to recognize particles 
(e.g., volcano ashes, viruses, and bacteria) and react to them by mounting a defensive response. 
ENM and ENP are new foreign agents for the immune system of both environmental species and 
human beings. Although we do not expect the immune system to have problems in dealing with 
ENM, similarly to other particles, nanoimmunosafety is becoming a matter of growing concern. In 
fact, ENM are produced in such a variety of chemical compositions, shapes, and sizes that predicting 
their interaction with immunity and the result of such interaction is very difficult. The review by 
Pallardy et al. specifically addresses this issue, underlying how and in which circumstances ENM 
and other nanoparticles can trigger immune responses that may represent a threat for human health. 
Other contributions address the interaction of specific EMN with the immune system. The group 
of Bengt Fadeel has examined graphene ENM and the mechanisms by which the innate immune 
system, in particular phagocytic cells, work for eliminating them (Mukherjee et al.). On the other 
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hand, the review of the group of Victor Puntes underlines the 
need of a very accurate evaluation of the ENM characteristics in 
order to understand the variability of the effects on the immune 
system and the consequent possible safety concerns, taking as an 
example the case of cerium oxide ENP (Casals et al.). On the same 
line, two groups address more specifically the issue of endotoxin 
contamination in ENM as source of variability and misinterpreta-
tion of results: Li et al. review the topic and provide suggestions 
of how to test the presence of contamination, while Bianchi et al. 
show how titania ENP can adsorb LPS thereby becoming able to 
induce inflammation. A major issue in nanosafety is the capacity 
of ENM to activate complement and induce complement- 
mediated damage. Two contributions of the group of Dmitri 
Simberg and Moein Moghimi show how surface coating and  
surface functionalization with antibodies can significantly change 
the ability of iron oxide nanoworms to activate complement (Wang 
et al.; Wang et al.). Eventually, the group of Ken Ishii reviews the 
possibility of allergic reactions induced by skin exposure to EMN 
(Yoshioka et al.), while the group of Albert Duschl examines the 
role of ENM in type 2 immune responses and, together with the 
possible detrimental effects, proposes possible exploitation for 
therapeutic purposes (Himly et al.).

In nanomedicine, in order to deliver their therapeutic cargo, 
ENMs are designed so as to escape immune recognition and to 
penetrate defensive barriers, a strategy that increases targeted 
delivery and therapeutic efficacy. However, we should take 
great care in ensuring that nanomedicines do not interfere with 
immune surveillance and effectiveness, because a failing immune 
system will leave the body defenseless. On the other hand, nano-
medical approaches can exploit the interaction of ENM with the 
immune system to obtain targeted delivery and targeted immune 
modulation. The review of La-Beck and Gabizon addresses the 
critical issue of efficacy of liposome-based anti-cancer therapies, 
which is most likely hampered by the interaction of administered 
liposomes with the host immune system. The group of Dan Peer 
provides important insights on the possibility of using lipid-
based ENP, targeting the immune system, as immunotherapeutic 
agents that stimulate the host immune response against tumors 
(Mizrahy et al.). Along the very important strategy of targeting 
immune cells with ENM, Serkova shows how tumor-associated 
macrophages (TAM) can be specifically visualized with MRI 
using superparamagnetic iron oxide ENP, while the group of 
Biana Godin shows that drug-loaded ENP can actually modu-
late TAM polarization and shift it toward antitumor activation 
(Leonard et  al.). Besides anti-cancer therapy, the use of ENM 
can be beneficial in other inflammation-based diseases such 
as neurodegenerative conditions, as suggested by the group of 

Paolo Decuzzi that shows decrease of amyloid β fibril-induced 
inflammation by delivering anti-inflammatory compounds to 
macrophages via ENP (Ameruoso et al.).

The last topic addressed is the use of ENM in vaccination. 
Indeed, particles have been included in vaccine formulations since 
ages, for increasing antigen persistence and for helping induc-
ing and amplifying the protective adaptive immunity, but more 
recent studies plan to use ENM for a better control both of the 
antigen delivery and of the inflammation-based adjuvant effect 
(2). The group of Ana Paula Junquiera-Kipnis reviews the pos-
sibility of using metal ENP as adjuvants in vaccination (Moreira 
Marques Neto et  al.), while the group of Alireza Haghparast 
designed polymeric ENP simultaneously carrying an antigen 
and two TLR agonists, which were very effective as vaccine in 
mice (Ebrahimian et  al.). A very important issue, in designing 
ENP for inducing controlled NLRP3-dependent inflammation 
in vaccine adjuvanticity, is the issue addressed by the group of 
Yasuo Tsutsumi, i.e., that the control of ENP size is required in 
order to obtain the desired effect, as particles of the “wrong” 
size can lose their efficacy (Nishijima et al.). Finally, Italiani and 
Boraschi propose an original concept for the modulating immune 
responses with ENM, i.e., the personalized induction of innate 
memory, which in each individual subject can achieve controlled 
stimulation (as adjuvant in vaccination and in cancer therapy), or 
reduction of responses (for approaches in chronic inflammatory 
and autoimmune diseases).

In conclusion, this Research Topic provides a comprehensive 
vision of the state-of-the-art of the interaction of ENM with the 
immune system, its possible threats for human health and the 
very promising exploitation strategies. Numerous challenges are 
still outstanding, before we have a complete knowledge of such 
interaction, in particular in immunologically frail or compro-
mised individuals, but the recent advancements make us believe 
that we will be soon able to use ENM effectively and safely.
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Particles possess huge specific surface area and therefore nanomaterials exhibit unique 
characteristics, such as special physical properties and chemical hyper-reactivity, which 
make them particularly attractive but also raise numerous questions concerning their 
safety. Interactions of nanomaterials with the immune system can potentially lead to 
immunosuppression, hypersensitivity (allergy), immunogenicity and autoimmunity, 
involving both innate and adaptive immune responses. Inherent physical and chemical 
NP characteristics may influence their immunotoxicity, i.e., the adverse effects that can 
result from exposure. This review will focus on the possible interaction of nanomaterials 
including protein aggregates with the innate immune system with specific emphasis on 
antigen-presenting cells, i.e., dendritic cells, macrophages and monocytes.

Keywords: nanoparticles, dendritic cells, danger signals, macrophages, innate immunity

INTRODUCTION

Nanoparticles (NP) are defined as structures with at least one dimension in the range of 1–100 nm. At 
this nanoscale, particles possess huge specific surface area. Nanomaterials therefore exhibit unique 
characteristics, such as special physical properties and chemical hyper-reactivity, which make them 
particularly attractive but also raise numerous questions concerning their safety. Nanomaterial 
interactions with the body include accidental exposure (environmental and industrial NP) and 
therapeutic exposure (vaccination, drug delivery). Virtually, all the possible routes of exposure 
(inhalation, ingestion, dermal contact, systemic injection) have to be considered.

The main objective of the immune system is to avoid harmful effects due to contamination by 
microbes and also to maintain an immune tolerance to environmental antigens. To distinguish 
between harmful and non-harmful antigens, the dendritic cells (DCs) play a major role by sensing the 
environment and adapting their phenotype to the most appropriate type of response: immunogenic 
vs. tolerogenic. Interactions of NP with the immune system can potentially lead to immunosup-
pression, hypersensitivity (allergy), immunogenicity and autoimmunity, involving both innate and 
adaptive immune responses. Inherent physical and chemical NP characteristics may influence their 
immunotoxicity, i.e., the adverse effects that can result from exposure. This review will focus on the 
possible interaction of nanomaterials, including protein aggregates, with the innate immune system 
with specific emphasis on antigen-presenting cells, i.e., DCs, macrophages and monocytes.

NP INTERACTION WITH INNATE IMMUNE CELLS

In host, the mononuclear phagocytic system plays a major role in the exposure to nanomateri-
als. Macrophages are in charge of nanomaterials recognition, uptake, processing, and clearance 
(1). Several in  vivo studies have demonstrated high NPs macrophage sequestration, particularly 
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in clearance organs such as liver, spleen, and kidney. In these 
organs, fenestrated capillary beds, competent to capture particles, 
are associated with specialized macrophages populations (1). In 
mice injected with non-degradable silica NPs, a high accumula-
tion in the liver and in the spleen was observed, in majority in 
the macrophages but also in neutrophils (2). This property could 
be responsible for organ-specific toxicity, especially in the liver, 
of some NPs.

Nanoparticles uptake can occur through phagocytosis, 
macropinocytosis, as well as clathrin-, caveolae-, and scavenger 
receptor-mediated endocytic pathways. These internalization 
processes are deeply dependent on nanomaterials properties such 
as size, shape, surface coating, and on the cellular environment 
(3). Phagocytosis is carried out by professional phagocytes such 
as macrophages, neutrophils, DCs, or monocytes. Due to their 
actin-based cytoskeleton rearrangement capacities, these cells 
can entrap the material through membrane dynamics in a zipper 
model fashion (1). The best characterized opsonin-dependent 
phagocytosis receptors are the Fcγ receptor and the complement 
receptor CR3, which appear to play a significant role in the 
detection of opsonized nanomaterials and in the rate of uptake 
(1). It was demonstrated that the small gold colloid NPs (30 nm) 
use several internalization routes (including scavenger receptor-, 
clathrin-, and caveolin-mediated pathways), in contrast to the 
larger materials of 150 nm which appear to be preferentially taken 
up via the scavenger receptor pathway (4). The scavenger recep-
tor MARCO has been involved in the ingestion of unopsonized 
inhaled TiO2 and Fe2O3 particles in the lung (5). Moreover, the 
recognition of silica NPs by macrophages scavenger A receptor 
could induce the release of cytokines responsible for pulmonary 
inflammation (6). The mechanisms for NP uptake by DCs are 
poorly understood. However, according to Vallhov et  al. (7), 
an active mechanism such as endocytosis may be involved in 
the amorphous silica nanoparticle (aSNP) uptake by DCs (7). 
Winter et al. (8) additionally suggested that it would be at least 
partly mediated by an actin-dependent mechanism (8).

Nanomaterials can affect the polarization and the reprogram-
ming of macrophages, mostly depending on chemical composi-
tion, size, and surface modification (9). The pro-inflammatory 
M1 or anti-inflammatory M2 phenotypes have been shown to 
display distinct uptake capacity for nanomaterials. In particular, 
silica NPs uptake is enhanced in M2-polarized primary human 
monocyte-derived macrophages or in the macrophage-like 
THP-1 cell line as compared with M1 cells (10).

In vivo, upon exposure to biological fluids, NPs do not stay 
“naked” but become coated by biomolecules, primarily proteins 
but also sugars, lipids, or nucleic acids, forming a “corona” (11). 
This corona is “what the cell sees” and displays a highly dynamic 
nature: changes in the composition occur over time, in a continu-
ous flux of desorption/adsorption of proteins. If the “hard” corona 
is tightly bound with a long exchange time, the “soft” corona, 
presented as a second layer, is submitted to fast exchanges (12, 
13). Interestingly, this process could be compared to the opsoni-
zation of pathogens (14) and affects the efficiency of NPs uptake 
by macrophages. Kapralov et al. demonstrated that single-walled 
carbon nanotubes (SWCNTs) selectively adsorbed phosphati-
dylcholines and phosphatidylglycerols from lung surfactant. The 

presence of this coating noticeably enhanced the in vitro uptake of 
SWCNTs by macrophages (15). Moreover, proteins may undergo 
conformational changes, such as unfolding, leading to the pos-
sible exposition of cryptic epitopes recognized by immune cells 
(14). This unfolding was demonstrated with fibrinogen coated on 
negatively charged poly(acrylic acid) gold NPs, leading to MAC-1 
receptor activation and pro-inflammatory cytokines secretion 
through NF-κB signaling (16). Interestingly, only the negatively 
charged NPs induced TNF-α and IL-8 release by THP-1 cells, 
whereas both positively and negatively charged particles could 
bind fibrinogen with high affinity (17). This protein corona 
is essential for scavenger receptor-efficient internalization of 
synthetic-layered silicate NPs by THP-1 cells (18). When bound 
to these NPs, albumin undergoes unfolding, comparable to heat 
denaturation, revealing a cryptic sequence allowing recognition 
of serum albumin by this family of receptors and nanomaterial 
recognition by macrophages (18).

DCs AND NANOMATERIALS AS 
EXOGENOUS DANGER SIGNALS

Dendritic cells are professional antigen-presenting cells that 
bridge the innate and adaptive immune response. Immature DCs 
reside in non-lymphoid tissues in an antigen-capturing state. In 
the presence of various stimuli, such as allergens, inflammation, 
pro-inflammatory cytokines, bacterial products, or diverse danger 
signals, DCs undergo a maturation process. This process results in 
antigen-processing and upregulation of major histocompatibility 
complex (MHC), co-stimulatory molecules, chemokine, and 
cytokine receptors, and production of cytokines and chemokines. 
Mature DCs then migrate to regional lymph nodes and activate 
naïve T-lymphocytes. Consequently, NP impact on these cells 
raises growing concerns.

The size of the NP may determine the modulation of DC 
functions. For example, in vivo, 20 nm polystyrene (PS) particles 
are more frequently captured by lung DCs than 1,000  nm PS 
particles (19). If the 20 nm PS particle in vitro treatment did not 
affect murine bone marrow-derived dendritic cells (BM-DCs) 
cell viability, maturation markers expression, and antigen uptake, 
these particles significantly downregulated antigen degradation 
in a size-dependent manner, in association with accumulation in 
lysosomes but without altering T-cell proliferation (19). Moreover, 
NPs and materials traffic to the draining lymph nodes also appear 
to be size-dependent. Indeed, only small particles (20–200 nm) 
are able to drain freely to the lymph nodes (20).

In murine BM-DCs, carbon black NPs upregulate the expres-
sion of the cell surface molecules CD86, and slightly CD80 and 
MHC-II molecules, associated with enhancement of allogenic-
mixed lymphocyte reaction (21). TiO2 NPs were also demon-
strated to increase the expression of CD86, CD80, MHC-II, and 
TNF-α in murine BM-DCs (22). In murine BM-DCs and in the 
murine DC line DC 2.4, ultrafine silica NPs decreased cell viabil-
ity, induced slight phenotypic changes but significantly increased 
TNF-α production in a size-dependent manner (23). Interestingly, 
these effects were correlated with inflammatory response in vivo 
in C57BL/6 mice injected subcutaneously with liquid matrigel 
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Figure 1 | Interaction of nanomaterials and aggregates with DCs. Nanomaterials and aggregates can be internalized by several receptors present at 
immature DCs membrane, either by endocytic or phagocytic pathways. Protein aggregates will then be processed by DCs, leading to peptide presentation 
associated with MHC class II molecules to naive T-lymphocytes. Both nanomaterials coated with a corona or protein aggregates may also be seen as NAMPs and 
interact with PRR. This interaction can act as a danger signal that induces a signaling cascade leading to the transcription of maturation genes. Mature DC will then 
be able to express co-stimulation molecules and to produce cytokines and chemokines that will trigger naïve T-cells activation and polarization. These products can 
also increase ROS production and initiate the inflammasome activation. CR, complement receptor; DCs, dendritic cells; FcR, immunoglobulin constant fragment 
receptor; MHC, major histocompatibility complex; NAMP, nanoparticles-associated molecular patterns; PRR, pattern recognition receptors; ROS, reactive oxygen 
species; Scavenger R, scavenger receptor; TLR, toll-like receptor.
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containing silica NPs (23). Winter et al. (8) studied the effects of 
aSNPs on murine BM-DCs. Amorphous SNPs were able to affect 
cell viability through apoptosis and induced partial maturation 
of BM-DCs as evidenced by enhanced expression of MHC-II 
and co-stimulatory molecules at the cell surface. Activation of 
the NLRP3 inflammasome was also reported (8). Taken together, 
these observations suggest that certain NP may promote DC 
maturation and activation, thereby leading to T-lymphocytes 
activation (Figure 1).

THE “DANGER HYPOTHESIS” APPLIED 
TO EXOGENOUS PARTICLES AND 
NANOMATERIALS

Danger signals of endogenous or exogenous origin activate DCs 
and stimulate both the innate and adaptative immune responses. 
As proposed by Gallo and Gallucci, “classic,” “homeostatic,” and 
“emerging” danger signals can be distinguished (24). Classic 
danger signals are derived from pathogens and released during 
infections (pathogen-associated molecular patterns) or result 
from tissue damage, released by necrotic dying cells (damage-
associated molecular patterns or “alarmins”) (25). Homeostatic 
danger signals are endogenous molecules released during cellular 
stresses such as hypoxia, acidity, or osmolality perturbations. 
Chemical sensitizers involved in contact allergy have recently 
being found to modify the cutaneous microenvironment and/
or directly activate DCs resulting in DC phenotype modifica-
tions necessary for immune sensitization to these chemicals 
(26). Emerging danger signals are newly man-made materials, 

including nanomaterials, and may either directly activate DCs or 
indirectly by inducing tissue damage. Thus, it is postulated that 
immune cells could sense nanomaterials, which could be desig-
nated as nanoparticles-associated molecular patterns (Figure 1) 
as described for pathogens (14, 24). Sensing of damage signals can 
be associated with the constitution of inflammasomes, acting as a 
multiprotein platform to activate caspase-1 and to stimulate the 
processing of pro-IL-1β. An increase in reactive oxygen species 
(ROS) production by nanomaterials has been described as an ini-
tiating step in the activation of the inflammasome. Interestingly, 
TiO2 NPs, associated with the generation of ROS in human DCs, 
promoted cells maturation and pro-inflammatory cytokine 
release, whereas CeO2 NPs, possessing antioxidant properties, 
triggered human DCs toward an anti-inflammatory profile with 
IL-10 production (27). Inflammasome activation can also occur 
through destabilization and rupture of the lysosome following 
phagocytosis. Indeed, the lysosome compartment is the most 
described intracellular site of NP sequestration following endo-
cytosis (28). Morishige et al. (29) demonstrated in THP-1 cells  
that aSNP could induce ROS production, triggered endosomal 
rupture followed by the activation of NLRP3 inflammasome, and 
subsequent IL-1-β production (29). These authors therefore estab-
lished a direct relationship between oxidative stress and IL-1-β 
secretion. Nano TiO2 and nano SiO2 particles activate the NLRP3 
inflammasome in THP-1 cells, correlated with induction of lung 
inflammation in  vivo requiring IL-1 receptor expression (30). 
Inflammasome activation by nano TiO2 and nano SiO2 particles 
would occur through ATP release and adenosine receptor signal-
ing (30, 31). Moreover, 30 nm silica NPs can induce intracellular 
ATP release and P2X7 receptors purinergic signaling, leading to 
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ROS production, inflammasome activation and stimulating the 
production of IL-1β and IL-18 in LPS-matured murine BM-DC 
(32).

PROTEIN AGGREGATES, AS NPs,  
CAN DRIVE IMMUNE RESPONSES

Beyond the strict definition of NPs, we should also consider 
nanomaterials in a broader sense of the term, since other 
structures than those derived from nanotechnologies could 
interact with the immune system (33). The example of protein 
aggregates is deeply studied as therapeutic bioproducts (BP) 
have a propensity to form oligomeric structures that could be 
assimilated to NPs. It is now well accepted that aggregation of 
therapeutic proteins is associated with increased potential for 
immunogenicity in patients, leading to the development of anti-
drug antibodies (34, 35). While the aggregation process is strictly 
followed and controlled during BP manufacturing process, using 
orthogonal analysis methods (36), this is no more the case over 
transportation, storage, and administration procedures. Several 
studies have shown that under accelerated stress conditions, pro-
teins can give mixtures of soluble aggregates that are submicron 
species including oligomers or multimers, mostly detected with 
dynamic light scattering method, and insoluble aggregates that 
are above the micrometer range (37). This was the case for human 
growth hormone submitted to a stir stress that gave homogenous 
aggregates around 892  nm (38), or antibody preparations that 
underwent stir stress (39), or thermal stress (40, 41). Another 
study showed the appearance of nanosized antibody aggregates 
upon heat or pH-shift stress that persisted when preparations 
were diluted in human serum, highlighting the interactions of 
aggregated proteins with biological fluids (42). A classification 
scheme was proposed for antibodies aggregates, based on several 
biophysical characterizations, in which nanosized particles were 
present in most of the depicted classes (43), although they were 
more represented in the subclass showing “small, partially folded 
and partially reversible” aggregates (43). Moreover, protein 
aggregation can be promoted by the presence of some other 
nanosized particles, such as glass (44), tungsten (45), or leaching 
from vial stoppers, as hypothesized in the early 2000s, regarding 
the episode of increased pure red-cell aplasia cases in patients 
treated with epoietin alpha (46). Such cases were shown to be 
mediated by anti-erythropoietin antibodies cross-reacting with 
the endogenous protein. Several models highlighting protein 
interactions and aggregation promoted by shedding particles 
from administration materials have been described (47–49).

The effect of protein aggregates on the immune system can be 
evaluated using in vivo models, such as immune-tolerant trans-
genic mice that can be treated with the human native or aggre-
gated recombinant protein. Immunogenicity is then assessed 
following IgG titers developed against the administrated com-
ponent. Such transgenic mice models have been developed for 
interferons (50, 51), and a recent paper showed that recombinant 
interferon beta aggregates induced a break of immune tolerance 
in transgenic mice, related with the size and structure of the 
generated aggregates (52). Using a conventional murine model, 

another study highlighted that oligomeric antibody aggregates 
were more immunogenic than larger highly aggregated particles 
(41), suggesting that protein aggregation that maintains some 
native epitopes is more immunogenic. However, the use of 
in vitro models is more convenient to test the effect of aggregated 
proteins on immune cells. Thus, antibody aggregates have the 
potential to increase the production of inflammatory cytokines 
by human PBMC (53). Testing these aggregates by size showed 
that nanosized particles induced a lower response than micro-
sized particles (54). The current hypothesis is that aggregates 
could behave as danger signals and may have mainly an effect on 
antigen-presenting cells, such as monocytes or DC (Figure 1). 
This hypothesis was objectivized demonstrating that aggregates 
interaction with PBMC or primary monocytes is partly mediated 
by toll-like receptors (TLR2 and TLR4), although other receptors 
such as Fc or complement receptors are also involved (53, 55).  
DCs are innate immune cells in first line upon therapeutic 
protein administration, either by intramuscular, intravenous, 
or subcutaneous administration, as proteins and aggregates 
rapidly transit in lymph nodes and interact with resident DCs. 
Also, cutaneous DCs that are present in the point of injec-
tion area could be recruited and migrate to peripheral lymph 
nodes (56). As therapeutic proteins can be processed by DCs 
to be presented to T cells, aggregates can interact with pattern 
recognition receptors, and then induce DCs activation. Indeed, 
several studies have shown that antibodies or growth hormone 
(GH) aggregates have the capacity to induce monocyte-derived 
dendritic cells maturation, evidenced by an increase in phe-
notypic markers expression, as well as cytokine or chemokine 
production (38, 57, 58). Both GH and antibodies aggregates 
could induce the production of IL-6, IL-8, IL-12p40, and 
CXCL10 whereas CCL2, CCL3, CCL4 production was only seen 
with GH aggregates (38). These observations could be extended 
using the monocytic cell line THP-1, that secreted inflamma-
tory cytokines upon incubation with aggregated intravenous 
immunoglobulin preparations (55). Antibody aggregates are 
able to induce an increase in CD4+  T-cell proliferation and 
to drive T-cell polarization, compared to native counterparts 
through DCs phenotype modifications (38, 53, 57, 58). Cellular 
mechanisms by which protein aggregates induce DCs matura-
tion remain to be clarified; however, a few elements are available. 
It was determined that DCs in contact with aggregates presented 
a higher number and different class II HLA-associated peptides 
than native counterparts, suggesting different processing and 
presentation, and thus neo-epitopes presentation (57). Although 
internalization in DCs lysosomal compartment of aggregated 
antibodies has been evidenced (58), the exact mechanism, either 
phagocytosis or macropinocytosis remains to be elucidated.  
Both certainly take place, depending on the size of the particles 
(20, 59, 60).

CONCLUSION

Why the immune system should be concerned by nanomaterials? 
From the literature, it is now clear that exposure to environmental 
particles can exacerbate or participate to allergic manifestations 
such as asthma or rhinitis. Diesel exhaust particles and, more 
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recently, products generated through the use of nanotechnology 
have been shown to have detrimental effects on the respiratory 
systems, with an exacerbation rate of asthma (61). Nanomaterials 
can alter in  vitro and in  vivo responses of the immune system 
to allergens and can also play a role in allergen sensitization. 
Mimicking danger signals can lead to a direct effect of DCs phe-
notype (Figure 1) having consequences on the adaptive immune 
system response and recognition of allergens. The recent advances 
in nanotechnology could also lead to unforeseen adverse health 
effects mediated by the immune system, nanoimmunosafety, in 
exposed human subjects (62).
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Graphene-based materials (GBMs) are emerging as attractive materials for biomedical 
applications. Understanding how these materials are perceived by and interact with 
the immune system is of fundamental importance. Phagocytosis is a major mechanism 
deployed by the immune system to remove pathogens, particles, and cellular debris. 
Here, we discuss recent studies on the interactions of GBMs with different phagocytic 
cells, including macrophages, neutrophils, and dendritic cells. The importance of assess-
ing GBMs for endotoxin contamination is discussed as this may skew results. We also 
explore the role of the bio-corona for interactions of GBMs with immune cells. Finally, we 
highlight recent evidence for direct plasma membrane interactions of GBMs.

Keywords: graphene, macrophage, endotoxin, inflammasome, pattern recognition receptors

O brave new worlds, that have such people in them!
Edwin A. Abbott, Flatland. A Romance of Many Dimensions (1884).

INTRODUCTION

Graphene and its derivatives have attracted considerable attention for various applications in  
science and technology (1, 2). Graphene oxide (GO), in particular, is being intensively investigated 
for various biomedical applications including drug delivery and bioimaging, and as biosensors (3). 
GO offers interesting physicochemical properties including its large surface area, ease of surface 
functionalization, and superior colloidal stability in aqueous media (4). However, increasing 
production and use of graphene-based materials (GBMs) also necessitates careful scrutiny of the 
impact of such materials on cells and tissues (5). Understanding the interactions with the immune 
system is of particular importance (6). Once inside the body, a foreign material will encounter 
phagocytic cells of the innate immune system, such as neutrophils, macrophages, and dendritic 
cells (DCs). These cells represent the first line of defense against foreign intrusion (microorganisms, 
particles), and they also clear cell debris, thus playing an important role in tissue homeostasis. 
Macrophages are involved in the initiation, propagation, and resolution of inflammation (7), while 
DCs are antigen-presenting cells that act as a bridge between the innate and adaptive arms of the 
immune system. Neutrophils are specialized in killing bacteria and other microorganisms, although 
recent studies have suggested that these cells may also orchestrate adaptive immune responses (8). It 
is important to note that macrophages that reside in different tissues are not only important effectors 
of the innate immune response but may also contribute to acute or chronic tissue injury resulting 
from toxicant exposure through the release of a host of soluble mediators, e.g., reactive oxygen or 
reactive nitrogen species, proteolytic enzymes, and pro-inflammatory cytokines or chemokines (9). 
Thus, as emphasized before by Laskin et al. (9), macrophages are mediators of both “defense and 
destruction.”
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FIGURE 1 | Classification of graphene-based materials (GBM). In the European Commission funded GRAPHENE Flagship project, three physicochemical 
descriptors were defined to enable the classification of GBMs: number of graphene layers, average lateral dimension, and atomic carbon/oxygen ratio. The 
proposed classification framework will help to determine the role of specific physicochemical properties on the health and safety profile of GBMs. Reproduced from: 
Wick et al. (10) with permission from John Wiley & Sons, Inc.
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Recently, a classification system (Figure 1) was proposed by 
researchers in the EU-funded GRAPHENE Flagship Project as 
a starting point for the categorization of distinct graphene types 
(10). In brief, three physicochemical properties of GBMs were 
highlighted: (i) the number of graphene layers, (ii) the average 
lateral dimensions, and (iii) the carbon-to-oxygen (C/O) atomic 
ratio; the inclusion of the C/O ratio as a functional property can 
be justified by the fact that GBMs are both structurally and chemi-
cally heterogeneous. Indeed, as stated by Wick et al. (10) different 
members of the GBM family do not share the same “standard” 
surface. The surface of pristine graphene is hydrophobic while 
in the case of GO, surfaces consist of hydrophobic islands inter-
spersed with hydrophilic regions. This could potentially influence 
the interactions of these materials with biological systems. Here, 
we discuss recent studies on the interaction of GBMs with cells of 
the innate immune system, including macrophages, neutrophils, 
and DCs. Notably, while these cells all share the propensity for 
phagocytosis, we also explore emerging evidence that GBMs 
may exert direct effects on the plasma membrane of immune 
cells in the absence of cellular uptake. The biodegradation of 
carbon-based materials by immune cells including neutrophils 
and macrophages has been highlighted in other recent review 
articles (3, 11, 12) and is not discussed here. We will mainly focus 
our discussion on studies using macrophages or macrophage-like 

cell lines as there are few studies to date on GBM effects on 
neutrophils and DCs. Nevertheless, as more and more studies are 
emerging, we may begin to understand how the immune system 
responds to 2D objects—a journey into flatland.

THE IMPORTANCE OF ENDOTOXIN 
ASSESSMENT

Endotoxins, also known as lipopolysaccharides (LPS), are large 
(200–1,000  kDa), hydrophobic, heat-stable molecules that form 
part of the outer membrane of gram negative bacteria (13). LPS 
is a potent inflammatory mediator which activates immune 
cells via pattern recognition receptors leading to the secretion of  
pro-inflammatory mediators, e.g., tumor necrosis factor (TNF)-α, 
and interleukin (IL)-1β (14). As many nanomaterial-enabled 
drug carriers or diagnostic devices are engineered to target the 
immune system (or to avoid interactions with it), it is increasingly 
important to understand immune response to these materials  
(15, 16). Of particular importance in this context is the fact that 
nano-biomaterials and pharmaceutical products alike are com-
monly contaminated with endotoxins which could lead to septic 
shock and organ failure if administered to patients (17). Endotoxin 
detection in pharmaceutical products is performed using two dif-
ferent methods. The rabbit pyrogen test (RPT) enables the detection 
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of pyrogens in general by measurement of fever development after 
injection of the test sample; it is expensive and requires the use 
of large numbers of animals (18). The second type of endotoxin 
detection method, the Limulus amebocyte lysate (LAL) assay, is 
based on the blood of wild horseshoe crab populations. While the 
RPT assay can only detect the presence of endotoxins indirectly, 
the LAL assay is more specific to endotoxins as it takes advantage 
of the LPS-sensitive serine protease Factor C. Upon activation, 
Factor C induces a coagulation cascade leading to the amplification 
of the LPS stimulus and the formation of a firm gel clot. All LAL 
assays are in principle based on this coagulation cascade, but they 
have been further modified to enable quantitative determination 
of endotoxins (18). Both of these tests have a long history of use 
for traditional pharmaceuticals and medical devices and are rou-
tinely used in drug development. More recently, the recombinant 
factor C (rFC) assay and the macrophage activation test (MAT) 
were recognized as alternatives to the LAL assay. The MAT, which 
mimics the human fever reaction, was established as an alternative 
test for pyrogen testing (19). Importantly, the European Directive 
2010/63/EU on the protection of animals used for scientific 
purposes enforces the replacement of animal tests when validated 
alternatives exist. While the LAL assay is known to be very sensi-
tive, several laboratories have reported problems of interference of 
various types of nanomaterials with one or more of the LAL assay 
formats (20–22). Indeed, carbon-based nanomaterials including 
GBMs were shown to interfere with the LAL assay, which may 
lead to erroneous results or mask the effects of the materials 
themselves (23, 24). In a recent study, the authors suggested that 
repeated cycles of autoclaving may reduce the endotoxin content 
of carbon-based nanomaterials including pristine graphene and 
that the native versus depyrogenated materials elicited distinct 
macrophage responses in  vitro (25). However, the chromogenic 
LAL assay was employed to assess for endotoxin contamination, 
calling into question whether the proposed depyrogenation 
procedure worked (25). TLR4 reporter cells were suggested as an 
alternative assay to evaluate endotoxin contamination of metal/
metal oxide nanoparticles (21). However, recent work has implied 
that GO could trigger cell death in macrophages via TLR4 (dis-
cussed below), meaning that the use of such reporter cells could 
also yield ambiguous results. Mukherjee et  al. (23) developed a 
novel assay for endotoxin detection to circumvent problems with 
assay interferences of GBMs. The assay, designated the TNF-α 
expression test (TET), is based on the detection of TNF-α secretion 
in primary human monocyte-derived macrophages incubated in 
the presence or absence of a specific endotoxin inhibitor. It was 
shown that when non-cytotoxic doses of GBMs were applied, the 
TET enabled unequivocal detection of LPS with a sensitivity that 
was comparable to the LAL assay. Guidelines for the preparation 
of endotoxin-free GO were also presented (23).

BIO-CORONA FORMATION: SHELTER 
FROM THE STORM

When a nanomaterial is introduced into a living system it inter-
acts with biological molecules (proteins, lipids, etc.) leading to 
the formation of a so-called bio-corona on the surface (26), or, to 
put this in immunological terms, the nanomaterial is opsonized 

(the process whereby pathogens or cells are rendered more 
susceptible to phagocytosis). Detailed studies of various types 
of nanoparticles have shown that bio-corona formation depends 
not only on the size or surface curvature of the particle but 
also on surface properties such as the degree of hydrophobicity 
(27–29). The bio-corona has been shown to modulate cellular 
uptake of nanomaterials (30), and a recent study suggested that 
proteins present in the original protein corona are retained on the 
nanoparticles until they reach the lysosomes (31). Moreover, the 
adsorption of proteins may mitigate the cytotoxic effects of nano-
materials. Indeed, in vitro studies have shown that the adsorption 
of serum proteins reduces the cytotoxicity of carbon nanotubes 
(CNTs) (32) as well as GO (33), and based on a combination of 
experimental and theoretical approaches, it was suggested that 
the bio-corona mitigates the cytotoxicity of GO by limiting its 
penetration into the cell membrane (34). Furthermore, modeling 
studies suggested that graphene, due to its hydrophobic nature, 
may interrupt hydrophobic protein–protein interactions (35). 
Indeed, it is important to recognize the differences in phys-
icochemical properties between different members of the GBM 
family, not least with respect to the potential interaction with 
proteins. Graphene is essentially a single atomically thin sheet of 
sp2-bonded carbon atoms, whereas GO is an oxidized graphene 
sheet derivatized by carbonyl and carboxyl groups at the edges 
and displaying epoxide and hydroxyl groups on the basal plane 
(36). Moreover, graphene and GO have different surface ener-
gies—an important parameter affecting dispersibility. Thus, 
graphene is hydrophobic and dispersible in organic solvents 
whereas GO can be dispersed in water (37). The latter property 
derives mostly from the ionizable edge carboxyl groups, the 
basal plane being essentially a network of hydrophobic islands  
of unoxidized benzene rings surrounded by polar groups (38). 
Additionally, small GO sheets are more hydrophilic than larger 
ones because of greater charge density, which could impact on 
bio-interactions.

Intravenously injected nanomaterials can adsorb a wide range 
of proteins in the blood (39). The bio-corona of blood proteins 
is rapidly formed, and it has been shown to affect hemolysis and 
thrombocyte activation (40). Furthermore, complement activa-
tion on the surface of nanomaterials is of particular concern when 
it comes to clinical applications. In fact, complement proteins have 
been consistently identified in or on nanoparticle coronas (28, 30, 
40, 41). The complement system is a critical component of the 
innate immunity in the blood; it is a proteolytic cascade typically 
triggered via three distinct pathways (classical, lectin, and alterna-
tive) that converge to generate the same set of effector molecules 
at the third component of complement (C3) (42). Complement 
proteins opsonize pathogens and cells for engulfment via com-
plement receptors and could conceivably promote nanomaterial 
uptake as well. However, certain complement factors may instead 
confer “stealth” properties to nanomaterials by preventing fur-
ther complement activation, as shown in a recent study on GO  
(43). Complement activation also liberates two potent effector 
molecules (C3a and C5a) that play important roles in the recruit-
ment and activation of inflammatory cells as well as anaphylaxis, 
a serious allergic reaction that is rapid in onset and may cause 
death (44). Several reports have documented pathway-specific 
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FIGURE 2 | Macrophages are professional phagocytic cells capable of ingesting micron-sized graphene oxide (GO). These TEM images show primary human 
monocyte-derived macrophages cultured for 24 h in cell medium alone (A) or with 10 µg/mL GO (B). The cells readily internalized GO (present in cytoplasmic 
vesicles) without ultrastructural signs of cell death. Cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum. TEM: Kjell Hultenby, 
Electron Microscopy Core Facility, Karolinska Institutet.
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complement activation by various types of nanomaterials including  
carbon-based nanomaterials such as CNTs (45, 46) and GO  
(47, 48). The question is: could particle surfaces be engineered to 
avoid protein adsorption and/or unscheduled complement acti-
vation? The attachment of polymers such as poly(ethylene glycol) 
(PEG) on particle surfaces is a common approach in nanomedi-
cine, and the traditional view has held that PEGylation completely 
prevents protein adsorption, thereby preventing the clearance 
of particles by the reticuloendothelial system. However, if this 
were true, then how does one explain complement activation on 
PEGylated particles? In recent years, the view has emerged that 
PEGylation of nanomaterials only partially blocks protein adsorp-
tion and may even promote the formation of a bio-corona that is 
distinct in comparison to the corona formed on pristine nanoma-
terials (49, 50). Indeed, in a recent study using macrophage-like 
RAW264.7 cells, the adsorption of specific proteins was shown 
to be required to prevent uptake of PEG- or poly(ethyl ethylene 
phosphate) (PEEP)-coated polystyrene particles (51).

The choice of polymer coating matters. Luo et  al. (52) 
reported that PEG-coating prevented uptake of GO by murine 
peritoneal macrophages while coating with cationic poly(ether 
imide) (PEI) favored uptake at low doses, but compromised cell  
viability at high doses. In another recent study, the authors pro
vided evidence that PEGylated GO of approximately 200  nm 
in lateral size induced immune responses (cytokine release) in 
murine peritoneal macrophages; interestingly, comparable levels 
of activation were also observed following PEGylation of the 
non-carbon-based 2D material, molybdenum-disulfide (MoS2)  
(53). The authors speculated that integrin signaling could account 
for the enhanced cytokine responses in cells exposed to PEG-GO. 
Overall, the study suggested that PEGylation does not serve to 
passivate the surfaces of 2D materials. Xu et  al. (54) prepared 
a series of GO derivatives including aminated GO (GO-NH2), 
poly(acrylamide)-functionalized GO (GO-PAM), poly(acrylic 
acid)-functionalized GO (GO-PAA), and PEG-functionalized 

GO (GO-PEG), and compared their toxicity with pristine GO. 
The GO materials all displayed lateral dimensions in the range of 
100–500 nm and the ζ-potential was negative for all the materials 
in cell culture medium due to protein adsorption. Among these 
GO derivatives, GO-PEG and GO-PAA induced less toxicity 
toward murine J774A.1 macrophage-like cells than pristine GO, 
and GO-PAA proved to be the most biocompatible one, both 
in  vitro and in mice (54). The differences in biocompatibility 
were suggested to be due to differences in the compositions of  
the bio-corona, especially whether or not immunoglobulin  
G (IgG) was present; GO-PAA and GO-PEG had less IgG content 
in their protein coronas (30−40%) than GO, GO-NH2, and GO- 
PAM (50−70%). IgG is a well-known opsonin that plays a key role 
in the clearance of pathogens. This study points toward strategies 
for safe design of GO for biomedical applications and underscores 
the importance of the bio-corona (54).

EFFECTS ON MACROPHAGES: 
BREAKING AND ENTERING

Macrophages (“big eaters”) are professional phagocytes arising from  
the bone marrow; these cells are referred to as monocytes when  
they are present in the peripheral circulation and “macrophages” 
when they reside in tissues. Macrophage phagocytosis of patho-
gens is facilitated through opsonization by immunoglobulins 
and components of the complement system, but engulfment 
may also be non-specific. We have noted that primary human 
monocyte-derived macrophages efficiently engulfed GO without 
signs of acute (24  h) cell death (Figure  2). GO was found in 
membrane-enclosed vesicles in the cytoplasm, suggesting uptake 
via endocytosis. Other recent studies using macrophage-like 
THP.1 cells suggested that phagocytosis influences the degree  
of cytotoxicity of GO to some extent (55). However, while inhibi-
tion of phagocytosis blunted the cytotoxicity of single-layer GO, 
the effects of multi-layered GO were shown to be similar regardless 
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of whether or not phagocytosis occurred. Furthermore, other 
recent studies have reported that GO sheets with large lateral 
dimensions could align with the plasma membrane of mac-
rophages (so-called “masking” effect) and it was hypothesized 
that this parallel arrangement of GO sheets on the cell surface 
could either promote their internalization, or isolate the cells 
from their environment, thus compromising cell viability and/or 
cell function (56). Similarly, Ma et al. (57) reported that large GO 
sheets showed a stronger “adsorption” to the plasma membrane 
of murine macrophage-like J774.A1 cells with less phagocytosis, 
while small GO sheets were more readily taken up by cells. The 
authors also found that large GO promoted a pro-inflammatory 
polarization of macrophages both in vitro and in vivo. In contrast, 
other investigators have reported that small GO sheets elicited 
more profound effects on human immune cells (monocytes) when 
compared to large GO (58). Li et al. (59) suggested, on the basis of 
experimental and theoretical studies, that micron-sized graphene 
sheets entered cells through membrane piercing or slicing (“edge-
first” uptake). In fact, several studies in recent years using differ-
ent cell models have suggested that GO could exert direct effects 
on the plasma membrane of cells, with or without cell death. For 
instance, micron-sized GO sheets were found to induce the for-
mation of vacuoles in the cytosolic compartment of cells leading 
to an increased cell membrane permeability for small molecules; 
this vacuolization was only observed in cells that overexpressed 
the water channel, aquaporin (AQP1) (60). GO was also shown to 
compromise plasma membrane and cytoskeletal function in vari-
ous cell lines without significant signs of cell death, and interac-
tions with integrins in the cell membrane were implicated in this 
process (61). The authors proposed that this could be exploited 
to sensitize cancer cells to chemotherapeutic agents, but it was 
not demonstrated whether these effects were specific for cancer 
cells. Furthermore, single-layer graphene was found to produce 
holes (pores) in the membranes of A549 lung carcinoma cells and 
macrophage-like RAW264.7 cells, leading to a substantial loss of 
cell viability (62). Pore formation occurred even in the presence 
of serum, and molecular dynamics simulations suggested that the 
pore formation was dependent on lipid extraction. Indeed, previ-
ous experimental and theoretical studies have suggested that the 
antibacterial behavior of graphene arises from the formation of 
pores in the bacterial cell wall (63), possibly due to lipid extrac-
tion from bacterial membranes (64). Finally, in another recent 
study, nano-sized GO sheets were shown to induce membrane 
ruffling in a variety of different cell lines with concomitant shed-
ding of membrane fragments (65). The underlying mechanism 
was not disclosed, although changes in the levels of Ca2+ in the 
cell are known to regulate the formation of such actin-driven 
membrane protrusions. Thus, it appears that GBMs are capable 
of interacting with cells in a variety of different ways including 
masking, piercing, ruffling/shedding, pore formation (possibly 
via membrane lipid extraction), and/or internalization into cells. 
How does one make sense of such disparate observations? First 
of all, there could be important differences in the test material 
itself, including the thickness and the lateral dimensions (and, of 
course, the dose of the material added to cell cultures). Moreover, 
differences in cell culture conditions (including whether or not 
the cell culture medium is supplemented with serum) may come 

into play. Indeed, it has been noted that the composition of the 
cell culture medium itself could critically affect the way in which 
GO (and other nanomaterials) interact with cells (66). Finally, the 
fact that different cell models are used may account for the strik-
ing differences in cellular outcomes in the studies reported here. 
Thus, it is important to understand that transformed cell lines 
are only a model of normal cells, and that so-called macrophage-
like cell lines do not fully recapitulate the behavior of primary 
macrophages (67). It is also important to realize that there are 
many different macrophage populations and that the phenotype 
or activation status of macrophages may affect how these cells 
respond to nanomaterials, as we and others have recently shown 
(68, 69). Notwithstanding, the view is emerging that GO could 
have direct effects on the cell membrane and further studies are 
needed to understand these interactions. This is obviously impor-
tant if GBMs are to be used as “smart” carriers of a therapeutic 
payload to specific cell populations in the body.

EFFECTS ON MACROPHAGES: 
INFLAMMASOME ACTIVATION

Inflammasomes are multiprotein complexes that activate 
caspase-1, which leads to maturation and secretion of the  
pro-inflammatory cytokines IL-1β and IL-18 (70). Inflammasome 
activation is important for host defense and pathogen clearance. 
In addition, inflammasome activation is implicated in the devel-
opment of various chronic inflammatory diseases, and the NLRP3 
inflammasome is activated by endogenous “danger” signals such 
as monosodium urate, the causative agent in gout (71), and by 
cholesterol crystals that are present in atherosclerotic lesions (72). 
Moreover, an emerging body of literature shows that carbon-
based nanomaterials, including long and fiber-like multi-walled 
CNTs (73, 74) as well as small, spherical carbon nano-onions (75) 
and hollow carbon spheres (76), are able to activate the inflam-
masome complex in phagocytic cells (macrophages) with subse-
quent secretion of IL-1β. GO was recently shown to trigger IL-1β 
production in myeloid (THP.1) and epithelial (BEAS-2B) cells, 
respectively (77). We have found that GO of varying lateral dimen-
sions triggered the inflammasome in primary human monocyte-
derived macrophages and we noted that cellular uptake of GO 
was required for IL-1β production (Mukherjee et al., unpublished 
observations). Similarly, Cho et al. (55) reported that phagocyto-
sis inhibition abolished IL-1β secretion in THP.1 cells exposed 
to single-layer GO, but not in cells exposed to multi-layered GO. 
Taken together, a range of carbon-based nanomaterials including 
not only fiber-like materials but also spherical particles and flat 
materials such as GO trigger inflammasome activation. Needless 
to say, it is important to exclude endotoxin contamination of the 
test material when conducting such experiments as LPS is known 
to act as a co-signal for inflammasome activation (78). Indeed, 
endotoxin is often used to stimulate cells in vitro when assess-
ing NLRP3 inflammasome activation (73), and this is certainly 
relevant in the context of a microbial challenge. However, it is 
pertinent to ask how the inflammasome is activated in sterile 
(nanomaterial) induced inflammation. In a recent publication, 
Jessop et al. (79) provided evidence for a role of high-mobility 
group box 1 (HMGB1) for MWCNT-induced inflammasome 
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activation in  vitro and in  vivo. Cholesterol crystals are known 
to act as “danger” signals and a recent study demonstrated that 
cholesterol crystals triggered neutrophils to release neutrophil 
extracellular traps (NETs) (see below) which, in turn, primed 
macrophages for cytokine release (80). This finding suggests 
that a “danger” signal may drive sterile inflammation through 
its interaction with neutrophils. Further studies should address 
whether the release of HMGB1 or other “danger” signals plays a 
role in GO-induced inflammasome activation.

Toll-like receptors (TLRs) are so-called pattern recognition 
receptors that recognize structurally conserved molecules 
expressed by microbes, leading to the activation of immune 
responses (81). TLR4, the pattern recognition receptor for LPS 
(endotoxin), has been suggested to recognize a host of other 
endogenous factors, ranging from proteins to metal ions. How
ever, direct activation of a single receptor by such a range of 
molecular signals is difficult to explain from a structural point 
of view, and care should be taken to exclude potential endotoxin 
contamination (82). On the other hand, it has been suggested that 
TLRs might sense the display of hydrophobic patches on a variety 
of molecules, which may explain the apparent promiscuity of 
this class of pattern recognition receptors (83). Interestingly, Qu 
et al. (84) reported that GO with a size of about 1–2 µm induced  
TLR4-dependent cell death in bone marrow-derived mac-
rophages from mice and presented evidence that this occurred, at 
least in part, through a paracrine TNFα-dependent mechanism. 
In previous work, Chen et  al. (85) showed that GO induced 
autophagy and cytokine secretion in a TLR-dependent manner 
in the mouse macrophage cell line RAW264.7. In contrast, our 
recent studies have suggested that GO triggers inflammasome 
activation with secretion of IL-1β in primary human monocyte-
derived macrophages without engaging the TLR signaling 
pathway (Mukherjee et al., unpublished results). Notably, no cell 
death was observed in macrophages exposed to GO, in marked 
contrast to the aforementioned studies. Care was taken to control 
for endotoxin contamination prior to cell exposures. We suggest 
that endotoxin testing should be mandatory when studying  
putative interactions of GO with TLRs.

In most of the examples provided here, the impact of GO on 
isolated macrophages or macrophage-like cells was investigated. 
While such studies may provide important insights regarding the 
mode of entry of GO into cells and on the signaling pathways 
affected following cellular interactions, studies in living organ-
isms are needed to assess the overall response to GO and the 
interplay between both arms of the immune system. Shurin 
et al. (86) recently provided a detailed analysis of how exposure 
to GO modulates the allergic pulmonary response. To this end, 
the authors used a murine model of ovalbumin (OVA)-induced 
asthma, and found that GO, given at the sensitization stage, aug-
mented airway hyperresponsiveness (AHR) and airway remod-
eling, while at the same time, the levels of the Th2 cytokines, IL-4, 
IL-5, and IL-13 were suppressed in bronchoalveolar lavage (BAL) 
fluid in exposed mice (86). Moreover, exposure to GO during 
sensitization with OVA decreased eosinophil accumulation and 
increased recruitment of macrophages in BAL fluid. Exposure to 
GO also increased the macrophage production of the mammalian 
chitinases, chitinase 3-like 1, and AMCase, whose expression is 

associated with asthma (87), and molecular modeling suggested 
that GO may directly interact with chitinases, affecting their 
activity (Figure  3). Taken together, these results indicated that 
pulmonary exposure to GO initiates a novel mechanism of 
nanomaterial-induced airway remodeling and AHR in a mouse 
model of asthma that is independent from eosinophilic airway 
inflammation and Th2-mediated immune responses, with the 
possible involvement of mammalian chitinases (86).

EFFECTS ON NEUTROPHILS: TANGLED 
UP IN BLUE

Neutrophils are the most abundant type of white blood cells and play 
a key role in the defense against invading pathogens. Neutrophils 
use a variety of strategies to eliminate invading microbes: (i) 
microbial uptake followed by intracellular destruction through an 
array of proteolytic and oxidative enzymes, (ii) degranulation and 
secretion of antimicrobial factors such as myeloperoxidase (MPO) 
leading to extracellular destruction of microbes, and (iii) release of 
NETs with entrapment and non-phagocytic killing of microbes (88, 
89). NETs consist of a network of chromatin fibers decorated with 
antimicrobial proteins such as neutrophil elastase (NE) and MPO 
to enable the extracellular killing of bacteria or fungi. Interestingly, 
neutrophils are apparently able to sense the size of microbes and 
release NETs selectively in response to large pathogens, thereby 
minimizing the risk of tissue damage associated with the release of 
NETs (90). Moreover, increasing evidence suggests that the release 
of NETs might also occur in non-infectious, sterile inflammation, 
and may contribute to tissue damage (91). For instance, crystals 
of monosodium urate, the causative agent of gout, were shown to 
induce release of NETs (92). Cholesterol crystals can also trigger 
NET formation, leading to priming of macrophages for cytokine 
release (80). Furthermore, in a very recent study, exposure to 
high doses of polystyrene nanoparticles and nanodiamonds trig-
gered a “self-limiting” (resolving) NETosis-driven inflammation 
in mice (93). No NET formation was seen in response to large 
(100–1,000 nm) particles. We recently observed size-dependent 
triggering of NETs in primary human neutrophils exposed to GO 
with a more pronounced effect seen for micrometer-sized GO 
sheets versus GO sheets with nano-sized lateral dimensions; we 
also observed a disruption of lipid rafts in neutrophils incubated 
with GO (Mukherjee et al., unpublished results). Care was taken 
to control for endotoxin contamination, as LPS is known to prime 
neutrophils for NET production. Effects of GBMs on neutrophils 
in vivo could impact adversely on the innate immune defense; this 
remains to be studied.

EFFECTS ON DENDRITIC CELLS: AIDING 
AND ABETTING

DCs are professional antigen-presenting cells (94) and as 
such they are indispensable for the regulation of the balance 
between immunity (literally meaning “exemption,” the capabil-
ity of an organism to resist microorganisms) and tolerance  
(i.e., indifference or non-reactivity toward substances that would 
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FIGURE 3 | GO triggers macrophage production of the mammalian chitinases, chitinase 3-like 1 (CHI3L1) and acidic mammalian chitinase (AMCase), whose 
expression is associated with asthma. (A) GO stimulates accumulation of AMCase and CHI3L1 in the lungs of mice. Levels of CHI3L1 and AMCase were measured 
in BAL fluid of mice 7 days after exposure to GO, or in supernatants from cultured macrophages isolated from BAL fluid of mice exposed to GO or vehicle 24 h after 
exposure. (B) Molecular modeling suggests that GO may directly interact with chitinases. The two predicted binding sites of GO, site 1 and site 2, are shown for 
AMCase and CHI3L1, respectively. The occlusion of the entrance to the chitin binding site in AMCase could lead to inhibition of its activity. Reproduced from: Shurin 
et al. (86), with permission from The American Chemical Society.
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otherwise elicit an immune response; an active rather than a 
passive condition). DCs take up foreign molecules as well as host-
derived proteins and process them intracellularly to antigens that 
are presented in the context of major histocompatibility (MHC) 
class I and II molecules on the cell surface. In a recent in vitro 
study, pristine GO was found to suppress antigen presentation 
to T cells using OVA as a model antigen (95). DCs were exposed 
to GO prior to OVA-loading and then mixed with B3Z86/90.14 
(B3Z) CD8+ T  cells specific for the H-2Kb-restricted anti-
mouse OVA257-264 (SIINFEKL) peptide. Production of IL-2 
was monitored as a sign of T  cell activation upon recognition  
of the OVA epitope 257–264 in the context of the H-2Kb molecules 
(MHC class I). Interestingly, while GO also stimulated maturation 
of DCs, the immunosuppressive effect of GO was dominant (95). 
Further studies are needed to understand whether all GBMs 

behave in this way. In fact, as discussed below, some varieties of 
GO have shown promise as antigen carriers.

Commonly used adjuvants (i.e., agents that are added to a 
vaccine to boost the immune response toward a specific anti-
gen) include substances such as mineral oil and alum or other 
inorganic compounds. However, while these compounds have 
been in clinical use for many years, the precise mechanism of 
action remains poorly understood (96). Recent studies showed 
that the aluminum adjuvant, alum triggered the release of IL-1β 
in macrophages and DCs in an NLRP3-dependent manner  
(97), and mice deficient in Nalp3 failed to mount a significant 
antibody response to an antigen administered with aluminum 
adjuvants (98). In contrast, Freund’s complete and incomplete 
adjuvant (i.e., mineral oil with or without inactivated mycobac-
teria) appeared to act in an inflammasome-independent manner. 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


21

Mukherjee et al. GBMs and the Immune System

Frontiers in Immunology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 673

Sun et al. (99) demonstrated that aluminum-based adjuvants can 
be engineered to optimize their immunostimulatory properties. 
Specifically, the authors synthesized a library of aluminum oxyhy-
droxide (AlOOH) nanorods and compared these to commercial 
alum and could show that shape, crystallinity, and hydroxyl con-
tent played an important role in NLRP3 inflammasome activation 
(99). Rettig et al. (100) provided evidence that particle size may 
also influence the immune response to “danger.” Using single-
stranded RNA (a known “danger” signal) mixed with protamine 
to form particles of different sizes, the authors could show that 
particle size determined whether an anti-viral or anti-bacterial/
anti-fungal immune response was triggered. This was suggested to 
be due at least in part to the selective phagocytosis of nano-sized 
particles by plasmacytoid DCs, which produced interferon-α. It 
will be of interest to study the potential effects of GBMs of differing 
lateral dimensions on DCs and whether these materials could also 
be exploited as adjuvants to stimulate immune responses. GBMs 
might also prove advantageous as antigen carriers. Li et al. (101) 
exploited the fact that GO can spontaneously adsorb proteins to 
explore the use of this material for intracellular vaccine delivery. 
Using an in vitro model, the authors could show that GO adsorbed 
proteins were efficiently internalized by DCs leading to antigen 
cross-presentation to CD8+ T cells. In a more recent in vivo study, 
polymer-modified GO (GO-PEG-PEI) with nano-scale lateral 
dimensions was shown to act as an antigen carrier to shuttle anti-
gens into DCs (102). Furthermore, compared with free Helicobacter 
pylori Urease B antigen and the clinically approved aluminum 
adjuvant-based vaccine (Alum-Ure B), GO-PEG-PEI-Ure B was 
found to induce stronger cellular immunity upon intradermal 
administration (102). Pristine GO or GO-PEG did not show the 
same effect. The high surface area of GO allowing for high antigen 
loading capacity along with the positive charge afforded by the 
polymer coating could help to explain this effect. The possibility 
that GO per  se could have adjuvant properties should also be 
explored, in light of the fact that small and large GO sheets trig-
ger the NLRP3 inflammasome (discussed above). Finally, Meng 
et al. (103) recently reported that ultrasmall GO decorated with 
the antioxidant compound carnosine modulates innate immunity 
and improves adaptive immunity. The authors could show that 
GO covalently modified with carnosine, when mixed with the 
model antigen, OVA promoted robust and durable OVA-specific 
antibody responses, increased lymphocyte proliferation efficiency, 
and enhanced CD4+ T and CD8+ T cell activation. The authors 
proposed that GO-carnosine could be useful as an adjuvant to 
effectively enhance humoral and innate immune responses in vivo.

CONCLUDING REMARKS

In the current essay, we have highlighted recent research on 
the interactions of GBMs, in particular GO, with the immune 

system, focusing our discussion mainly on in  vitro studies. 
While we are far from a comprehensive understanding of 
these interactions, one may ask whether there are any general 
conclusions at this point. One technical, yet non-trivial issue 
when performing studies of GBMs and immune-competent 
cells concerns the importance of knowing not only the test 
material (10), and whether there are traces of endotoxin as 
this may impact on subsequent immune responses, but also 
the test system, i.e., the cell model including the composition 
of the cell medium, and whether this is supplemented or not 
with serum. Furthermore, it is important to realize that the 
plasma membrane is not only an impassive barrier between the 
interior of a cell and the extracellular space but also serves as an 
important platform for cellular communication between cells, 
and between the exterior and interior of a cell (104). This is 
true not least for immune-competent cells that are specialized 
in sensing and sampling their environment. It follows from this 
argument that the effects of a biomaterial on the cell membrane 
could have ramifications for immune cell communication 
and function. It is of interest to note that the adjuvant, alum, 
was previously shown to trigger responses in DCs by altering 
membrane lipid structures, demonstrating that not all immune 
signaling is receptor mediated, and suggesting that the plasma 
membrane could behave as a “sensor” for solid structures (105). 
Thus, the impact of a biomaterial is not necessarily linked to 
whether or not the material is internalized as direct effects on 
the plasma membrane could also come into play. In the field 
of nanotoxicology, much time and effort has been devoted to 
the determination of the dose of nanoparticles delivered to and 
internalized by cells, but for atomically thin materials with large 
lateral dimensions, some toxicological outcomes may depend 
on direct effects on the plasma membrane, and not only on 
cellular uptake of the material. In other words, as we continue 
to probe immunological responses toward GBMs and other 
2D materials, we should not forget that significant insights 
may come from studying seemingly superficial interactions. 
Or, as actress Ava Gardner once put it, “Deep down, I’m pretty 
superficial.”
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We review the apparent discrepancies between studies that report anti-inflammatory 
effects of cerium oxide nanoparticles (CeO2 NPs) through their reactive oxygen species- 
chelating properties and immunological studies highlighting their toxicity. We observe that 
several underappreciated parameters, such as aggregation size and degree of impurity, 
are critical determinants that need to be carefully addressed to better understand the 
NP biological effects in order to unleash their potential clinical benefits. This is because 
NPs can evolve toward different states, depending on the environment where they have 
been dispersed and how they have been dispersed. As a consequence, final charac-
teristics of NPs can be very different from what was initially designed and produced in 
the laboratory. Thus, aggregation, corrosion, and interaction with extracellular matrix 
proteins critically modify NP features and fate. These modifications depend to a large 
extent on the characteristics of the biological media in which the NPs are dispersed. As 
a consequence, when reviewing the scientific literature, it seems that the aggregation 
state of NPs, which depends on the characteristics of the dispersing media, may be 
more significant than the composition or original size of the NPs. In this work, we focus 
on CeO2 NPs, which are reported sometimes to be protective and anti-inflammatory, and 
sometimes toxic and pro-inflammatory.

Keywords: nanoparticles, cerium oxide, nanoparticle evolution, nanoparticle agglomeration, ion leaching, 
antioxidant activity, inflammation, immune response

INTRODUCTION

Nanotechnology has already qualified as the industrial revolution of the twenty-first century. 
Although its development is a logical continuation of the development of microelectronics and col-
loid chemistry, the beginning of the nano era corresponds, for most people, with Smalley’s synthesis 
of fullerene (C60) (1). Since then, organic nanomaterials (e.g., C60, carbon nanotubes, graphene) have 
garnered much interest, but have also generated concerns regarding toxicity (2–4). Meanwhile, the 
development of inorganic nanomaterials has caused far less controversy, and it is only in the past few 
years that some of these materials (e.g., TiO2, Ag, Fe3O4) have come under closer scrutiny to address 
human and environmental toxicity issues (5–7). It has also become increasingly common to examine 
the effects of a nanocomposite or nano-enabled products instead of the pristine nanoparticle (NP) 
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alone. Indeed, the effects of the “active ingredient” can be (and 
actually often are) deeply modified by the formulation of the final 
product and the properties of the media in which it is dispersed. 
This highlights the complexity of addressing the fate of a nanoma-
terial through its life cycle in a meaningful manner.

Cerium oxide nanoparticles (CeO2 NPs) have recently received 
much attention because of their excellent catalytic redox proper-
ties (8). In addition to being a rather chemically inert ceramic, a 
CeO2 nanocrystal has a fluorite-like structure where the unfilled 
4f electronic orbital confers it a variety of relevant catalytic prop-
erties when it reaches the nanoscale. Consequently, nanoceria has 
been used in the petrochemical industry and in catalytic exhaust 
converters for decades. CeO2 NPs have high capacity to buffer 
electrons in redox environments due to the ease of oxidation and 
reduction from Ce3+ to Ce4+ and vice versa (9, 10), followed by the 
capture or release of oxygen. As a consequence, they act as electron 
sponges in the presence of free radicals degrading thus reactive 
oxygen species (ROS) (11). In detail, inflammation and oxidative 
stress are interconnected processes that contribute decisively to 
the pathogenesis of many diseases, including highly prevalent, 
age-related disorders, such as obesity, cardiovascular disease, 
diabetes mellitus, cancer, chronic respiratory diseases, and neuro-
logical diseases. Mutual stimulation between oxidative stress and 
inflammation contributes decisively to the chronic nature of these 
diseases. Oxidative stress involves elevated intracellular levels of 
ROS, such as peroxides, superoxides, hydroxyl radicals, and sin-
glet oxygen, which have critical roles in physiological processes 
through the regulation of cell signaling cascades. Prolonged 
exposure to high ROS concentrations damages proteins, lipids, 
and nucleic acids, causing various metabolic complications.

Thus, CeO2 NPs in the size range of 3–50 nm have recently 
received increased attention for their participation in biochemi-
cal redox reactions, providing sites for free radical scavenging 
and reducing inflammation (12–14). Thus, CeO2 NPs have been 
reported to confer cellular protection, especially in the reduction 
of oxidative and nitrosative stress in living organisms, and are 
considered an alternative approach offering new opportunities 
for the treatment of physiopathological processes leading to 
chronic inflammation (15).

In this regard, most therapeutic CeO2 NPs applications are pro-
posed based on their ability to reduce ROS levels and consequently, 
the levels of most inflammatory mediators, such as inducible nitric 
oxide synthase, nuclear factor κβ, tumor necrosis factor-α, and 
interleukins (16–19). Indeed, CeO2 NPs were recently found to 
have multi-enzyme mimetic properties, including those related 
to superoxide dismutase (SOD), catalase, and oxidase (8). In this 
context, CeO2 NPs have potential applications in many different 
medical fields. For example, in cardiology, intravenously adminis-
tered CeO2 NPs in a transgenic murine model of cardiomyopathy 
were proved to reduce the myocardial oxidative stress, the endo-
plasmic reticulum stress, and suppress the inflammatory process, 
ensuring protection against progression of cardiac dysfunction 
(20). In oncology, antioxidant properties of CeO2 NPs were suc-
cessfully tested to protect cells from radiation-induced damage 
(21). In another study, CRL8798 cells (immortalized normal 
human breast epithelial cell line) and MCF-7 (a breast carcinoma 
cell line), were exposed to radiation and CeO2 NPs were reported 

to confer radioprotection to the normal human breast line but not 
to the tumoral one (22). In hepatology, CeO2 NPs were shown to 
display hepatoprotective effects against steatosis in rats with diet-
induced non-alcoholic steatohepatitis (23) and to reduce steatosis, 
portal pressure, and ameliorate systemic inflammatory biomark-
ers, attenuating the intensity of the inflammatory response in a 
model of rats with induced liver fibrosis. In ophtalmology, CeO2 
NPs are being tested to treat ocular diseases such as macular 
degeneration and glaucoma. The ability of CeO2 NPs to protect 
retinal neurons was shown for primary cell cultures of dissociated 
rat retinas injecting the suspension of CeO2 NPs into the vitreous 
of both eyes (9). Similarly, beneficial effects of the use of CeO2 
NPs have been found in the case of neurodegenerative diseases 
(24). In this studies, CeO2 NPs are shown to display SOD mimetic 
activity (25, 26), catalase mimetic activity (11, 27), and/or nitric 
oxide (⋅NO) scavenging abilities (17). Last, CeO2 NPs are also ame-
nable to local targeting and delivery, as shown in the works of Li  
et al., (28) and Xu et al (29).

POSITIVE AND NEGATIVE  
EFFECTS OF NPs

Obviously, the safe and effective use of these promising thera-
peutic NPs requires the precise assessment of their potential risks 
and unwanted side effects. Despite the vast range of publications 
that address the toxicity and safety of nanomaterials, results are 
still controversial, with different observed effects for similar NPs 
ranging from severely toxic effects—as in the study of Kovriznych 
et al. (30), which assess and compare the acute toxicity of 31 dif-
ferent nanomaterials to fish mature individuals of Danio rerio—to 
innocuous [e.g., Ref. (31)] or beneficial [e.g., Ref. (32, 33)]. CeO2 
NPs are no exception. While they have been reported many times 
to be safe and beneficial, protecting against oxidative stress (9, 13, 
21, 22, 34), other studies, mainly related to the toxicity of CeO2 
nanopowders employed in industry, reported in vitro and in vivo 
toxicity (35, 36). In addition, while some studies report CeO2 NP 
uptake by hepatocytes and anti-inflammatory effects in the liver 
(14, 37), others report macrophage (Kupffer cell) uptake and pro-
inflammatory effects (38).

At the source of these discrepancies, one can observe the 
diversity of the materials actually employed in the different stud-
ies, which are presented under the same name. For instance, most 
research regarding CeO2 NP toxicity has been performed with 
commercially available NPs (often supplied in dry aggregated 
form) in order to assess the consequences of occupational and 
environmental exposure. These are different materials from those 
produced by wet chemistry routes in the laboratory, where the 
NPs are always kept isolated and well dispersed. In addition, for 
these types of studies, administered doses are usually higher than 
those proposed in nanomedicine (Figures  1A,B). In addition 
to their different initial characteristics, these materials are often 
prone to aggregation when dispersed into biological fluids, such 
as complete cell culture medium or serum (5, 39). For instance, 
He et  al. (39) showed how intratracheally instilled CeO2 NPs 
into Wistar rats agglomerate and form sediments in the bron-
choalveolar medium. Consequently, the actual objects that cells 
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FIGURE 1 | Different aspect and stability of commercial and designed CeO2 nanoparticles (NPs). Different morphologies and sedimentation behavior of CeO2 
nanopowders (commercial, nominal size <25 nm) and CeO2 NPs synthesized in the laboratory after dispersion in TMAOH 1 mM, a good stabilizer of metal oxide 
NPs. (A,B) Representative TEM images CeO2 NPs and CeO2 nanopowders, respectively (scale bar = 100 nm); (C) UV-VIS spectroscopy measurements over time  
of both samples after resuspension in TMAOH 1 mM and at the same NP concentration.
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encounter may behave very differently from the initially designed 
and produced NPs (Figure 1C).

Comparing studies regarding nanomedicine and nanosafety, 
it seems that often the differently observed biological effects of 
NPs are related not only to its parental composition and purity 
but also to its final aggregation state (40), which is independent 
of the employed material and can be reproduced with other 
NPs. For instance, aggregates of TiO2 (41), Al2O3 (42), and Fe2O3 
(43) NPs show similar toxicity to CeO2 aggregates (37, 44), as 
well as CeO2 (45) or Au NPs (46) carrying cationic amphipathic 
molecules on their surfaces have been observed to be similarly 
toxic. Regarding aggregates, in the case of CeO2, Rogers et al. (44) 
evaluate how exposure to different concentrations of aggregated 
CeO2 NPs affects indices of whole animal stress and survivability 
in Caenorhabditis elegans. Results showed that CeO2 aggregates 
promoted strain-dependent decreases in animal fertility, a 
decline in stress resistance as measured by thermotolerance and 
shortened worm length. Moreover, chronic exposure of CeO2 NP 
aggregates was found to be associated with increased levels of ROS 
and heat shock stress response (HSP-4). Regarding surface state, 
Dowding et al. (45) prepared different samples of CeO2 NPs using 
identical precursor (Cerium nitrate hexahydrate) through similar 
wet chemical process but using different oxidizer/reducer: H2O2, 
NH4OH, or hexamethylenetetramine (HMT). Results showed 
that unlike the other CeO2 NPs preparations, HMT-CeO2 NPs 
were readily taken into endothelial cells and reduced cell viability 
at a 10-fold lower concentration than the others. This indicates 
that the biological effects of NPs depend not only on intrinsic 
but also extrinsic features, aspects related to the NP itself and 

to its history and environment. Thus, colloidal stability, which 
determines the agglomeration and sedimentation, depends on 
the concentration and nature of ions and molecules present in 
the media at a certain temperature. This affects the hydrodynamic 
radius, which depends on temperature and viscosity; NP cor-
rosion, which depends on the combined redox potential of the 
species present in the environment; and speciation of leached 
ions, which depends on the nature of the dispersing media 
(Figure 2A). The NP concentration will affect the kinetics of the 
previously coexisting phenomena.

In this context, interactions between NPs and the immune sys-
tem are of particular interest for both their efficient use and their 
safety in biomedical applications. NPs are foreign objects, sized 
within the range of that detected and managed by the immune 
system, which has a responsibility for categorizing invasion and 
providing an appropriate response (Figure 2B). For example, NPs 
may exacerbate immune responses by ordering and repetition of 
ligands (47–49), as well as by altering redox status, both increasing 
(50) and decreasing ROS and inflammatory mediator levels (14).

THE APPARENT CONTRADICTION

Lack of understanding NP characteristics and their evolution 
inside biological media is recognized as one of the key points 
underpinning the abovementioned controversies (40). Thus, 
as with many other inorganic NPs employed in nanomedical 
research, CeO2 NPs evolve when in contact with physiological 
media (5, 51). This evolution may entail the loss of intended cata-
lytic activity, transforming beneficial NPs into deleterious ones. 
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FIGURE 2 | (A) Intrinsic and extrinsic properties of nanoparticles (NPs). Different properties of the NP, related to the NP itself (intrinsic) or to the NP behavior in  
the exposure media (extrinsic). For instance, we can design CeO2 NPs with specific sizes and shapes, but agglomeration in the exposure media leads to specific 
surfaces, concentrations, mobilities, etc., very different from the initially prepared NPs. As agglomerated NPs behave as a large particle, this makes the NP more 
immunogenic and affects the concentration of NPs in different parts of the body, where they are accumulated in organs of the MPS system. Importantly, for the 
(immuno)toxicity aspects, agglomerates of NPs are no longer on the nanometric regime of sizes and may have similar consequences as the incidental inorganic 
microparticles, extensively investigated during the last century: burning oil residues, silica from mining or asbestos have been found stacked in affected tissues, 
causing pathologies such as silicosis, asbestosis, and/or inflammatory reactions. Thus, in this example, even if CeO2 NPs are not toxic (and therapeutically 
beneficial) by themselves, they may be risky because they could be a source of toxic aggregates. (B) Graphical representative sizes of key entities capable  
of generating immune response and different NP morphologies and NP aggregates.
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The most significant alterations affecting the biological fate and 
effects of NPs when dispersed in biological media are: (i) agglom-
eration and aggregation of the NPs (5, 52, 53), (ii) formation of 
the NP protein corona as a result of the adsorption of proteins 
onto the inorganic surface (54, 55), and (iii) NP corrosion and/or  
dissolution into ionic species (56–59). Indeed, it has been pro-
posed that the higher toxicity of unstable preparations of NPs 
may not be due to the material per se but to its rapid aggregation 
into final micro- or macrometric sizes (5, 51) and the leaching 
of toxic ionic species into the solution (57). For instance, in the 
work of Kirchner et al. (57), the release of toxic Cd2+ ions from 
CdSe and CdSe/ZnS NPs and their stability toward aggregation 
were demonstrated to play an important role for the observed 
cytotoxic effects. Similarly, aggregation of NPs has been shown 

to clearly determine the exposure of NPs to cells. Xia et al. (50), 
comparing the toxicity induced by different ambient and manu-
factured NPs, showed a dramatic change in their state of aggrega-
tion, dispersibility, and charge during transfer from a buffered 
aqueous solution to cell culture medium and how it affects 
the observed cellular responses. Cho et  al., (60) studied how 
sedimentation affected the cellular uptake of gold NPs in in vitro 
experiments, dramatically altering their exposure and biological 
effects. Typically, in vitro experiments measure the uptake of NPs 
by exposing cells at the bottom of a culture plate to a suspen-
sion of NPs, and it is generally assumed that the suspension is 
well dispersed. But, if NPs sediment, their concentration on the 
cell surface may be higher than the initial bulk concentration, 
and this could lead to increased uptake by cells. Indeed, results 
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showed that cellular uptake of gold NPs mostly depended on the 
sedimentation and the diffusion velocities of the NPs.

Other NP transformations can also alter biological responses, 
leading to unexpected results. For example, Xue et al. (61) reported 
that CeO2 NPs can protect DNA from damage in Tris–HCl and 
sulfate buffers, but not in phosphate-buffered saline. A mecha-
nism of action was proposed: cerium phosphate is formed on the 
surface of the NPs, which interferes with redox cycling between 
Ce3+ and Ce4+. As a result, the antioxidant activity of CeO2 NPs 
is greatly affected by the external environment. Similarly, Perez 
et al. (62) observed that the antioxidant properties of CeO2 NPs 
were pH-dependent. They suggested that a high concentration 
of H+ interferes with the regeneration of Ce3+, resulting in a loss 
of antioxidant activity. However, disintegration of CeO2 in acidic 
media could also account for the observed effects, similar to NP 
disintegration observed in different media (57, 63).

Given these effects, when conducting studies involving NPs 
for safety or medicine, it is essential to understand the changes 
that take place with their insertion into biological media, from 
complete cell culture media, to full blood, or lymph, to the 
intracellular cytoplasm. This includes NP colloidal stability, 
vicinity interactions, chemical transformations, association with 
plasma proteins, interaction with components of the immune 
system, and traditional absorption, distribution, metabolism, 
and excretion studies adapted to the unique specifications of 
NPs. Additionally, NPs can be complex and composed of different 
entities, all of which can have different fates. As an example, in 
the work of Feliu et al. (64), the authors review a vast collection 
of recent scientific literature indicating that NPs in vivo should no 
longer be considered as homogeneous entities. They conceptu-
ally divide a NP into the inorganic core, the engineered surface 
coating, comprising of the ligand shell and optionally also bio-
conjugates, and the corona of adsorbed biological molecules. The 
authors found empirical evidence showing that all of these three 
described components may degrade individually in vivo. Due to 
this, the life cycle and biodistribution of the whole heterostruc-
ture is drastically modified.

CONCLUDING REMARKS

There is an increasing number of conflicting reports on the 
impact of CeO2 NPs on oxidative stress and inflammation, 

with some studies reporting the promotion of oxidative stress 
induced by immune system activation, and others reporting 
protective effects against inflammatory processes. To overcome 
this apparent contradiction, understanding the physicochemical 
transformations and evolution of the NPs in biological systems 
is imperative. Understanding these mechanisms will enable the 
design of nanomaterials that work more precisely in medicine 
and safely in society.

The majority of negative immune effects reported in the scien-
tific literature are related to NP aggregation and contamination, 
which cause biological effects independent of the composition, 
size, and shape of individual NPs. Generally, isolated, non-
contaminated NPs show no toxicity, while contaminated and 
aggregated NPs are often described as immunotoxic (65, 66). This 
is especially dramatic in the case of CeO2 NPs, which have been 
reported many times as anti-inflammatory or pro-inflammatory, 
often without a proper description of the material used or its 
purity (40).
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Given the presence of engineered nanomaterials in consumers’ products and their 
application in nanomedicine, nanosafety assessment is becoming increasingly import-
ant. In particular, immunosafety aspects are being actively investigated. In nanomaterial 
immunosafety testing strategies, it is important to consider that nanomaterials and 
nanoparticles are very easy to become contaminated with endotoxin, which is a wide-
spread contaminant coming from the Gram-negative bacterial cell membrane. Because 
of the potent inflammatory activity of endotoxin, contaminated nanomaterials can show 
inflammatory/toxic effects due to endotoxin, which may mask or misidentify the real bio-
logical effects (or lack thereof) of nanomaterials. Therefore, before running immunosafety 
assays, either in vitro or in vivo, the presence of endotoxin in nanomaterials must be 
evaluated. This calls for using appropriate assays with proper controls, because many 
nanomaterials interfere at various levels with the commercially available endotoxin detec-
tion methods. This also underlines the need to develop robust and bespoke strategies 
for endotoxin evaluation in nanomaterials.

Keywords: engineered nanomaterials, immunosafety assessment, endotoxin contamination, endotoxin evaluation, 
Limulus amebocyte lysate assay

INTRODUCTION

Nanotechnology has undergone a rapid growth all over the world, with the production of a broad 
array of different nanomaterials in many consumers’ products, to which the human population and 
the environment are therefore increasingly exposed. The health and environmental impacts of these 
new engineered nanomaterials (ENM) are a topic of considerable interest for nanotech industries 
and regulators as well as scientists, leading to the attempt of building safe-by-design ENM and the 
effort of establishing clear and relevant safety guidelines (1). Among nanotoxicity effects, induction 
of inflammation is considered a risk-predictive key effect (2). Several ENM were found to trigger 
inflammation in experimental models both in vitro and in vivo, suggesting a possible risk for human 
health (3–7). However, many experimental studies that show inflammatory effects triggered by 
ENM did not properly consider the possible presence of endotoxin. The Gram-negative endotoxin 
or lipopolysaccharide (LPS) is a ubiquitous contaminant in our environment and a potent inducer of 
inflammation and cell death. Hence, when evaluating the toxic and inflammatory effects of ENM to 
establish their safety, we must be aware that the presence of endotoxin in ENM can lead to inaccurate 
findings and consequently misleading conclusions (8).
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Endotoxin/LPS is a molecule found in the outer membrane 
of Gram-negative bacteria and consists of a hydrophilic polysac-
charide domain and a hydrophobic lipid domain. LPS plays an 
important role in bacterial virulence, because of its lipid part 
(lipid A) responsible for cytotoxicity. In mammalian tissues, LPS 
binds to a soluble LPS-binding protein, which transports LPS 
to the cell surface receptor, Toll-like receptor (TLR) 4. TLR4, 
together with MD2 and CD14, initiates signaling that leads to 
activation of inflammation pathways in different cell types (9). 
Because TLR4 is expressed by many cells, in particular innate 
immune cells such as monocytes and macrophages, these cells 
are very sensitive and responsive to LPS stimulation and raise 
a defensive inflammatory response against bacterial infections 
(10). LPS-activated cells produce and secrete a great number of 
inflammatory factors including interleukin (IL)-1β, IL-6, IL-8, 
and tumor necrosis factor-α. At high concentrations, LPS can also 
directly kill cells, although it depends on cell sensitivity. Given 
its potent inflammatory/toxic activity, exposure to endotoxin 
can induce serious and even life-threatening effects, includ-
ing respiratory symptoms, asthma, and endotoxemia (11–14). 
Therefore, the acceptable endotoxin levels in medical products 
(such as surgical instruments or drugs) have been regulated by US 
FDA as early as 1985, updated thereafter, and accepted/adopted 
almost all over the world (15). Pharmaceutical companies must 
follow these regulations, and the presence of endotoxin in medi-
cal use products or intravenous (i.v.) drugs must be certified to be 
below a given limit before their release in the market. However, 
this regulation does not apply to ENM that are not intended for 
medical use, meaning that most industrially produced ENM are 
not screened for endotoxin contamination. While this may not 
be a health problem unless the ENM are administered i.v. into 
human beings, it still remains a relevant issue because the results 
from extremely sensitive nanosafety models used for assessing 
products’ safety may be biased by the presence of contaminating 
endotoxin and reveal inflammatory/toxic effects that are not 
ENM specific but rather endotoxin dependent.

ENDOTOXIN CONTAMINATION OF 
NANOMATERIALS

Endotoxin is a thermoresistant molecule that can persist in the 
environment in the absence of live Gram-negative bacteria. Its ther-
mostability makes endotoxin resistant to the routine sterilization 
methods applied in biology laboratories (16). Thus, endotoxin is a 
ubiquitous environmental contaminant, present in all chemicals and 
glassware used in laboratories (17). Special attention or treatment is 
needed for avoiding/eliminating endotoxin contamination, which 
includes working in endotoxin-free conditions and depyrogenation 
of materials. A common and effective method for depyrogenation 
is incineration, which implies dry heating of tools and materials at 
high temperatures for given times, e.g., 180°C for 3 h or 250°C for 
30 min (18). However, these extreme conditions are not suitable 
for depyrogenating most ENM, because the treatment may change 
the ENM physicochemical properties. França et al. used different 
methods (UV irradiation, gas–plasma treatment, ethylene oxide 
treatment, formaldehyde treatment, and autoclaving) for steriliz-
ing/depyrogenizing two differently sized gold (Au) nanoparticles 

(NPs). They found that the various methods caused changes in the 
Au NPs, the most common problem being NPs aggregation and 
consequent changes in UV–Vis spectra, morphology, and particle 
size distribution. They further tested the biological effects of these 
Au NPs and found that the different sterilization procedures could 
affect the NPs cytotoxic capacity and their ability to induce intra-
cellular ROS (19). Hence, the best way to obtain endotoxin-free 
ENM is to take precautions and synthesize them in endotoxin-free 
conditions (20). As most chemical labs and manufactures do not 
apply particular precautions, the ENM undergoing nanosafety and 
preclinical nanomedicine efficacy studies are likely to get contami-
nated by endotoxin. Furthermore, ENM have a large reactive surface 
area, which tends to absorb molecules from the surrounding milieu 
to reduce its energy, thereby facilitating the adsorption of surface 
contaminants (21). The lipid domain allows endotoxin attachment 
to hydrophobic surfaces, while the negatively charged phosphate 
groups promote endotoxin interaction with cationic surfaces (22). 
In addition, coordinative binding can occur between the negatively 
charged LPS and loosely anionic surfaces (e.g., citrate-coated Au 
NPs), resulting in firm and stable binding (23).1 Therefore, endo-
toxin can attach to virtually any surface, which makes endotoxin 
a common contaminant for many different kinds of ENM (8, 21). 
Darkow and coworkers have shown that functionalized NPs could 
bind endotoxin through Coulomb and van der Waals interactions 
(24). Bromberg et al. showed a strong interaction between lipid A 
(the toxic moiety of endotoxin) and functionalized paramagnetic 
ENM (25). The capacity of endotoxin to bind with NPs was also 
observed for polystyrene particles (26). Our recent study showed 
that endotoxin binds to the surface of Au NPs in a dose-dependent 
manner (23). Abadeer et al. studied the role of surface properties 
in the interaction of Au nanorods with endotoxin by using surface 
plasmon resonance sensing and found that endotoxin attaches 
more easily to a cationic surface compared to neutral or anionic 
surfaces (27). Our data with Au NPs indeed confirm that the ENM 
surface characteristics can affect the binding of endotoxin (23, see 
text footnote 1).

We have lab tested several commercial ENM or ENM received 
from collaborators and found variable degrees of endotoxin con-
tamination (unpublished data; Figure 1A). In a study in which NPs 
synthesis was repeated in normal conditions or after glassware and 
tool depyrogenation, we could show that taking precautions could 
significantly dampen the endotoxin contamination in ENM (28). 
On the other hand, a heavy endotoxin contamination in polysty-
rene ENM after long-term storage (over 6 months) may have been 
due to the poor handing processes (29). Thus, we should be aware 
that endotoxin contamination in ENM is a common phenomenon.

BIOLOGICAL EFFECTS OF ENDOTOXIN-
CONTAMINATED NANOMATERIALS

The biological effects of endotoxin-contaminated ENM have been 
reviewed recently (8). Endotoxin-carrying ENM can initiate the 

1 Li Y, Shi Z, Radauer-Preiml I, Andosch A, Casals E, Luetz-Meindl U, et al. Bacterial 
Endotoxin (LPS) Binds to the Surface of Gold Nanoparticles, Interferes with 
Biocorona Formation and Induces Human Monocyte Inflammatory Activation.
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A B

FIGURE 1 | Endotoxin contamination in nanoparticles (NPs) induces inflammatory effects. (A) Endotoxin contamination in different nanomaterials evaluated by 
Limulus amebocyte lysate assay. (B) Gold (Au) NPs were deliberately contaminated with 1 µg/ml lipopolysaccharide (LPS) for 1 h at room temperature and then 
thoroughly washed with endotoxin-free water to eliminate unbound LPS. Human primary monocytes were exposed to either endotoxin-free or endotoxin-coated Au NPs 
for 24 h. The production of interleukin (IL)-1β in the culture supernatants was measured by ELISA [data partially presented in the supporting material of Ref. (30)].
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TLR4 signaling pathway in innate immune cells, activate the inflam-
masome, and induce the secretion of IL-1β, a fundamental cytokine 
that plays an important role in physiological and pathological 
conditions (31), as well as many other inflammation-related factors. 
We have shown that the endotoxin bound on the surface of Au NPs 
turned those NPs from inactive to highly inflammatory and able to 
induce secretion of IL-1β in human primary monocytes (Figure 1B) 
(30). With this in mind, many reports that show inflammatory and 
toxic effects of ENM in vitro or in vivo on TLR4-expressing cells 
need to be taken with caution if the endotoxin level was not assessed. 
Studies have shown that ENM can activate a TLR4-dependent 
inflammatory response in the target cells. Some of these studies 
failed to assess or did not mention the potential contamination 
of the ENM under study with endotoxin (32, 33), which makes it 
impossible to assess the reliability of the results. On the other hand, 
other studies showed the ability of ENM to initiate TLR4-dependent 
activation in the absence of measurable endotoxin contamination 
or by excluding the effects of endotoxin [see, for instance, Ref. (34)], 
thereby suggesting a bona fide ENM effect. Qu et al. reported that 
graphene oxide can be sensed by TLR4 and induce macrophage 
necrosis through the caspase-3 pathway (35). Endotoxin was meas-
ured in this study with a Limulus amebocyte lysate (LAL) endpoint 
chromogenic kit from Lonza and declared to be about 0.1 EU/ml 
(1 ml containing 80 µg of NPs). This brings us to another concern,  
i.e., the possible interference of graphene oxide with the LAL assay. 
Indeed, interference has been extensively reported for many ENM 
(36–39), which strongly suggests the need for testing the interference 
for each ENM under investigation. In addition, the Lonza QCL-1000 
endpoint chromogenic LAL assay with readout at 405 nm has been 
shown to be unsatisfactory for measuring endotoxin in metal and 

metal oxide (39) as well as graphene oxide ENM (40). With all this 
in mind, we conclude that not only should we measure endotoxin 
in ENM but also we must make sure that the endotoxin detection 
assay is reliable and relevant to the ENM under study. Without the 
formal proof of the absence of endotoxin contamination, the bona 
fide bioeffects of ENM cannot be accurately assessed.

ENDOTOXIN EVALUATION METHODS  
IN NANOMATERIALS

The FDA-approved methods to detect endotoxin are the rabbit 
pyrogen test (RPT) as an in  vivo test and the LAL assay as an 
in vitro test. Alternative and sensitive bioassays are also approved 
by the European Centre for the Validation of Alternative Methods 
(ECVAM) for assessing pyrogens, such as the human PBMC 
activation assay and the human monocytes activation test (MAT). 
However, the RPT in  vivo assay and in  vitro bioassays using 
PBMC and monocytes are not specific for endotoxin, because 
they measure inflammatory effects (induction of fever and induc-
tion of inflammatory cytokines) and thus detect responses from 
all types of inflammation-inducing agents (which may include 
EMN). Therefore, to specifically detect the endotoxin level in 
ENM, the LAL assay is recommended.

The LAL assay could provide fast, sensitive, and specific endo-
toxin assessment. The only other molecule that gives a positive 
result with the traditional LAL assay is β-glucan, which, however, 
can be inhibited by a specific buffer in the currently available 
commercial LAL kits. Because of its specificity, sensitivity, and 
reliability, the LAL assay has replaced the old in vivo RPT as the 
assay chosen by all regulatory agencies, such as FDA, European, 
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Chinese, and Japanese pharmacopeias (41–44). The use of the 
LAL assay for endotoxin detection in ENM is also regulated by 
ISO29701:2010 regulation “Nanotechnologies—Endotoxin test 
on nanomaterial samples for in vitro systems” (45).

In the LAL assay, factor C, an enzyme derived from the ame-
bocytes of the horseshoe crab Limulus polyphemus, is activated 
by exposure to endotoxin and in turn induces activation of a 
clotting enzyme. Based on the types of detection of the clotting 
enzyme activity, three variants of the LAL assay are commercially 
available, including the gel clot, the turbidimetric, and the chro-
mogenic assays. Recently, using recombinant factor C instead 
of the Limulus amebocyte lysate, new fluorescence-based assays 
have been developed. These assays have the advantage of being 
totally specific for endotoxin, because β-glucan activates factor 
G but not factor C. Although the LAL assay can reliably detect 
endotoxin in soluble reagents, the physicochemical character-
istics of ENM pose a significant problem of interference with 
both the components and the detection readouts (fluorescence, 
optical density) of various assays (28, 36, 39). To overcome the 
interference problem, the available assays need to be validated 
for the lack of interference by ENM with the catalytic activity of 
the enzyme(s), substrate cleavage, and the final readout signals  
(8, 39). It has been shown that the gel clot LAL assay is not accu-
rate for testing endotoxin contamination in particles, while the 
chromogenic LAL assay showed higher sensitivity and no inter-
ference (46). The unsuitability of the gel clot assay has also been 
shown for silica, silver (Ag), titanium dioxide, calcium carbonate, 
and other clinical-grade NPs (37, 38, 47), suggesting that the gel 
clot assay should not be used for testing endotoxin in ENM in 
general. However, despite these new evidences, the use of the gel 
clot assay is still recommended in a FDA guidance document to 
solve discrepancies between results from different LAL formats 
in industry (48). Furthermore, our results with the chromogenic 
LAL assay suggested that metal and metal oxide NPs may interfere 
with the final readout by absorbing the final dye (p-nitroaniline) 
and quenching the readout, leading to underestimating the 
endotoxin contamination (39). Therefore, Dobrovolskaia et  al. 
have declared that none of the currently available LAL formats is 
optimal for endotoxin assessment in ENM and suggested that at 
least two LAL formats with different endpoints/readouts should 
be used. The results should also be confirmed by RPT when 
the LAL results show more than 25% difference (36, 38). This 
approach has been used at the Nanotechnology Characterization 
Laboratory of the National Cancer Institute (USA) for measuring 
the endotoxin contamination in ENM.

The bioassays, on the other hand, may be adequate to assess 
pyrogenic/inflammatory effects in general, in particular for the 
ENM for clinical use. These bioassays (RPT in vivo and PBMC 
and MAT in vitro) are not specific for endotoxin, since they are 
based on the development of an inflammatory response (e.g., fever, 
NF-ĸB activation, secretion of inflammatory cytokines), which 
can be induced by any kind of pyrogen, theoretically including 
ENM. Therefore, bioassays cannot distinguish between effects 
induced by endotoxin and other pyrogens and intrinsic effects of 
ENM. The use of the PBMC or the MAT tests in parallel to the 
LAL assay should allow us to detect, in addition to endotoxin, the 
possible presence of other pyrogenic agents, which may be present 
but cannot be detected with the LAL assays. Thus, Dobrovolskaia 

et al. suggested to use such assays to confirm the LAL results (38). 
We have tested endotoxin contamination in Au, Ag, and iron 
oxide (Fe3O4) NPs with the chromogenic LAL assay of Associates 
of Cape Cod (endpoint readout at 540 nm) and in parallel with 
the ECVAM-approved PBMC activation assay (IL-6 production) 
(39). The endotoxin contamination detected by the LAL assay was 
confirmed by the PBMC activation assay only for Au NPs, but not 
for Ag and Fe3O4 NPs. This is probably due to the interference 
of NPs with some elements in the bioassay. Most likely, the NPs 
interfere with the ELISA-based IL-6 detection process by interfer-
ing with antigen/antibody interaction, adsorbing and subtracting 
IL-6, or quenching the optical signal that indicates the presence 
of IL-6. Thus, the biological assays also need an accurate char-
acterization and validation before their results can be used to 
detect endotoxin in ENM. Table 1 summarizes the pros and cons 
of different endotoxin evaluation methods for EMN.

CONCLUSION AND FUTURE 
PERSPECTIVE

To reliably assess safety of ENM, either intended for medical 
use or included in commercial products, it is important to take 
into careful consideration the presence of unwanted bioactive 
contaminants, of which bacterial endotoxin is most common and 
abundant. This would eliminate misinterpretation of experimental 
results and erroneous attribution to ENM of toxic effects that may 
be entirely due to contaminants. Thus, nanosafety/nanomedicine 
researchers and regulators should be aware of the possible con-
tamination of ENM with highly inflammatory contaminants such 
as endotoxin and design and adopt appropriately designed assays. 
Likewise, chemists/producers should design their synthesis 
processes to minimize endotoxin contamination. Furthermore, 
since the methods for endotoxin assessment in ENM are still 
challenging (Table 1) and the regulations on nanoproducts are 
still incomplete, robust strategies and bespoke assays need to be 
developed for endotoxin evaluation in ENM.
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Lipopolysaccharide Adsorbed to  
the Bio-Corona of TiO2 Nanoparticles 
Powerfully Activates Selected Pro-
inflammatory Transduction Pathways
Massimiliano G. Bianchi1*, Manfredi Allegri 1, Martina Chiu1, Anna L. Costa2, Magda Blosi2, 
Simona Ortelli 2, Ovidio Bussolati1* and Enrico Bergamaschi3

1 Department of Medicine and Surgery, University of Parma, Parma, Italy, 2 Institute of Science and Technology for Ceramics 
(CNR-ISTEC), National Research Council of Italy, Faenza, Ravenna, Italy, 3 Department of Public Health Science and 
Pediatrics, University of Turin, Turin, Italy

It is known that the adsorption of bioactive molecules provides engineered nanoparticles 
(NPs) with novel biological activities. However, the biological effects of the adsorbed mole-
cules may also be modified by the interaction with NP. Bacterial lipopolysaccharide (LPS), 
a powerful pro-inflammatory compound, is a common environmental contaminant and is 
present in several body compartments such as the gut. We recently observed that the 
co-incubation of LPS with TiO2 NPs markedly potentiates its pro-inflammatory effects on 
murine macrophages, suggesting that, when included in a NP bio-corona, LPS activity is 
enhanced. To distinguish the effects of adsorbed LPS from those of the free endotoxin, a 
pellet fraction, denominated P25/LPS, was isolated by centrifugation from a mixture of P25 
TiO2 NP (128 µg/ml) and LPS (10 ng/ml) in the presence of fetal bovine serum. Western blot 
analysis of the pellet eluate indicated that the P25/LPS fraction contained, besides proteins, 
also LPS, pointing to the presence of LPS-doped NP. The effects of adsorbed or free LPS 
were then compared in Raw264.7 murine macrophages. RT-PCR was used to evaluate the 
induction of cytokine genes, whereas active, phosphorylated isoforms of proteins involved 
in signaling pathways were assessed with western blot. At a nominal LPS concentration of 
40 pg/ml, P25/LPS induced the expression of both NF-κB and IRF3-dependent cytokines 
at levels comparable with those observed with free LPS (10 ng/ml), although with different 
time courses. Moreover, compared to free LPS, P25/LPS caused a more sustained phos-
phorylation of p38 MAPK and a more prolonged induction of STAT1-dependent genes. 
Cytochalasin B partially inhibited the induction of Tnfa by P25/LPS, but not by free LPS, and 
suppressed the induction of IRF3-dependent genes by either P25/LPS or free LPS. These 
data suggest that, when included in the bio-corona of TiO2 NP, LPS exhibits enhanced and 
time-shifted pro-inflammatory effects. Thus, in assessing the hazard of NP in real life, the 
enhanced effects of adsorbed bioactive molecules should be taken into account.

Keywords: lipopolysaccharide, endotoxin, titanium dioxide nanoparticles, bio-corona, macrophages, inflammation

INTRODUCTION

When introduced in organic fluids, engineered nanoparticles (NP), due to their high ratio surface/
volume, adsorb proteins, lipids, and other bioactive molecules present in the medium, forming a 
corona that is of fundamental relevance for the interactions with cells and tissues (1–3). The biologi-
cal effects of nanomaterials are markedly influenced by the bio-corona and, therefore, are expected 
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to change in media or organic fluids of different composition 
(4). Conversely, the interaction with the nanomaterial may 
also change the conformation and/or the bioavailability of the 
adsorbed molecules (5), leading to enhancement or inhibition of 
their effects.

Although the formation and biological effects of protein 
corona have been extensively studied, other, non-protein bioac-
tive molecules are expected to be adsorbed by nanomaterials. 
Bacterial lipopolysaccharide (LPS, endotoxin) is one of the most 
abundant bioactive molecules present in the environment as 
well as in several body compartments, such as the gut lumen. 
Although several mechanisms exist to limit the mucosal pen-
etration of LPS, low endotoxin levels are also present in normal 
human plasma (6) and increase in several conditions (7, 8). LPS 
is an heat-stable component of the outer membrane of Gram-
negative bacteria and works as a pathogen-associated molecular 
pattern, activating macrophages and promoting the production 
of a variety of pro-inflammatory proteins, such as tumor necrosis 
factor-α and other cytokines, or non-protein mediators, such 
as nitric oxide (NO) (9). In mammals, LPS mostly acts through 
transcriptional mechanisms, mediated by several, partially cross-
linked transduction pathways, the most studied of which are 
those dependent by NF-κB and TRIF, elicited by LPS binding to 
the toll-like receptor 4 (TLR4). Signal transduction starts at the 
plasma membrane and later involves an endosomal compartment 
after the internalization of the complex LPS–TLR4 (10–12).

TiO2 NPs are considered relatively safe materials and are 
widely used in a variety of applications. Similar to several 
other types of nanomaterials (13–17), also TiO2 NPs have been 
described to adsorb LPS (18), although the amount of endotoxin 
adsorbed was not easily quantifiable due to interference of the 
nanomaterial with the assay method. Interestingly, LPS adsorp-
tion to NP has been considered one of the possible factors that 
interfere with cell-based immunological tests employing NP 
(19), because either contamination may be easily overlooked or 
adsorption may modulate the effects of LPS on innate immune 
cells (19). Investigating this latter possibility, we have recently 
demonstrated that the co-exposure of murine macrophages to 
TiO2 NP and LPS in protein-rich medium powerfully syner-
gizes the pro-inflammatory effects of the endotoxin (20). The 
synergy was hindered by the cytoskeletal drug cytochalasin 
B, which inhibits endocytosis and NP internalization, and 
blocked by the TLR4 inhibitors polymyxin B and CLI-095. On 
the basis of those results, we proposed that TiO2 NPs adsorb 
LPS and enhance macrophage activation by the endotoxin via 
a TLR4-dependent mechanism that is mainly triggered from an 
intracellular site (20).

However, the simultaneous cell treatment with NP and LPS 
does not allow to understand if the fraction of LPS adsorbed to 
NP has different biological effects compared with free LPS, since 
both forms of the endotoxin are actually co-administered to the 
test system. In particular, it would be important to determine if 
free and adsorbed LPS trigger different pathways, exhibit differ-
ent potencies, or change the time-course of the activation process.  
In order to address these questions, we have adopted here an 
approach based on the separation of the two fractions through 
centrifugation. The results indicate that the adsorption to TiO2 

NP strongly potentiates the effects of LPS on selected transduc-
tion pathways and changes the time-course of the macrophage 
activation process.

MATERIALS AND METHODS

Reagents
Fetal bovine serum (FBS) and culture media were purchased from 
Euro-Clone SpA (Pero, Milan, Italy). LPS from E. coli O55:B5 
serotype and cytochalasin B were from Sigma-Aldrich (Milan, 
Italy) as well as all of other chemicals used in this study, whenever 
not specified otherwise.

TiO2 NP Description, Dispersion, and 
Characterization
The NPs used were the TiO2 NP Aeroxide® P25 (anatase/rutile 
83/17, Evonik Industries, Degussa GmbH, Germany), produced 
through the flame hydrolysis Aerosil® process. The physicochemi-
cal characterization of P25 under dry conditions is provided 
elsewhere (20). In particular, P25 have a specific surface area of 
60 m2/g and an average crystallite size of 24 nm. TEM images of 
the same batch of Aeroxide® P25 used in this contribution have 
been recently published (21).

TiO2 NP powder, previously heated at 230°C for 3 h for LPS 
decontamination, was suspended in culture medium without FBS 
to obtain 100× stock suspensions (12.8  mg/ml). For cell treat-
ments, after vortexing for 30 s and a further incubation of 10 min 
in a Branson bath sonicator, the TiO2 NP stock suspension was 
100-fold diluted in complete culture medium supplemented with 
10% FBS so as to reach the working concentration of 128 µg/ml  
of NP.

The determination of NP size was performed, with minor 
modifications, as described in Bianchi et  al. (20) at the same 
concentrations used for the cellular tests. Particle size distribu-
tion was evaluated by dynamic light scattering (DLS) technique 
assessing the hydrodynamic diameter of the dispersed NPs, 
using ZetasizerNano ZS (Malvern Instruments, UK) with 
standard polystyrene cuvettes. For the evaluation of particle size, 
data were recorded at 25 ±  1°C, in a backscattering detection 
mode (scattering angle of 173°). Each result corresponds to the 
average of three consecutive measurements, and each measure-
ment is the average of 15 analyses. DLS analysis provides also a 
polydispersity index (PDI), which is a number ranging from 0 
to 1 useful to quantify the colloidal dispersion degree: samples 
with PDI close to 0 are considered monodispersed. The results 
are presented in Figure 1 and indicate that, as expected, P25 NP 
aggregate when suspended.

Formation of a LPS Corona on TiO2 NP
Lipopolysaccharide corona formation on TiO2 NP (see Figure 2A) 
was obtained as described previously for silica NP (17) with some 
modifications. An aliquot of the suspension of TiO2 NP (128 µg/
ml) was supplemented with 10 ng/ml of LPS (from a 100× stock 
solution in FBS-free medium) and incubated in an hybridizing 
oven for 1 h at 37°C under continuous rotation. The suspension 
was then centrifuged for 30 min at 1,900 × g, and the supernatant, 
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FIGURE 1 | Characterization of Aeroxide® P25 TiO2 nanoparticles (NP). (A,B) SEM images of TiO2 P25 NP dispersed in complete growth medium [Dulbecco’s 
modified Eagle’s medium (DMEM) + 10% fetal bovine serum (FBS)]. (C) Mean size distribution by intensity for P25 TiO2 NP (128 µg/ml) dispersed in deionized water 
or complete culture medium.
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corresponding roughly to 996/1,000 of the original volume, was 
transferred in a new tube and named “SUP” (for supernatant). 
The pellet of P25 NP (4/1,000 of the original volume) was re-
suspended in complete medium at a 1:250 dilution, to attain the 
original working concentration of 128 µg/ml, transferred into a 
new tube, vortexed for 1  min, and used in the experiments as 
“P25/LPS” suspension. To obtain the diluted SUP (D.SUP) frac-
tion, 40 µl of the SUP fraction was diluted 1:250 with complete 
medium, so as to restore the original nominal LPS concentra-
tion. Another aliquot of the suspension of TiO2 NP (128  µg/
ml) underwent the same treatment (incubation, centrifugation, 
resuspension) without LPS supplementation and was used as P25 
in the biological experiments.

Western Blot of LPS in Pellet Eluates
To assess if LPS was adsorbed to P25 NP, we performed a western 
blot analysis against the endotoxin on the bio-corona obtained  
by incubating the NP with LPS. Moreover, to investigate the 
effect of serum proteins on LPS adsorption to NP, NP suspen-
sion and incubation with LPS was performed in the presence 
or in the absence of FBS 10%. Briefly, 10-ml suspensions of 
P25 in Dulbecco’s modified Eagle’s medium (DMEM) or in 
DMEM  +  10% FBS were supplemented with 10 or 100  ng/ml 
of LPS. After centrifugation at 1,900 × g for 30 min, pellets were 
eluted in 40  µl of Laemmli buffer 1× (62.5  mM Tris–HCl, pH 

6.8, 2% SDS, 10% glycerol, and 0.1 M DTT) and transferred in 
a clean Eppendorf tube. After heating at 95°C for 10 min, tubes 
were centrifuged at 12,000  rpm for 5  min. The combined elu-
ates of two pellets (approximately 80 µl) were loaded on a 12% 
gel for SDS-PAGE. After the run, separated components were 
transferred to PVDF membranes (Immobilon-P, Millipore, 
Millipore Merck Corporation, MA, USA). Non-specific binding 
sites were blocked with an incubation of 1 h at room temperature 
in blocking solution (Western Blocking Reagent, Roche) diluted 
in Tris buffered saline (TBS, pH 7.5). The blots were then exposed 
at 4°C overnight to goat anti-LPS polyclonal antibody (Abcam, 
Cambridge, UK) diluted in the blocking solution at 1:500. After 
washing, the blots were exposed for 1  h at room temperature 
to HRP-conjugated anti-goat antibody (Cell Signaling), diluted 
1:20,000 in blocking solution. Immunoreactivity was visualized 
with Westar HRP Substrate (Cyanagen srl, Bologna, Italy).

The results, reported in Figure  2B, showed an increase 
of LPS-positive bands for the samples with 10 (lane 2) and  
100 ng/ml LPS (lane 4) at several apparent molecular weights. 
No bands were instead detectable for the eluates from NP incu-
bated with the same doses of LPS but in the absence of FBS 10% 
(lanes 1 and 3). In parallel, the specificity of the antibody was 
validated in Figure  2C, through the western blot of different 
doses of LPS dissolved in Laemmli buffer 4×, supplemented 
with 10% FBS.
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FIGURE 2 | Continued
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FIGURE 2 | Continued  
Preparation of P25/lipopolysaccharide (LPS) and free LPS fractions from a mixture of P25 TiO2 NP and LPS. (A) The cartoon provides a schematic overview of the 
experimental approach adopted to obtain LPS-doped P25 nanoparticle (NP). The three fractions (SUP, D. SUP, and P25/LPS suspension) result from the 
centrifugation of the mixture of LPS (10 ng/ml) + P25 NP (128 µg/ml) in Dulbecco’s modified Eagle’s medium (DMEM) + 10% fetal bovine serum (FBS). The P25/
LPS suspension is obtained re-suspending 1:250 the P25/LPS pellet in DMEM + 10% FBS so as to obtain the same nominal dose of P25 NP present in the original 
mixture. For comparison, also the D.SUP has been diluted 1:250. (B) Detection of LPS in extracts from pellets of P25 NP (128 µg/ml) and LPS mixtures. Lanes 
represent the run of eluates of the following pellets (see Materials and Methods): P25 in DMEM + LPS (10 ng/ml); P25 in DMEM (+10% FBS) + LPS (10 ng/ml); P25 
in DMEM + LPS (100 ng/ml); and P25 in DMEM (+10% FBS) + LPS (100 ng/ml). The blot has been performed twice with comparable results. (C) Detection of LPS 
in western blot. The indicated amounts of LPS, dissolved in Laemmli buffer 4× supplemented with 10% FBS, were treated as described under “Materials and 
Methods.”
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Cell Cultures and Experimental Treatments
Murine peritoneal macrophages Raw264.7 from the Istituto 
Zooprofilattico della Lombardia e dell’Emilia Romagna (Brescia, 
Italy) were cultured in DMEM completed with FBS 10%, 
streptomycin (100 µg/ml) and penicillin (100 U/ml) and 4 mM 
of glutamine. Cells were routinely cultured in 10-cm dishes 
under humidified atmosphere in the presence of 5% CO2 in 
air. For the experiments, cells were seeded in 24-well plates at 
a density of 75 × 103/cm2 (20). After 24 h in culture, Raw264.7 
cells were exposed to 128 µg/ml (corresponding to 80 µg/cm2 of 
culture surface) of P25 NP, in the presence or in the absence of  
10 ng/ml of LPS, to LPS (10 ng/ml), or to 128 µg/ml of P25/LPS 
NP for the times indicated in each experiments. Under these 
conditions, cell viability was not significantly affected by the 
experimental treatments (20).

Nitrite Determination
The determination of nitrite concentration in culture medium 
was performed following the method described in Ref. (22). After 
24  h of exposure of Raw264.7 to the experimental treatment, 
100 µl of culture medium was transferred to black 96-well plates 
with a clear bottom (Corning, Cambridge, MA, USA). 20 µl of 
a solution of 0.025 mg/ml in 0.31 M HCl of 2,3-diaminonaph-
thalene (Invitrogen, Life Technologies, Monza, Italy) were then 
added and, after 10 min at room temperature, the reaction was 
stopped with 20 µl of 0.7 M NaOH. Standards were performed 
in the same medium from a solution of 1  mM sodium nitrite. 
Fluorescence was determined with a multimode plate reader 
Perkin Elmer Enspire.

Western Blot of Proteins Involved in 
Transduction Pathways
Total protein extracts were obtained as previously described 
(20). Briefly, macrophages were homogenized in 70  µl of lysis 
buffer (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 2 mM imidazole) 
supplemented with a protease inhibitors cocktail (Complete, 
Mini, EDTA-free, Roche, Monza, Italy). Lysates were transferred 
in Eppendorf tubes and mixed with 23 µl (1/3 of the lysate total 
volume) of Laemmli buffer 4× (250  mM Tris–HCl, pH 6.8, 
8% SDS, 40% glycerol, and 0.4 M DTT). After heating at 95°C 
for 10 min, 30 µl of each samples was loaded on a 10% gel for 
SDS-PAGE. Separated proteins were transferred to PVDF mem-
branes (Immobilon-P, Millipore, Millipore Merck Corporation, 
MA, USA). Non-specific binding sites were blocked with an 

incubation of 1  h at room temperature in blocking solution 
(Western Blocking Reagent, Roche) diluted in TBS (pH 7.5). 
The blots were then exposed at 4°C overnight to the following 
antibodies diluted in 5% BSA in TBST (Tween 20 0.1% in TBS): 
anti-Nos2 (rabbit polyclonal, 1:400, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA); anti-p-p38 (rabbit polyclonal, 1:500, 
R&D Systems, Minneapolis, MN, USA); anti-p38 (rabbit 
polyclonal, 1:500, R&D Systems); anti-p-ERK (rabbit polyclonal, 
1:500, R&D Systems); anti-ERK (rabbit polyclonal, 1:500, R&D 
Systems); anti-p-IRF3 (rabbit polyclonal, 1:500, Biorbyt, Cowley 
Road, Cambridge, UK); anti-IRF3 (rabbit polyclonal, 1:1,000, 
Cell Signaling Technology, Danvers, MA, USA); anti-p-STAT1 
(rabbit polyclonal, 1:1,000, Cell Signaling); anti-STAT1 (rabbit 
polyclonal, 1:1,000, Cell Signaling); anti-p-c-JUN (rabbit poly-
clonal, 1:1,000, Millipore Merck); anti-c-JUN (rabbit antiserum, 
1:1,000, Millipore Merck); and anti-beta actin (mouse monoclo-
nal, 1:2000, Santa Cruz Biotechnology). After washing, the blots 
were exposed for 1 h at room temperature to HRP-conjugated 
anti-rabbit or anti-mouse antibodies (Cell Signaling), diluted 
1:20,000 in blocking solution. Immunoreactivity was visualized 
with Immobilon Western Chemiluminescent HRP Substrate 
(Millipore, Merck).

RT-PCR
Total RNA was isolated with GenElute Mammalian Total RNA 
Miniprep Kit (Sigma-Aldrich) as described in Ref. (20). After 
reverse transcription, aliquots of cDNA from each sample were 
amplified in a total volume of 25 µl with the Go Taq PCR Master 
Mix (Promega Italia, Milan, Italy), along with the forward and 
reverse primers (5  pmol each) reported in Table  1. Real-time 
PCR was performed in a 36-well RotorGeneTM3000, version 
5.0.60 (Corbett Research, Mortlake, VIC, Australia). For all the 
messengers to be quantified, each cycle consisted of a denatura-
tion step at 95°C for 20 s, followed by separate annealing (30 s) 
and extension (30  s) steps at a temperature characteristic for 
each pair of primers (Table 1). Fluorescence was monitored at 
the end of each extension step. Melting curve analysis was added 
at the end of each amplification cycle. Data analysis was made 
according to the relative standard curve method. Expression data 
were reported as the ratio between each investigated mRNA and 
Gapdh mRNA.

Confocal Microscopy of Live Cells
Raw264.7 cells were seeded on four-well chambered coverglasses 
at a density of 75 × 103/cm2. The day after, cells were incubated 
in the presence or in the absence of cytochalasin B (20  µM, 
Sigma-Aldrich) for 1  h and then stained with LysoTracker™ 
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TABLE 1 | Primers and temperatures of annealing adopted for RT-PCR 
experiments.

Gene Forward Reverse T (°C) Amplicon 
size (bp)

Tumor necrosis 
factor alpha  
(Tnfa)

5′-CCCTCACACTC 
AGATCATCTTCT-3′

5′-GCTACGACG 
TGGGCTACAG-3′

55°C 61

Interferon  
beta 1 (Ifnb)

5′-CAGCTCCAAG 
AAAGGACGAAC-3′

5′-GGCAGTGTAA 
CTCTTCTGCAT-3′

56°C 138

Interferon-
induced 
protein with 
tetratricopeptide 
repeats 2 (Ifit2)

5′-AGAACCAAAAC 
GAGAGAGTGAAG-3′

5′-TCCAGACGGT 
AGTTCGCAATG-3′

57°C 106

Glyceraldehyde 
3-phosphate 
dehydrogenase 
(Gapdh)

5′-TGT TCC TAC  
CCC CAA TGT GT-3′

5′-GGT CCT CAG 
TGT AGC CCA 
AG-3′

57°C 137
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Red DND-99 (70 nM, Molecular Probes, Life Technologies) and 
calcein-AM (1 µM, Millipore Merck) for 2 h. Stained cells were 
then treated with 5 µg/cm2 of P25 NP or P25/LPS and imaged 
by an inverted LSM 510 Meta (Carl Zeiss, Jena, Germany) while 
maintained at 37°C, 5% CO2 in a Kit Cell Observer (Carl Zeiss, 
Jena, Germany) (23–25). Single-plane confocal images were taken 
at 24 h of treatment using a 40× (1.3 NA) oil objective. Excitation 
at 633 nm and reflectance were used to visualize P25 TiO2 NPs; 
excitation at 543 nm and emission recorded through a 580- to 
630-nm band pass barrier filter were used for LysoTracker™ to 
visualize lysosomes; excitation at 488 nm and emission through a 
515- to 540-nm band pass filter were used for calcein to visualize 
cytoplasm.

Statistical Analysis
Data are expressed as means  ±  SD. For nitrite determination 
experiments, the statistical analysis was performed through one-
way ANOVA for multiple comparisons, applying the Bonferroni 
correction. In all the other experiments, a two-tail Student’s t-test 
for unpaired data was adopted. Graph Pad Prism™ software ver-
sion 6.00 (Graph Pad Software Inc., San Diego, CA, USA) was 
used. Results were considered significant with p < 0.05.

RESULTS

P25/LPS Strongly Potentiates the  
LPS-Dependent NO Production and  
Nos2 Protein Expression in Murine 
Macrophages
We have previously demonstrated that the simultaneous expo-
sure to TiO2 NP and LPS synergized the pro-inflammatory effects 
of the two compounds (20). To assess if we could reproduce this 
effect with the P25/LPS fraction, nitrite medium concentration 
(as a proxy of NO production) and Nos2 expression were evalu-
ated after 24 h of exposure of Raw264.7 cells to TiO2 NP, LPS, the 

mixture of NP, and LPS, and the two fractions resulting from the 
centrifugation of the mixture (the re-suspended pellet and the 
supernatant, see Figure 2A for details). The results, presented 
in Figure  3A, indicate that, while P25 NP alone did not sig-
nificantly affect NO production, the P25/LPS fraction (nominal 
concentration of LPS 40 pg/ml) caused a huge increase in nitrite 
concentration in culture medium. The TLR4-dependence of 
the effect was confirmed by its suppression in cells treated with 
polymyxin B (50 µg/ml, results not shown). The magnitude of 
the effect was not significantly different to that caused by LPS 
alone, while it was smaller than that observed upon a simultane-
ous incubation with LPS and P25 NP. Free LPS in the undiluted 
supernatant fraction (nominal concentration of 10 ng/ml) also 
caused a comparable increase in nitrites. On the contrary, when 
diluted at the same ratio used for P25/LPS (1:250, nominal 
concentration of LPS 40  pg/ml), the supernatant fraction did 
not stimulate macrophages to produce NO. Consistently, results 
presented in Figure 3C indicate that free LPS at 40 pg/ml did 
not increase NO production that required a dose of LPS of at 
least 1 ng/ml.

Functional data were consistent with the results obtained by 
western blot. Indeed, Nos2 protein expression was markedly 
increased in cells exposed to P25/LPS, at levels comparable with 
those observed with LPS alone and only slightly lower than those 
observed after exposure to the mixture LPS plus NP (Figure 3B). 
As expected, the diluted supernatant (free LPS) did not affect the 
expression of Nos2.

P25/LPS Promotes the Activation of both 
NF-κB/AP1 and IRF3-Dependent Genes
The induction of pro-inflammatory genes is the final result of a 
cascade of intracellular signals that involves different transduc-
tion pathways. To assess the effect of P25/LPS on the induction 
of pro-inflammatory genes dependent on different pathways, the 
expression of Tnfα and Ifnb was evaluated after 6 and 24 h of 
treatment by RT-PCR. While Tnfα expression is controlled by 
the MyD88–NF-κB–AP1-dependent pathway (26), Ifnb gene is 
mainly dependent on the TRIF pathway through the activation 
of IRF transcription factors (27). As reported in Figure 4A, the 
mixture of P25 and LPS markedly potentiated the LPS-dependent 
Tnfa induction after 6 h of exposure. While P25 NP alone did 
not affect significantly gene expression, the P25/LPS fraction 
induced Tnfa at levels comparable to those stimulated by free 
LPS. A comparable induction of Tnfa was also produced by the 
undiluted supernatant fraction, while the diluted supernatant 
was without effect. At 24 h Tnfa expression was further increased 
in cells treated with free LPS and undiluted supernatant, while 
it decreased in cells treated with the mixture and remained 
fairly stable with the P25/LPS fraction. The induction of Ifnb 
(Figure 4B) was clearly detectable after 6 h of exposure to free 
LPS, the mixture of LPS and NP, or the undiluted supernatant, 
while it was much lower, although significant, in cells treated 
with the P25/LPS fraction. When studied after 24 h of exposure, 
Ifnb mRNA levels markedly decreased in cells treated with free 
LPS, the mixture of LPS and NP, or the undiluted supernatant 
but, conversely, increased in cells incubated with the P25/LPS 
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FIGURE 4 | Assessment of the pro-inflammatory gene response elicited by 
P25/lipopolysaccharide (LPS) in macrophages. mRNA expression levels of 
Tnfa (A) and Ifnb (B) were assessed in Raw264.7 cells after 6 and 24 h of 
exposure to the indicated experimental conditions (see legend to Figure 2 for 
details). Control cells (−) were incubated in plain serum-supplemented 
medium. Data are means of two (for Tnfa) or three (for Ifnb) independent 
experiments each performed in duplicate with SD shown. *, **, *** p < 0.05, 
p < 0.01, p < 0.001 vs. cells treated with P25 at the same experimental time; 
##, ###, p < 0.01, p < 0.001 vs. cells treated with LPS at the same 
experimental time; $$, p < 0.01 vs. cells treated with P25/LPS at 6 h, as 
evaluated by two-tailed t-test for unpaired data.

FIGURE 3 | Effects of the exposure to P25/lipopolysaccharide (LPS) on nitric 
oxide production and Nos2 expression in macrophages. Raw264.7 cells were 
incubated for 24 h in Dulbecco’s modified Eagle’s medium (DMEM) + 10% 
fetal bovine serum (FBS) in the presence of P25 (128 µg/ml), LPS (10 ng/ml), 
the mixture of P25 and LPS (128 µg/ml + 10 ng/ml, respectively), P25/LPS 
(the pellet of the spun mixture, re-suspended at the original volume, with 
nominal doses of 128 µg/ml, for TiO2 NP, and 40 pg/ml for LPS), the undiluted 
(SUP, nominal LPS dose 10 ng/ml), or diluted (D.SUP, nominal LPS dose of 
40 pg/ml) supernatant of the spun mixture. (A) At the end of the incubation, 
the culture medium was harvested to determine nitrite concentration. (B) The 
same cell monolayers were lysed to evaluate Nos2 expression through WB 
analysis. The experiment has been performed twice with comparable results. 
(C) Raw264.7 cells were incubated for 24 h in the presence of the indicated 
doses of LPS in DMEM + 10% FBS. At the end of the incubation, the culture 
medium was harvested to determine nitrite concentration. For (A,C), data are 
means of four independent determinations ± SD. For (A), ***, p < 0.001 vs. 
cells treated with P25; ns, not significant vs. LPS alone, as evaluated by 
one-way ANOVA for multiple comparisons with Bonferroni correction. For  
(C), *, ***, p < 0.05, p < 0.001 vs. LPS-untreated cells; ns, not significant vs. 
LPS-untreated cells, as evaluated by one-way ANOVA for multiple 
comparisons with Bonferroni correction.
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fraction. Also for this gene the diluted supernatant had no 
stimulatory effects.

P25/LPS and Free LPS Differentially 
Activate Intracellular Transduction 
Pathways
The representative experiment shown in Figure  5 reports the 
effect of P25/LPS and free LPS on several components of the 
transduction pathways activated by LPS. MAPK cascade is an 
integral part of the MyD88-dependent transduction pathway that 
ends in the phosphorylation of Jun and the subsequent activation 
of the transcription factor AP1. One hour after medium replace-
ment, the ERK1/2 branch of the MAPK pathway was activated in 
cells incubated with P25, LPS, and P25/LPS, as revealed by the 
high abundance of the phosphorylated forms. ERK1/2 activation 
persisted at 6 h in cells incubated with LPS while decreased in 
cultures exposed to either P25 or P25/LPS. In contrast, P25/
LPS produced a clearly larger activation of p38 than LPS at both 
experimental times. The JNK substrate Jun was strongly activated 
by LPS at 1 h of treatment and, at a lesser degree, by P25/LPS. 
In both conditions, Jun phosphorylated form decreased at 6 h. 
As expected by Ifnb induction, a clear-cut phosphorylation of 
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FIGURE 6 | P25/LPS induces Ifit2. Raw264.7 cells were incubated for the 
indicated times in DMEM + 10% FBS supplemented with P25 (128 µg/ml), 
LPS (10 ng/ml), or P25/LPS (nominal doses of 128 µg/ml, for TiO2 NP, and 
40 pg/ml, for LPS). Control cells (−) were incubated in plain DMEM + 10% 
FBS. (A) After 1 or 6 h, the activation of STAT1 was evaluated through WB 
analysis. A representative experiment, performed twice with comparable 
results, is shown. (B) After 6 or 24 h Ifit2 expression was assessed by 
RT-PCR. Data are means of two independent experiments, each performed 
in duplicate, with SD shown. *, **, ***, p < 0.05, p < 0.01, or p < 0.001 vs. 
cells treated with P25 at the same experimental time; ###, p < 0.001 vs. cells 
treated with LPS at the same experimental time, as evaluated by two-tailed 
t-test for unpaired data.

FIGURE 5 | Evaluation of intracellular transduction pathways triggered by 
P25/LPS. Raw264.7 cells were incubated in the presence of P25 (128 µg/
ml), LPS (10 ng/ml), or P25/LPS (nominal doses of 128 µg/ml, for TiO2 NP, 
and 40 pg/ml, for LPS). At the end of the incubation, the activation of 
ERK1/2, p38, Jun, and IRF3 was evaluated through the WB analysis of their 
phosphorylated forms. Representative experiments, performed twice with 
comparable results, are shown.
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IRF3 was detected after 1 h of treatment in cells incubated with 
either free LPS or P25/LPS. In both conditions, activation of IRF3 
decreased at 6 h, but it was still more evident in cells exposed 
to P25/LPS compared to LPS-treated cells extracted at the same 
time.

P25/LPS Shifts the Kinetics of  
LPS-Dependent Ifit2 Induction
To verify if adsorption to P25 NP effectively changes the time-
course of Ifnb induction, we investigated the expression of Ifit2, 
an IFNβ-induced gene that encodes a member of a group of 
proteins responsible for the inhibition of viral replication (28). 
As many other IFN-dependent genes, Ifit2 induction is activated 
by the phosphorylation of STAT transcription factors. STAT1 
phosphorylation was already detectable after 1 h of incubation 
in cells treated with free LPS but not with P25/LPS. In contrast, 
after 6 h, a massive STAT1 activation was evident in cells treated 
with either LPS or P25/LPS (Figure 6A). Consistently, also Ifit2 
induction followed a different time-course in the two experi-
mental conditions (Figure 6B). In cells incubated with free LPS, 
a huge increase of Ifit2 mRNA was evident after 6 h of incubation 
while P25/LPS was completely ineffective at this time point. In 
contrast, at 24  h of treatment, P25/LPS caused a larger Ifit2 
induction than free LPS.

Cytoskeleton Disruption and 
Internalization Inhibition Differentially 
Affect the Induction of TRIF-Dependent 
and -Independent Genes
The confocal images (Figure 7) show the effects of LPS adsorp-
tion on TiO2 NP internalization. Under our experimental condi-
tions, most of the P25 NP formed aggregates that are well evident 
from the reflected light (Figures 7A–D, white). P25, which were 
preheated at 230°C so as to eliminate LPS before the experiment, 
were scarcely internalized by Raw264.7 macrophages, as indicated 
by their prevalent visualization in the extracellular compart-
ment (Figure 7A, arrowheads). Consistently, in the same field, 
lysosomes were red or yellow (indicating a partial co-localization 
with calcein). On the contrary, P25/LPS were massively taken up 
by cells and internalized in discrete compartments (Figure 7C, 
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FIGURE 7 | Internalization of TiO2 P25 and P25/LPS. Raw264.7 cells were 
preincubated for 1 h in the absence (A,C) or in the presence of cytochalasin 
B [20 µM (B,D)] and then exposed to P25 [16 µg/ml (A,B)] or P25/LPS 
[nominal dose 16 µg/ml (C,D)] for further 24 h. At the end of the incubation, 
cell monolayers were stained with calcein-AM, for cytoplasm and nucleus, 
and LysoTracker®, for lysosomes, as reported in “Materials and Methods.” 
For each condition, a single horizontal confocal section of a representative 
field is shown. P25 or P25/LPS, white; cells, green; lysosomes, red. The 
experiment has been performed twice with similar results. Arrows, 
internalized NP aggregates. Arrowheads, extracellular NP aggregates in 
contact with the cell membrane. Bar = 20 µm.
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arrows), in some of which a co-localization with the lysosomal 
marker was evident. Under this condition, most of the NP in the 
field were intracellular. As expected, cytochalasin B blocked the 
internalization, although P25 NP aggregates were detected in 
close contact with the cells (Figure 7D, arrowheads).

To assess if the signal triggered by LPS or P25/LPS depends 
on internalization, p38 activity was investigated in cells exposed 
to free LPS or P25/LPS with or without a 1 h-pretreatment with 
cytochalasin B. The results (Figure 8A) indicate that inhibition 
of internalization did not impair the activation of p38 by free 
LPS, which was even increased, but markedly hindered the 
P25/LPS effect on the kinase. LPS-dependent stimulation of 
Tnfa expression, assessed at 6 h of exposure (Figure 8B), was 
not affected at all by cytoskeletal disruption, while a small, but 
significant inhibition was observed in P25/LPS-treated cells. 
On the contrary, cytochalasin B completely prevented the 
induction of both Infb (Figure  8C) and Ifit2 (Figure  8D) by 
either LPS or P25/LPS.

DISCUSSION

Once introduced into the body, engineered nanomaterials adsorb 
biomolecules from the biological fluids. Thus, the biological 
effects observed in vivo could be due not only to the synthetic 
identity of the materials but also to the bioactive agents adsorbed 

on their surface (29). As far as LPS is concerned, experimental 
evidence describing LPS adsorption by different types of NP has 
been already reported, although the biological consequences 
of the interaction are controversial, with enhancing or mitigat-
ing effects reported in different contributions (13–17). These 
conflicting observations may be related to particular physico-
chemical features of the NP tested. In particular, NP endowed 
with a low PDI tend to float in culture medium and may act as 
LPS quenchers in cultures of adherent cells. On the contrary, NP 
endowed with a high PDI in biological media, would work as LPS 
deliverers, given their tendency to aggregate and precipitate on 
adherent cells. Under the experimental conditions adopted here, 
P25 NP markedly aggregate and, as visualized with the confocal 
images, come in close contact with the cell monolayer, Thus, the 
bioavailability of adsorbed LPS would be enhanced.

In agreement with these arguments, we had observed that 
TiO2 P25 NP, co-administered with LPS, strongly enhanced the 
pro-inflammatory response triggered in murine macrophages 
by the endotoxin, a result that could be attributed to the pres-
ence of LPS adsorbed to NP (20). In order to discriminate the 
roles played by free LPS or LPS adsorbed on P25 NP in mac-
rophage activation, we treated Raw264.7 cells with spun P25 
NP obtained from a NP suspension preincubated in complete 
serum-supplemented medium in the presence of LPS. The pel-
let of P25/LPS has been re-suspended in the original volume 
of LPS-free medium, and its effects on macrophages were 
compared with those observed after exposure to free LPS. We 
avoided the washing of the pellet, so as to closely mimic the 
situation in vivo, in which cells are exposed to nanomaterials 
suspended in high-protein media endowed with both hard 
and soft corona (30, 31). In the biological matrix adopted here 
(DMEM supplemented with 10% FBS), LPS may be adsorbed to 
the NP bio-corona through its binding to proteins, thus inter-
acting only indirectly with the NP. The western blot analysis 
shown in Figure  2B indicates that LPS can be indeed eluted 
from the spun TiO2 NP (the P25/LPS fraction). Interestingly, the 
endotoxin was detectable only if the incubation of the NP and 
LPS had been performed in the presence of serum, suggesting 
that proteins actually promote the adsorption of the endotoxin 
to the NP bio-corona. This means that the material that interacts 
with the cells does not consist of a binary complex aggregated 
NP–LPS but, most likely, of a ternary complex aggregated 
NP–serum proteins–LPS. Further investigations are needed to 
ascertain if the presence of LPS changes the quality or quantity 
of the serum proteins adsorbed and how the adsorbed proteins 
modulate the biological effects of the endotoxin.

In the previous paper, we limited our analysis to pro-
inflammatory genes the induction of which relies on the activa-
tion of MyD88-dependent transduction pathways and AP1/
NF-κB-dependent transcription, such as Tnfa and Nos2 (20).  
In this contribution, besides confirming those effects (Figures 3, 4 
and 8), we have studied pro-inflammatory genes, such as Ifnb and 
Ifit2, mainly dependent upon the activation of the TRIF pathway 
and IRF transcription factors. Also for these genes, P25/LPS was 
highly effective (Figures 4, 6 and 8), leading to a level of gene 
induction comparable with that caused by 10 ng/ml of free LPS, 
at least at later times of incubation. We have not extended our 
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FIGURE 8 | Effects of cytochalasin B on p38 phosphorylation and pro-inflammatory gene induction. Raw264.7 cells, preincubated for 1 h in the absence or in the 
presence of cytochalasin B (20 µM), were incubated for the indicated times in the presence of P25 (128 µg/ml), lipopolysaccharide (LPS) (10 ng/ml), or P25/LPS 
(nominal doses of 128 µg/ml, for TiO2 NP, and 40 pg/ml, for LPS). At the indicated times, the phosphorylation status of p38 (A) and the expression of Tnfa (B),  
Ifnb (C), and Ifit2 (D) were evaluated by western blot or RT-PCR, respectively. For (A), a representative experiment, performed twice with comparable results,  
is shown. The numbers represent the quantification of the bands ratio (p-p38/p38) with control cells kept at 1. For (B–D), data are means of two independent 
experiments, each performed in duplicate, with SD shown. **, ***, p < 0.01 or p < 0.001 vs. corresponding cells (preincubated w/wo cytochalasin B) treated with P25; 
#, ##, ###, p < 0.05, p < 0.01, p < 0.001 vs. cells under the same experimental condition without cytochalasin B, as evaluated by two-tailed t-test for unpaired data.
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analysis to proteins products, since, being interested in mecha-
nisms and time-course of signal transduction, changes in gene 
expression at mRNA levels is the earliest output while protein 
levels could be influenced by other regulatory mechanisms.

The activation of IRF3 and STAT1 was also quantitatively 
comparable in cells treated with free LPS and P25/LPS at 6 h of 
treatment (Figures 5 and 6). Given the very high dilution of the 
P25/LPS fraction before exposure (see Figure 2A), the clear-cut 
effects observed cannot be attributed to the residual free LPS 
(the nominal concentration of which would be 40 pg/ml), since 
free LPS at that concentration was without effect (Figure 3C). 
However, these results are consistent with the presence of LPS 
in the NP bio-corona, provided that adsorption increases the 
quantity of LPS present in the P25/LPS fraction or enhances 
its biological effects. We were not able to quantify this fraction 
either with silver staining or with Limulus test (not shown), 
possibly for the interference of the NP with the test. However, it 
is likely that this aliquot is low, as suggested by the substantially 

comparable effects (Figures 3 and 4) of free LPS (at a concentra-
tion of 10 ng/ml) and the SUP fraction, which is the supernatant 
resulting from the centrifugation of the mixture NP + LPS (see 
Figure 4A).

Once included in the NP bio-corona, LPS caused a prolonged 
activation of p38 MAPK, while free LPS promoted a more evident 
activation, also at later times, of the ERK1/2 branch of MAPK 
(Figure  5). These data, consistent with the results reported by 
others with gold NPs (32), suggest that a differential activation 
of the two MAPK branches occurs if LPS is free or adsorbed 
to NP. Moreover, when compared to free endotoxin, P25/LPS 
had delayed effects on STAT1 activation and Ifit2 induction 
(Figure 6), two typical IFNβ-dependent effects (33). Indeed, Ifnb 
induction was slower, but more stable, in cells treated with P25/
LPS compared to free LPS (Figure 4). Conversely, as far as Tnfa is 
concerned, free LPS triggered a more prolonged gene induction. 
Taken together, these results highlight a different time-course of 
effects of P25/LPS and free LPS.
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FIGURE 9 | A model for the effects of adsorbed LPS in macrophages. Lines in red highlight the hypothesized prevalent and/or stimulated pathways in cells treated 
with P25/LPS.
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We proposed a model in which mixing LPS with P25 leads to 
higher and more prolonged biological activity of the endotoxin 
and attributed the enhanced effects to the capability of triggering 
different transduction pathways and, in particular, of recruiting 
intracellular sites for signal transduction (20). As far as this issue 
is concerned, the results presented here substantially confirm 
that model. Indeed, the activation of p38 by P25/LPS, but not 
by free LPS, was sensitive to cytochalasin B and, consistently, 
cytochalasin B partially inhibited Tnfa induction by P25/LPS, 
but not by free LPS. On the other hand, the confocal images 
presented in Figure 7 indicate that the internalization of NP is 
much more evident for P25/LPS than for LPS-free NP, demon-
strating that LPS adsorption enhances NP uptake, provides a 
facilitated access to endosomal sites of signal transduction and, 
likely, interferes with the processing of the LPS–TLR4 complex, 
thus ensuring a greater bio-persistence of the stimulus. However, 
cytochalasin B completely suppressed Ifnb and Ifit2 induction 
by either free LPS or P25/LPS. This result is easily explained, if 
one considers that these genes are mainly TRIF-dependent and, 
hence, the relevant signals start from the endosomal compart-
ment even in the case of free LPS, as demonstrated by the pivotal 
contribution by Kagan et al. (34) The evolution of the model on 
the basis of the data presented in this contribution is shown in 
Figure 9. In this model, we hypothesize that adsorbed LPS has 
enhanced and/or delayed effects due to an increased activity of 
internalization-dependent pathways.

The adsorption of LPS to TiO2 NP may account for the inflam-
matory changes observed in vivo after exposure to the nanoma-
terials under non-sterile conditions, such as those encountered 

in some working scenarios in which the exposure to TiO2 NP 
is associated with lung inflammation (35). On the other hand, 
unpublished results from our laboratory indicate that a substan-
tial enhancement of biological effects upon interaction with NP 
is observed not only for LPS but also for other TLR agonists, such 
as polyI:C and zymosan. Thus, the acquisition by NP of a novel, 
more active biological identity after contact with biological fluids 
containing proteins and bioactive molecules may significantly 
enhance the inflammatory risks for individuals with conditions 
associated with increased levels of endogenous or exogenous TLR 
agonists.

In conclusion, these data suggest that, when included in the 
bio-corona of TiO2 NP, LPS exhibits enhanced and time-shifted 
pro-inflammatory effects. Thus, in assessing the hazard of NP in 
real life, the enhanced effects of adsorbed bioactive molecules 
should be taken into account.
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Component (C3) Opsonization and 
Macrophage/Leukocyte Responses 
to Antibody-Functionalized Iron 
Oxide Nanoworms
Guankui Wang1, James I. Griffin1, Swetha Inturi1†, Barbara Brenneman1, Nirmal K. Banda2, 
V. Michael Holers2, Seyed Moein Moghimi3 and Dmitri Simberg1*
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Balancing surface functionalization and low immune recognition of nanomedicines is a 
major challenge. Opsonization with the third component of the complement protein (C3) 
plays a major role in immune cell recognition of nanomedicines. We used dextran-coated 
superparamagnetic iron oxide nanoworms (SPIO NWs) to study the effect of surface 
functionalization on C3 opsonization in mouse serum and subsequent macrophage/
leukocyte recognition in vitro as well as on intravenous injection into mice. Previously, we 
found that in mouse serum, SPIO NWs became opsonized with C3 via complement lectin 
pathway. Crosslinking the dextran shell with epichlorohydrin significantly decreased C3 
opsonization and uptake by mouse peritoneal macrophages. Crosslinked nanoworms 
(NWs) further functionalized with polyethylene glycol (PEG) or with PEG-antibody (Ab) 
(~160 IgG molecules/particle) did not show an increase in C3 opsonization and perito-
neal macrophage uptake in vitro. Following tail vein injection into mice, plain crosslinked 
NWs and PEGylated crosslinked NWs showed very low C3 opsonization and mouse 
leukocyte uptake. However, Ab-decorated crosslinked NWs showed significant C3 
opsonization and high level of complement-dependent uptake by leukocytes in mice. 
Decreasing the number of conjugated Abs to 46 IgG molecules/particle significantly 
reduced C3 opsonization and leukocyte uptake. Using fresh mouse lepirudin plasma 
rather than serum showed better correlation with C3 opsonization in vivo. The reason for 
this difference could be related to the known instability of complement classical pathway 
in mouse sera. Our data illustrate that fine-tuning in nanoparticle surface functionaliza-
tion with Abs is required to avoid excessive complement activation and complement-
mediated immune uptake in mice, and raise issues with in vitro immunological assays of 
nanomedicines intended to mimic in vivo conditions.
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INTRODUCTION

The success of systemically and locally administered nanoma-
terials largely depends on the ability of nanosized carriers to 
efficiently evade the immune system (1). Several pathways of 
the innate immune system mediate clearance of nanoparticles 
by phagocytic cells. Complement system is an effector arm of 
the innate immune system composed of more than 30 blood 
proteins that accounts for about 5% of globulins in serum and 
is responsible for recognizing, eliminating, and destroying 
pathogens (2). The activation of complement system on foreign 
surface via lectin, classical, or alternative pathways [LP, classical 
pathway (CP), or AP, respectively] converges to cleave native 
C3 and generate a highly reactive thioester on C3b, which 
covalently attaches to reactive functional groups (e.g., hydroxyl 
and amines) on target surface (3–5). Opsonization by C3b and 
its cleavage products (iC3b, C3d) triggers particle recognition 
by leukocytes through complement receptors (6, 7), whereas 
soluble cleavage byproducts C3a and C5a are among the most 
potent anaphylatoxins and proinflammatory molecules with 
low nanomolar affinity (8). Numerous nanomaterials activate 
the complement system and become opsonized with C3 in vitro 
and in vivo (9–13).

Superparamagnetic iron oxide (SPIO) nanoparticles have 
been used as magnetic resonance imaging (MRI) contrast agents 
and also as carriers for drug delivery (14). SPIO nanoparticles 
consist of 5–8  nm magnetite–maghemite (Fe3O4 and γ-Fe2O3) 
crystalline cores coated with a polymer (15). Recently, we 
reported the synthesis of 20 kDa dextran-coated superparamag-
netic iron oxide nanoworms (SPIO NWs) with high transverse 
relaxivity r2, which makes them promising MRI contrast agents 
(16). Unfortunately, SPIO NWs potently activate complement in 

both mice and humans (17). Previously, we demonstrated that 
mouse complement activation is via LP (17), whereas human 
complement activation is predominantly via the AP (18). As 
shown in Figure 1, initiation of the LP starts with the binding of 
mannose-binding lectin (MBL)-A/C, ficolins, or collectin-11 to 
the carbohydrates on the pathogen surfaces. The binding leads to 
activation of MBL-associated serine proteases (MASPs), leading 
to formation of the complement convertase C4bC2a, cleavage of 
C3, deposition of initial C3b, and possible amplification via the 
alternative pathway convertase C3bBb. MASP-2 plays a direct 
role in formation of the complement convertase C4bC2a (19) 
whereas MASP-1 and MASP-2 indirectly activate MASP-2 (20) 
and factor D (21, 22), respectively.

Interestingly, modifying the surface dextran coating with 
epichlorohydrin (ECH) [resulting in poly-(2-hydroxypropyl 
ether) hydrogel] blocked mouse complement C3 opsonization 
and leukocyte uptake (16). At the same time, it is not clear how 
further surface functionalization of ECH-crosslinked NWs 
(hereafter CL-NWs) affects complement activation and immune 
uptake. In view of the remarkable redundancy of pathways 
responsible for immune recognition (7) maintaining the delicate 
balance between surface functionalization and stealth properties 
could be a challenging task. In particular, the effect of addition of 
targeting ligands on “stealth” nanoparticles on complement acti-
vation and immune uptake has not been investigated in depth. 
In order to understand the impact of surface functionalization of 
CL-NWs with targeting antibodies (Abs) on complement activa-
tion and immune recognition, we modified CL-NWs with a poly-
ethylene glycol (PEG) linker followed by a model anticancer Ab 
(trastuzumab). Here, we demonstrate that surface modification of 
CL-NWs that have low complement activation with trastuzumab 
can increase complement activation dependent on Ab surface 
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FIGURE 2 | Surface modification of superparamagnetic iron oxide nanoworms (SPIO NWs). (A) Representative transmission electron microscopy (TEM) 
image of SPIO NWs shows electron dense worm-like aggregates of magnetite crystals. Only the cores are visible in TEM. The scale bar is 200 nm; (B) graphic (top) 
and chemical (bottom) description of modifications of SPIO NWs. Dextran layer (yellow) was crosslinked with epichlorohydrin to form crosslinked hydrogel 
nanoworms (CL-NWs). The CL-NWs were then aminated using different concentrations of ammonium hydroxide to form CL-NWs-amine. CL-NWs-amine were 
further modified with succinimidyl valerate (SVA)-polyethylene glycol (PEG) maleimide and conjugated to thiolated antibodies (Abs); (C) the upper graph shows 
hydrodynamic size of nanoworms (NWs) measured by dynamic light scattering. The surface modifications did not significantly affect the hydrodynamic size of NWs. 
The lower graph represents the zeta potential values of NWs. The overall electric charge of CL-NWs switched from negative to positive after amination and for the 
corresponding functionalized particles.
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density, and further raise an issue of in vitro versus in vivo cor-
relation assays of immune recognition of nanoparticles.

RESULTS AND DISCUSSION

Effect of Nanoworm (NW) Modification 
and Functionalization on C3 Opsonization 
and Immune Uptake in Mouse Sera 
In Vitro
Dextran-coated SPIO NWs were prepared from 20  kDa dex-
tran, FeCl2, and FeCl3 by a modified Molday and MacKenzie 
precipitation protocol (23). According to transmitted electron 
microscopy (Figure  2A), nanoparticle cores contained worm-
like aggregates of iron oxide crystals. On the outside, the cores 
are covered with a shell of dextran chains (Figure 2B). Dextran 
shell was crosslinked with ECH in the presence of NaOH to yield 
hydrogel-coated CL-NWs (Figure  2B). The residual epoxides 
on CL-NWs were treated with ammonia to generate primary 
amines that were further functionalized with heterobifunctional 
maleimide (MAL)-PEG3400-succinimidyl valerate (SVA) to yield 
CL-NWs-PEG-MAL (hereafter CL-NWs-PEG; Figure  2B). 
PEG-MAL-functionalized particles were modified with thi-
olated Ab trastuzumab (Herceptin®) to yield CL-NWs-PEG-Ab 
(Figure 2B). According to size measurements (Figure 2C, top), 
the modifications did not affect the hydrodynamic diameter of 
NWs. Zeta potential values were slightly negative for SPIO NWs 
and CL-NWs, but expectably became positive for CL-NWs 
treated with ammonia and the corresponding functionalized 
particles (Figure 2C, bottom). Quantitative measurements (see 
Materials and Methods) showed that on average there were ~160 
IgG molecules per each CL-NWs-PEG-Ab nanoparticle.

In order to confirm the role of the LP as the inciting pathway 
of complement activation in mouse serum, SPIO NWs were 

incubated in validated sera obtained from mice deficient for 
various complement pathways (Figure 1), washed, and analyzed 
for mouse C3 in Western blotting (the same amount of particles 
were used in the assay and loaded on the gel). According to 
Figure 3, SPIO NWs showed strong C3 (C3b/iC3b) opsonization 
in wild type (WT) mouse serum, whereas the opsonization was 
blocked in sera deficient for MBL-A/C (LP) and MBL-A/C/factor 
D (LP and AP). In addition, C3 opsonization was blocked in sera 
deficient for factor D and factor B (AP). These data confirm that 
complement is triggered by MBL/MASP-2-dependent LP activa-
tion, whereas the AP provides the amplification loop.

Next, we compared the efficiency of C3 opsonization of 
CL-NWs, CL-NWs-PEG, and CL-NWs-PEG-Ab with SPIO 
NWs. Particles were incubated in normal mouse serum or 
in sera deficient for the LP factors MBL-A/C and MASP-2, 
washed, loaded in the same amount on a gel, and analyzed by 
Western blotting. All CL-NWs formulations showed 80–85% 
decrease in C3 opsonization in normal serum compared with 
SPIO NWs (Figures  4A,B). Moreover, CL-NWs formulations 
incubated in MBL-A/C-deficient and MASP-2-deficient sera 
(Figures  4A,B) showed further reduction of C3 opsonization. 
These data demonstrate that crosslinking predominantly blocks 
complement activation and functionalization of CL-NWs with 
PEG or PEG-Ab does not enhance complement activation in 
mouse serum.

C3 is the critical opsonin mediating the uptake of foreign 
pathogens by macrophages and leukocytes (2). We tested 
whether functionalization of CL-NWs affected the uptake by 
non-activated mouse peritoneal macrophages in mouse serum. 
As shown in Figure S1 in Supplementary Material, over 70% of 
freshly isolated cells showed expression of CD11b (receptor for 
iC3b) and F4/80 (a macrophage marker). SPIO NWs, CL-NWs, 
CL-NWs-PEG, and CL-NWs-PEG-Ab were preincubated in 
normal (WT) mouse serum for 15 min, and then added to the 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FIGURE 3 | Mechanisms of complement C3 opsonization by 
non-modified superparamagnetic iron oxide nanoworms (SPIO NWs). 
Detection of C3 (mostly in iC3b form due to appearance of α2′ fragment at 
~40 kDa) bound to SPIO NWs in mouse sera. Nanoworms became 
opsonized in control (wild type) sera but not in sera deficient for mannose-
binding lectin (MBL), MBL/factor D, factor D, and factor B, suggesting that 
the LP is the initiating route and the AP turnover is responsible for 
amplification. Note that beta-chain of mouse C3 is not highly detectable with 
this antibody.
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cells at 0.1 mg/mL Fe for 6 h. According to Prussian blue staining 
and quantification (Figures  5A,B, see Materials and Methods 
for details), SPIO NWs showed highly intense cytoplasmic 
accumulation of iron. CL-NWs showed 80% less uptake than 
SPIO NWs. The functionalized CL-NWs had the same level of 
residual uptake as non-functionalized CL-NWs, suggesting that 
PEG and Ab modifications do not trigger the uptake in mouse 
serum. Incubation of SPIO NWs and all CL-NWs formulations 
in C3-deficient mouse serum resulted in a complete blockade of 
the residual uptake of CL-NWs formulations (Figures  5A,B), 
suggesting that the uptake of SPIO NWs and the residual uptake 
of CL-NW formulations are mediated through C3 opsonization.

Effect of Cl-NWs Functionalization on C3 
Opsonization and Immune Uptake In Vivo
Previously, we demonstrated that complement C3 mediates the 
uptake of SPIO NWs by blood leukocytes in mice (10). SPIO 
NWs, CL-NWs-PEG, and CL-NWs-PEG-Ab were injected 
intravenously into mice at 5  mg Fe per kg body weight, 
recovered from blood 5  min post-injection using a magnetic 
column [in this process, both free particles and magnetically 
labeled leukocytes were enriched (10)], and analyzed for C3 
opsonization and leukocyte uptake as shown in Figure 6A. We 
used a previously established (10, 16–18) dot-blot procedure 
to compare the levels of C3 opsonization on NWs. According 
to Figure S2 in Supplementary Material, C3 dot-blot assay cor-
relates with C3 Western blot for determining the levels of C3 on 
particles. According to Figures 6B,C, SPIO NWs showed high 
level of C3 opsonization in vivo and leukocyte uptake. Similar to 
in vitro serum results, CL-NWs-PEG showed less than 10% of 

C3 compared to SPIO NWs, and low level of leukocyte uptake. 
Non-modified CL-NWs also showed low level of in  vivo C3 
opsonization and leukocyte uptake (Figure S3 in Supplementary 
Material), confirming our previous findings (10). However, in 
contrast to in vitro measurements, CL-NWs-PEG-Ab decorated 
with ~160 IgG/particle showed 66% of C3 opsonization of 
SPIO NWs and high leukocyte uptake in vivo (Figures 6B,C). 
Injection of CL-NWs-PEG-Ab into C3 knockout (KO) mice that 
completely lacks C3 abolished the leukocyte uptake (Figure 6C). 
These data suggest that conjugation of IgG on the particles 
triggered complement activation and complement-dependent 
immune uptake that was not detected using in  vitro assays in 
mouse serum.

Surface immobilized Abs and immune complexes, however, 
are known to trigger complement via the CP (24). It is likely 
that in vivo Ab-functionalized NWs trigger the CP. At least two 
surface-bound IgG molecules must be bridged by a C1q molecule 
before activation of the CP can proceed. In order to test whether 
the number of IgG per particle can control complement activa-
tion in vivo, we synthesized CL-NWs-PEG-Ab bearing different 
Ab densities and tested their C3 opsonization and leukocyte 
uptake in  vivo. According to Figures  7A,B, CL-NWs-PEG-Ab 
with 1 IgG/particle, 8 IgG/particle, and 46 IgG/particle showed 
significantly lower levels of in vivo C3 opsonization (17, 3, and 
22% of SPIO NWs, respectively) and leukocyte uptake than 
CL-NWs-PEG-Ab with 160 IgG/particle. However, the observa-
tion of higher C3 opsonization with CL-NW-PEG-Ab bearing 
a single Ab molecule compared with CL-NW-PEG-Ab with 
8 IgG/particle is intriguing. The reason for this is unclear, but 
this suggests the involvement of other in vivo factors regulating 
complement activation and fixation and therefore requires fur-
ther investigation. Nevertheless, these experiments suggest that 
decreasing surface density of Ab molecules can suppress comple-
ment activation and immune cell recognition in vivo. CL-NWs-
PEG-Ab with 8 trastuzumab/particle showed specific uptake by 
HER2/neu + human breast cancer cell line SKBR-3 (Figure S4 
in Supplementary Material), suggesting that the immobilized Ab 
is functional on the nanoparticles and therefore may bind to its 
designated target in vivo.

Next, we sought an explanation to the observed lack of 
complement activation by CL-NWs-PEG-Ab (160 IgG/particle) 
in serum (Figure 4) versus in vivo. Previous evidence suggested 
that the CP of the complement system is unstable in mouse sera 
(25–27) and, furthermore, starts losing its activity at room tem-
perature (RT) and even during −70°C storage (26). Accordingly, 
blood clotting procedures and serum isolation steps could trigger 
loss of CP activity and explain poor C3 opsonization in mouse 
serum through this pathway. To address this, we repeated the 
experiments with fresh mouse plasma using recombinant hiru-
din (lepirudin) as anticoagulant. Lepirudin is the only known 
anticoagulant that does not interfere with complement activa-
tion. The results shown in Figure  7C demonstrate that SPIO 
NWs potently activate complement in fresh lepirudin plasma. 
CL-NWs-PEG showed only 26% of C3 opsonization of SPIO 
NWs in plasma. At the same time, CL-NWs-PEG-Ab (1 IgG/
particle), CL-NWs-PEG-Ab (46 IgG/particle), and CL-NWs-
PEG-Ab (160 IgG/particle) showed high C3 opsonization 
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FIGURE 5 | Peritoneal macrophage uptake of superparamagnetic iron oxide nanoworms (SPIO NWs) and CL-NWs in mouse serum is complement 
dependent. (A) Prussian blue staining of iron uptake by cells. The peritoneal macrophages were incubated with SPIO NWs, CL-NWs, CL-NWs-polyethylene glycol 
(PEG), and CL-NWs-PEG-Ab (from left to right) in the presence of wild type (WT) serum (first row) or C3-deficient [knockout (KO)] serum (second row). All images 
were taken at 20× magnification and cropped to the same extent. Most of the Prussian blue stain is clearly intracellular as shown in the magnified insert;  
(B) quantification of Prussian blue staining of iron in cells. The uptake of CL-NWs was 85% decreased compared with SPIO NWs (n = 20; p < 0.0001). The uptake 
of nanoworms C3 KO serum was significantly less than in WT sera (n = 20; p < 0.0001). For quantification and statistical analysis, see Section “Materials and 
Methods.”

A B

FIGURE 4 | Crosslinked dextran blocks lectin pathway activation in mouse sera. (A) Detection of C3 bound to superparamagnetic iron oxide nanoworms 
(SPIO NWs) and CL-NWs in a wild type (WT) mouse serum and in serum deficient for lectin pathway factors MBL-associated serine protease (MASP)-2 and 
mannose-binding lectin (MBL)-A/C. The lanes represent: 1, SPIO NWs; 2, CL-NWs; 3, CL-NWs-polyethylene glycol (PEG); and 4, CL-NWs-PEG-Ab (160 IgG/
particle). Left gel = WT serum. Complement opsonization was decreased for all CL-NWs formulations. C3 opsonization was blocked for all groups of nanoworms; 
(B) densitometry analysis of C3 α′1-chain. All CL-NWs formulations showed >80% decrease of C3 binding in WT sera compared to SPIO NWs. The residual 
complement activation of CL-NWs and functionalized CL-NWs is via the lectin pathway.
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compared to SPIO NWs [46, 88, and 110% of C3 opsonization 
to SPIO NWs, respectively (Figure 7C)]. Therefore, the results 
in plasma are better correlated with C3 opsonization in vivo than 
in serum. At the same time, the relative levels of C3 opsoniza-
tion were much higher in plasma than in vivo. Thus, plasma C3 
opsonization of CL-NWs-PEG-Ab (46 IgG/particle) was 88% of 
SPIO NWs (Figure 7C), whereas in vivo C3 opsonization level 
of the same particle was 22% of SPIO NWs (Figure 7A). These 
discrepancies may be related to the dynamic differences in NW 
protein corona in vitro versus in vivo conditions in regulating 
complement activation (28). In summary, these data suggest that 
C3 assay in plasma is a better predictor of in vivo complement 
activation for Ab-modified particles than in serum, but at the 
same time the opsonization efficiency in  vitro does not fully 
correlate with the efficiency in vivo, likely due to differences in 

dynamics of protein interaction, corona formation, and comple-
ment activation.

Our studies demonstrate that surface modifications of 
nanoparticles have profound effect on complement C3 opsoniza-
tion and the resultant immune uptake. Previous studies using 
PEGylated liposomes and nanoparticles showed loss of stealth 
properties after tethering of Abs and ligands (29–31) and that 
surface functionalization affects the cellular uptake (32–34). 
Nevertheless, the mechanistic studies explaining the effect of sur-
face functionalizations were lacking and our study demonstrates 
for the first time the balance between surface functionalization, 
complement activation, and immune cell uptake. Immune 
system, including the complement system, is generally redun-
dant, meaning that multiple pathways are utilized to recognize 
foreign epitopes. While the exact pathway by which surface Ab 
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FIGURE 7 | Decreasing complement activation and leukocyte uptake in vivo by controlling number of antibodies per particle. (A) Complement 
opsonization in vivo of CL-NWs prepared with reduced number of IgG molecules per particle. Superparamagnetic iron oxide nanoworms (SPIO NWs) were used as 
a reference (100%) of C3 levels. Complement opsonization was significantly decreased for CL-NWs-polyethylene glycol (PEG)-Ab with 1 IgG/particle, 8 IgG/particle, 
and 46 IgG/particle compared to SPIO NWs (n = 3; p < 0.0001); (B) leukocyte uptake in vivo shows that CL-NWs-PEG-Ab with low number of IgG per particle 
show much lower leukocyte uptake than CL-NWs-PEG-Ab (160 IgG/particle, compared to Figure 6C); (C) complement C3 opsonization in fresh plasma in vitro. 
Particles were incubated in fresh plasma obtained with lepirudin as anticoagulant. C3 opsonization for CL-NWs-PEG-Ab was much higher in plasma than in serum 
(Figure 3) but also much higher than in vivo, suggesting that in vitro opsonization assay in plasma, while more representative than serum, still does not fully correlate 
with in vivo opsonization (p = 0.0001 for 46 IgG/particle and 160 Ab/particle, respectively).

FIGURE 6 | Conjugated antibodies trigger complement activation and leukocyte uptake in vivo. (A) Nanoworms (NWs) were injected intravenously into 
mice and recovered from the blood 5 min post-injection. MIDI Max magnetic column trapped both free NWs and magnetically labeled leukocytes that took up NWs; 
(B) NWs were loaded on nitrocellulose membrane (same amount of Fe for all formulations) and analyzed for mouse C3. The image shows the C3 dot blot and the 
graph shows quantitative image analysis. There was no complement opsonization of CL-NWs-polyethylene glycol (PEG) but significant opsonization of CL-NWs-
PEG-Ab (160 IgG/particle); (C) microscopic images of slides after cytospin (nuclear Hoechst stain shows nucleated leukocytes) that were eluted from magnetic 
column. One representative cropped microscopic field is shown for each formulation. Each dot represents a leukocyte. A significant number of leukocytes took up 
particles after injection of superparamagnetic iron oxide nanoworms (SPIO NWs) and CL-NWs-PEGs-Ab. The uptake by leukocytes was abolished when CL-NWs-
PEG-Ab were injected into C3-deficient mouse (lower right).
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triggers complement activation needs to be elucidated further, 
the need to control complement activation via the number of 
conjugated Abs is an important aspect in the design of targetable 
nanomedicines.

Importantly, our study suggests that complement activation 
via surface immobilized Ab could be missed using in  vitro 
assays in murine sera. Therefore, valid complement assays of 
nanoparticles should be used, at the very least using lepirudin 
plasma in vitro, but preferably in the animal in vivo. The lack 

of correlation between in vitro and in vivo assays adds to the 
lack of correlation in pathways of complement activation in 
mice and humans (10, 17). Mouse models are widely used in 
preclinical studies of biodistribution and toxicity of drug deliv-
ery systems. In addition, complement-mediated mechanisms 
of immune uptake are likely similar in mice and humans (10). 
Despite these, any extrapolation of mouse data on the immune 
recognition of nanocarriers to humans should be interpreted 
with caution.
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MATERIALS AND METHODS

Materials
All reagents used for NW synthesis including Fe salts and 20 kDa 
(range 15–25 kDa) dextran were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Cell culture media were purchased from 
Corning Life Sciences (Corning, NY, USA). Copper grids (300 
mesh) were purchased from Electron Microscopy Sciences 
(Hatfield, PA, USA). Anti-HER2 Ab Herceptin® was gener-
ously donated by the Pharmacy of the University of Colorado 
Cancer Center, Anschutz Medical Campus. Anti-mouse anti-C3 
Ab was purchased from MP Biomedicals (Solon, OH, USA). 
IRDye 800CW-labeled secondary Abs were purchased from 
Li-COR Biosciences (Lincoln, NE, USA). Purified anti-mouse/
human CD11b Ab was purchased from BioLegend (San Diego, 
CA, USA). Anti-mouse F4/80 Ab was purchased from Caltag 
Medsystems Ltd. (Buckingham, UK). Hoechst 33342 for nuclei 
staining was purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). The Abs for each experiment were diluted accord-
ing to the recommendations from manufacturers. Mouse sera 
deficient for C3, MBL-A/C, MBL-A/C/factor D, and factor B 
were collected from mice that were bred in an animal vivarium at 
the University of Colorado Anschutz Medical Campus according 
to the Institutional Animal Care and Use Committee (IACUC) 
approved breeding protocol. Recombinant human hirudin 
(lepirudin, catalog No. ACM154) was obtained from Aniara 
Diagnostica, LLC (West Chester, OH, USA), reconstituted in water 
to 1 µg/µL (160 antithrombin units/μL), and stored aliquoted at 
−80°C. Lepirudin anticoagulated plasma (hereafter plasma) was 
obtained by collecting blood through the cardiac puncture (final 
lepirudin concentration 3–4 µg/mL) and centrifuging the tube at 
2,000 g for 15 min.

Synthesis of SPIO and Crosslinked 
Nanoworms (CL-NWs)
Nanoworms were synthesized by a modified one-pot Molday and 
MacKenzie (23) precipitation method as described earlier (16). 
Nanopure water (30 mL) was de-oxygenated with nitrogen gas 
and used to dissolve 6 g dextran (molecular weight 20 kDa, Sigma-
Aldrich), 1.26 g Fe(III) chloride, and 0.498 g Fe(II) chloride in a 
round bottom flask. Next, 2.4 mL of cold 25% (v/v) ammonium 
hydroxide (NH4OH) was slowly added to the mixture of dextran 
and iron salts under nitrogen atmosphere with rapid stirring on 
ice. After formation of NWs, the mixture was heated at 80°C with 
stirring. After cooling, SPIO NWs were purified overnight using a 
20 kDa dialysis cassette (Thermo Fisher Scientific, Waltham, MA, 
USA) against double distilled water to remove free dextran. The 
particles were chemically crosslinked using 1-chloro-2, 3-epoxy-
propane (ECH) with sodium hydroxide as described before (16). 
SPIO NWs and CL-NWs were filtered through a 0.45 μLm-pore 
filter (Millipore, Billerica, MA, USA) prior to use.

Surface Modifications of CL-NWs
CL-NWs were aminated by adding different concentrations of 
ammonium hydroxide at 4°C overnight to form CL-NWs-NH2 
and dialyzed for 24  h to remove free NH4OH. For the Ab 

conjugation, MAL-PEG-SVA (MAL-PEG-SVA, Laysan Bio) 
was reacted at excess with CL-NWs-NH2 at RT for 30  min to 
form CL-NWs-PEG-MAL or CL-NWs-PEG. Anti-HER2 Ab 
Herceptin® was reacted in the last step with MAL-PEG to form 
CL-NWs-PEG-Ab. NWs were purified by ultracentrifugation at 
55,000  rpm, filtered through a 0.45  µm pore filter, and finally, 
stored in Dulbecco’s phosphate-buffered saline (DPBS) at pH 7.4 
before use.

Characterization of NWs
Transmission electron microscopy imaging was conducted to 
visualize the NWs using FEI Tecnai Spirit BioTwin electron micro-
scope (Electron Microscopy Facility at the University of Colorado 
Boulder) at a 100 kV working voltage. Size measurements were 
done in DPBS and zeta potential measurements were done in 0.1× 
DPBS at RT using a Zetasizer Nano ZS (Malvern Instruments 
Ltd., Malvern, UK). The intensity-weighted size distribution peak 
value was used to report hydrodynamic diameters of the NWs. 
To quantify the Ab on the NWs, known amount of CL-NWs-
PEG-Ab (0.2 µg Fe) was applied in triplicates onto a 0.2 µm pore 
nitrocellulose membrane (Bio-Rad). Standard dilutions of free 
trastuzumab were also applied onto the membrane to generate 
a standard curve. The membrane was blocked with 5% (w/w) 
non-fat dry milk in PBS-T (DPBS with 0.1% Tween® 20) for 1 h 
at RT and probed with IRDye 800CW-labeled antihuman Ab. The 
membrane was scanned with Odyssey infrared imager (Li-COR 
Biosciences, Lincoln, NE, USA). The integrated dot intensity 
in the scanned images was determined from 16-bit grayscale 
images using ImageJ software and plotted using Prism 6 software 
(GraphPad Software, Inc., La Jolla, CA, USA) to determine the 
number of Ab molecules per spot using the calibration curve. 
Concentration of particles per milligram Fe was determined 
with NanoSight (Malvern Instruments) and Fe concentration was 
determined with ferrozine iron assay as described before (16). 
The number of Abs per NW was determined after dividing the 
number of Abs per spot by the number of NWs per spot.

Protein Binding Assay
Superparamagnetic iron oxide and CL-NWs (10 µL of 1 mg/mL) 
were incubated with 30 µL of mouse serum or lepirudin plasma 
for 15 min at RT. At the end of incubation, particles were washed 
three times with 1× PBS by centrifugation at 100,000  g at 4°C 
using Beckman Optima TLX ultracentrifuge. The pellets were 
resuspended in 20 µL DPBS, and the concentration of Fe in each 
sample was normalized with ferrozine iron assay as described 
before (16). For complement C3 western blot, 10 µL aliquots were 
used for gel electrophoresis. The samples were mixed with loading 
buffer [denaturing buffer containing 100 mM Tris, 20% glycerol, 
4% SDS, 5% (v/v) 2-mercaptoethanol, 0.02% bromophenol blue] 
and then boiled at 95°C for 5 min. After cooling for 5 min, the 
samples and marker proteins (Precision Plus Proteins Dual Color 
Standards from Bio-Rad) were loaded onto Mini-PROTEAN 
TGX Gels (Bio-Rad, Hercules, CA, USA) and separated at 50 V 
for 5 min and then 100 V for 90 min. Gels were then transferred 
to nitrocellulose membranes using the Mini Trans-Blot cell 
system overnight at 50 V at 4°C. For C3 dot blot, 2 µL aliquots 
were applied in triplicates onto a nitrocellulose membrane. 
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The  membranes were blocked using 5% non-fat dry milk in 
DPBS-T (DPBS with 0.1% Tween® 20) at RT for 1 h, probed with 
corresponding primary Abs at RT for 1 h, followed by washing 
the membranes 3× with DPBS-T, and finally, 1  h incubation 
with the corresponding IRDye 800CW-labeled secondary Abs 
against the primary Ab species (see Materials). The membranes 
after immunoblotting were visualized using an Odyssey infrared 
imager. The integrated dot intensity in the scanned images was 
quantitatively analyzed using ImageJ software and plotted with 
Prism 6 software as described above.

Uptake of NWs In Vitro, Prussian Blue 
Staining, and Quantification
Human breast cancer cell line SKBR-3 cells were maintained 
in McCoy’s 5A medium (ATCC) supplemented with 10% fetal 
bovine serum. Mouse peritoneal macrophages were obtained 
by peritoneal lavage with 5 mL ice cold PBS, post-mortem. For 
experiment, cells were plated into 96-well plate. For uptake 
experiments, NWs were preincubated for 15 m with WT mouse 
sera or C3 KO sera and added at 0.1 mg/mL Fe concentration to 
cells for 6 h. After the incubation, cells were washed using DPBS 
for three times, fixed in 4% paraformaldehyde at 4°C overnight, 
and then stained using Prussian blue for 1  h. Prussian blue 
staining is the standard method for detecting iron in cells and 
tissues, and has been extensively used for detecting uptake of 
iron oxide nanoparticles by our group and others (35, 36). The 
method is based on formation of insoluble, blue colored coor-
dination complexes between Fe3+ and potassium ferrocyanide. 
Maghemite crystals of SPIO contain both Fe3+ and Fe2+, and the 
surface of crystals is always oxidized to Fe3+, so the complete 
degradation of nanoparticles is not required for the staining 
to work. In order to quantify the blue color of the complexes 
inside the cells, TIFF RGB images of stained cells were acquired 
with a Nikon Eclipse E600 microscope using same exposure 
and magnification. The images were combined into a gallery 
with Adobe Photoshop and color balance was adjusted with a 
Level tool to make the cell-free area white. The gallery image 
was exported into ImageJ, converted into YUV color space, and 
thresholded for blue and green components using a Threshold 
Color plugin. Then, the image was converted into a 16-bit gray 
scale and inverted. The background was completely subtracted 
with a Math Subtraction tool. A ROI was drawn around each 
cell and integrated pixel density was measured. The data were 
plotted as means and SD using Prism software. An average of at 
least 20 cells was used.

Nanoparticle Uptake In Vivo
Wild type and C3−/− mice (Jax Laboratories: B6.129S4-C3tm1Crr/J) 
were bred in house according to the approval by University of 
Colorado Animal Protocol Committee. NWs were injected as a 
5 mg/kg bolus via tail vein into WT and C3 KO mice (8 weeks 

of age, females). Following the injection (5  min), mice were 
sacrificed and the blood was drawn via cardiac puncture using 
heparin as anticoagulant. Blood was applied on Miltenyi Mini 
MACS magnetic column (Miltenyi Biotech) and the trapped cells 
and particles were washed extensively with PBS. The particles and 
magnetic leukocytes were then eluted from the column. The cells 
were pelleted with tabletop Eppendorf centrifuge and the particles 
in the supernatant were further concentrated with ultracentrifuge 
for C3 dot-blot assay. The cell pellet was resuspended in 200 µL 
PBS and the cells were concentrated on slides using Shandon 
Cytospin 4 centrifuge (Thermo Fischer), fixed with 10% (v/v) 
formalin in PBS, and stained with Hoechst dye (Thermo Fischer) 
to enable leukocyte nuclei visualization. The images were taken 
with Nikon Eclipse E600 fluorescent microscope using DAPI 
filter at low (40×) magnification.

Statistical Analysis
The statistical analysis was performed using Prism 6 software. The 
differences between means of experimental groups were analyzed 
using a two-tailed parametric t-test assuming 95% confidence 
interval. Data shown as means ± SD. Differences in all data are 
shown as *p < 0.05; ***p < 0.001; ****p < 0.0001.
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While having tremendous potential as therapeutic and imaging tools, the clinical use of 
engineered nanoparticles has been associated with serious safety concerns. Activation 
of the complement cascade and the release of proinflammatory factors C3a and C5a 
may contribute to infusion-related reactions, whereas opsonization with C3 fragments 
promotes rapid recognition and clearance of nanomaterials by mononuclear phago-
cytes. We used dextran-coated superparamagnetic iron oxide nanoparticles (SPIO), 
which are potent activators of the complement system, to study the role of nanoparticle 
surface chemistry in inciting complement in human serum. Using complement inhibitors 
and measuring levels of fluid phase markers (sC5b-9, C5a, and Bb), we found that the 
majority of human complement activation by SPIO is through the alternative pathways 
(AP). SPIO prepared with high dextran/iron ratio showed some complement activation 
via calcium-sensitive pathways, but the AP was responsible for the bulk of complement 
activation and amplification. Activation via the AP required properdin, the positive regu-
lator of the alternative C3bBb convertase. Modification of sugar alcohols of dextran with 
alkylating, acylating, or crosslinking agents did not overcome complement activation 
and C3 opsonization. These data demonstrate that human complement activation is 
independent of dextran modification of SPIO and suggest a crucial role of the AP in 
immune recognition of nano-assemblies in human serum.

Keywords: iron oxide nanoparticles, complement C3, complement system proteins, properdin, dextran, lectin 
pathway, alternative pathway of complement

INTRODUCTION

Complement system is a critical component of the innate immunity that comprises ~5% of globulins 
and is responsible for eliminating and destroying pathogens (1). Complement activation via classical, 
lectin, and alternative pathways (AP) converge to form highly reactive thioester C3b that covalently 
binds to hydroxyls and amines on foreign surfaces (2, 3) resulting in the formation of membrane 
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Low dextran/Fe ratio 
3g/133.4mg; 143±65 nm 
3g 

Intermediate dextran/Fe ratio 
6g/133.4mg; 63±25 nm 
6g 

High dextran/Fe ratio 
9g/133.4mg; 41±14 nm 
9g 

Fe3O4 Dextran 20kDa

FIGURE 1 | Preparation of SPIO NWs with different dextran/Fe 
ratios: the particles were prepared with different ratios of dextran 
to Fe salt. The size of the SPIO aggregates increases as the ratio used 
in the precipitation reaction decreases, from single crystal (9 g) to smaller 
aggregates of several crystals (6 g) to polycrystalline (5–20 crystals) 
nanoworms (3 g).
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pore complex C5b-9 and extremely potent anaphylatoxins C3a 
and C5a (4). Opsonization by C3b and its cleaved products 
(e.g., iC3b, C3d) triggers immune recognition by neutrophils, 
eosinophils, lymphocytes, monocytes, red blood cells, and mac-
rophages (5, 6). Complement activation is also believed to con-
tribute toward infusion-related reactions with clinically approved 
nanopharmaceuticals, such as Doxil (liposomal doxorubicin), 
Taxol (Cremophor-paclitaxel), and Sandimmune (Cremophor-
cyclosporine A).

Despite the fact that numerous reports demonstrated comple-
ment activation by nanoparticles, liposomes, and micelles (7–22), 
the pathways of complement activation as function of surface 
properties are still poorly understood. One of the examples is 
superparamagnetic iron oxide (SPIO) nanoparticle, which is 
widely used not only as a contrast agent in magnetic resonance 
imaging (MRI) but also in the development of theranostic 
nanomedicines and experimental hyperthermia treatments (23). 
Previously, others and we described the preparation of high 
contrast SPIO nanoworms (SPIO NWs) (24–28) that consist of 
multiple Fe3O4 crystals embedded in 20 kDa linear dextran. We 
further reported that dextran-coated SPIO NWs activate com-
plement in mouse serum via the lectin pathway, but in human 
serum complement activation is via lectin and APs (24–28). 
Furthermore, others (3, 29–31) have pointed out that dextran-
coated particles consume complement, where the projected 
surface polymer in brush conformation is less efficient in comple-
ment consumption than a side-on conformation. In addition, it 
has been reported that crosslinked dextran (Sephadex) enhances 
complement activation, and substitution of alcohol groups can 
partially prevent this effect (32–34). Despite these advances, the 
effect of carbohydrate modifications of dextran-coated SPIO on 
the efficiency of complement activation has not been investigated. 
This knowledge is not only very critical for SPIO nanoparticles, 
which are clinically useful nanomaterials, but also for surface 
engineering of other carbohydrate-coated materials. Indeed, 
several iron oxide-based clinical contrast agents, such as Feridex 
and Combidex, have induced adverse reactions in a large number 
of patients, presumably as a result of complement activation.

Here, we prepared SPIO using different dextran/Fe ratios and 
studied the pathway of complement activation by measuring 
generation of fluid phase markers. Our results point to the critical 
role of the AP in complement activation by SPIO regardless of the 
dextran/Fe ratio and the nanoparticle size. We then used SPIO 
NWs prepared with low dextran/Fe ratio to further understand 
the effect of modification of sugar hydroxyls with alkylating and 
crosslinking agents on C3 opsonization. The results suggest that 
modifications of dextran coat are not an effective strategy to 
mitigate AP activation by these nanoparticles in humans.

RESULTS

Alternative Pathway Is the Main Activation 
Pathway by SPIO Regardless of Dextran/
Fe Ratio and Particle Size
We synthesized SPIO nanoparticles by mixing 20  kDa dextran 
with FeCl2 and FeCl3 and precipitating nanoparticles with 

ammonia (35). For the precipitation reaction, we used different 
dextran/Fe ratios (low ratio: 3.0 g/133.4 mg; intermediate ratio: 
6.0  g/133.4  mg; high ratio: 9.0  g/133.4  mg). Hydrodynamic 
size measurements (Figure  1) showed that particles prepared 
at intermediate and high dextran/Fe ratios (6 and 9 g dextran, 
respectively) were much smaller than particles prepared at low 
dextran/Fe ratio (3 g dextran), apparently due to a more efficient 
coating of individual crystals with dextran and prevention of 
intercrystal aggregation. Transmission electron microscopy 
(TEM) images (Figure 1) showed that SPIO particles prepared 
with higher dextran/Fe ratio were rounded with few crystal-
line Fe3O4 cores (Figure  1, bottom schematic), whereas SPIO 
prepared with low dextran/Fe ratio (3  g) were predominantly 
polycrystalline worm-like structures (we term them SPIO 
nanoworms or SPIO NWs).

The human complement (Figure 2) is triggered by foreign 
surfaces via the formation of activated C3(H2O) (AP turnover) 
or via calcium-sensitive pathways (classical or lectin). This 
activation leads to the initially deposited C3b that associates 
with factor B to form the AP convertase C3bBb, which cleaves 
additional C3 molecules. In order to study the pathway of com-
plement activation, nanoparticles were added to human serum 
at Fe concentration of 0.2 mg/mL. Measurement of the soluble 
terminal complex marker sC5b-9 showed that all formulations 
triggered complement to the same extent, regardless of the 
size and dextran/Fe ratio (Figure  3A). Addition of calcium 
chelator 10 mM EGTA/2.5 mM Mg2+ [to inhibit operation of 
calcium-sensitive pathways (36)] dramatically decreased (by 
40%) complement activation by NWs prepared with high and 
intermediate dextran/Fe ratios, but not by NWs prepared with 
low dextran/Fe ratio (Figure  3A). These data suggest that at 
higher dextran/Fe ratios, both calcium-sensitive and the APs 
contribute to complement activation, whereas at low dextran/Fe 
ratio, the activation proceeds exclusively via the AP. In order 
to investigate the contribution of calcium-sensitive pathways 
in formation of the AP convertase (Figure  2), we measured 
generation of Bb in sera deficient in C2, which is the critical 
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FIGURE 2 | Schematic representation of the upstream part of the complement cascade: assembly of different pathways on the foreign surface leads 
to the formation of complement convertases and generation of C3b and fluid phase markers.

A B

C D

FIGURE 3 | Mechanisms of complement activation studied with fluid phase markers: formulations of SPIO NWs are described in Figure 1 (dextran/Fe 
ratios abbreviated as 3, 6, and 9 g) were incubated in human sera at 0.2 mg Fe/mL as described in Section “Materials and Methods”. Zymosan 
(positive control) was at 0.2 mg/mL; (A) generation of soluble terminal membrane attack complex sC5b-9 in a healthy human serum; (B) generation of Bb as a 
marker of the AP activation in C2-depleted serum [the same serum source as in (A), where C2 was depleted immunochemically] and after addition of recombinant 
C2 (650 μg/mL) to C2-depleted serum; (C,D) effect of properdin antibody on AP activation and C5a generation, respectively. White bars: no inhibitor, gray bars: 
control isotype matched antibody, black bars: anti-P antibody. Non-parametric two sided t-test, n = 3 (two different human sera were used, and the results of a 
typical experiment are presented); *p < 0.05; **p < 0.01. None of the SPIO NWs generated sC5b and Bb in the presence of 10 mM EDTA (not shown).
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A B

C

FIGURE 4 | Effect of crosslinking of SPIO NWs on the complement activation as measured with fluid phase markers. (A) Scheme of crosslinking as 
described previously (35) leads to the formation of 3D crosslinked hydrogel on the particle surface; (B,C) generation of membrane attack complex and Bb, 
respectively, in human serum. Particle concentration was 0.4 mg/mL, zymosan concentration was 0.2 mg/mL. White bars: no inhibitor; black bars: EGTA/Mg2+; light 
dotted bars: control isotype matched antibody; dark dotted bars: anti-P antibody. The crosslinking of dextran did not block complement activation and did not 
change the pathway of activation (AP). Non-parametric two-sided t-test, n = 3; *p < 0.05; **p < 0.01 (two different human sera were used, and the results of a 
typical experiment are presented).
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factor for calcium-sensitive pathways. According to Figure 3B, 
SPIO NWs showed no decrease in Bb in the absence of C2, 
whereas 6 and 9 g SPIO showed a 25% decrease in Bb in the 
absence of C2. Bb levels were restored to normal levels when 
C2, at a physiological concentration (650 μg/mL), was added 
to the depleted serum. Collectively, these experiments confirm 
that calcium-sensitive pathways contribute to the complement 
activation by NWs with more polysaccharide content. In order 
to understand to what extent complement activation can pro-
ceed in the absence of the AP, we tested Bb and C5a formation 
in presence of anti-properdin (P) antibodies. The AP convertase 
is stabilized by P, being present in blood at ~20 μg/mL. For all 
formulations regardless of the dextran/Fe ratio, anti-P block-
ing antibody [a potent blocker of the AP (37)] inhibited AP 
convertase generation by over 80% (Figure 3C) and prevented 
C5a release by over 70% (Figure 3D), Collectively, these data 
suggest that despite contribution of the calcium-sensitive 
pathways to the initiation of complement and formation of 
the AP convertase by particles prepared at high dextran/Fe 
ratio, the AP still plays a predominant role on the propagation 
of complement and generation of fluid phase markers for all 
tested formulations.

Surface Modifications of SPIO NWs 
Do Not Decrease Complement 
Activation and C3 Opsonization
Because 3 g SPIO NWs show only a single pathway of complement 
activation, as opposed to 6 and 9 g SPIO that exhibit also calcium-
dependent activation, in the subsequent studies, we studied the 
effect of surface modifications of SPIO NWs on complement 
activation. SPIO NWs are highly efficient MRI contrast agents 
(35), and their opsonization by C3 leads to immune cell uptake 
(38), therefore, strategies to block complement activation would 
have a great value in the translation of these particles. Previously, 
we reported that crosslinking dextran coat of SPIO NWs with 
epichlorohydrin (resulting in CL-NWs, Figure  4A) blocked 
lectin pathway activation and C3 opsonization in mouse serum, 
but this procedure did not block C3 opsonization in sera from 
human subjects (35). In order to determine the pathway respon-
sible for complement activation of CL-NWs in human serum, we 
measured the fluid markers sC5b-9 and Bb (Figures 4B,C). SPIO 
NWs and CL-NWs caused comparable AP activation that was 
not inhibited by 10 mM EGTA/2.5 mM Mg2+. At the same time, 
anti-P antibody, but not control antibody, blocked over 90% of 
sC5b-9 and Bb release for both SPIO NWs and CL-NWs. These 
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FIGURE 5 | Modifications of hydroxyl groups of SPIO NWs and CL-NWs do not decrease complement C3 opsonization. (A) Alkylation and acylation of 
hydroxyls on SPIO NWs and CL-NWs; (B) modifications in (A) did not decrease or even increased C3 opsonization; (C) modification of CL-NW hydroxyls with 
acetyl, carboxymethyl, and sulfoethyl groups; (D) modifications in (C) did not significantly decrease C3 opsonization in human serum. Three different human sera 
were used in triplicates, and the results of a typical experiment are presented.
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results confirm that complement activation by CL-NWs proceeds 
almost exclusively via the AP.

The AP is triggered by the initial deposition of C3b on 
a foreign surface via highly reactive thioester group that 
covalently attaches to amines and hydroxyls (39). Both 
dextran and crosslinked dextran contain hydroxyls available 
for nucleophilic attack of the thioester bond and subsequent 
deposition of C3b (Figure  4A). Previous report suggested 
that substituting hydroxyl groups could reduce complement 
consumption by Sephadex (crosslinked dextran beads) (32). 
In order to test the hypothesis whether substitution of dextran 
hydroxyls by alkylating and acylating agents could block com-
plement activation, we modified hydroxyl groups of SPIO NWs 
and CL-NWs with an esterifying agent 2-(2-methoxyethoxy)
acetyl chloride or etherifying agent 2-methoxyethoxymethyl 
chloride (Figure 5A) and measured C3 opsonization in human 
serum. According to Figure 5B, while there was a significant 
deposition of C3 on SPIO NWs, modification of hydroxyl 
groups did not diminish C3 opsonization. Moreover, there 
was no decrease in C3 opsonization after crosslinking and after 
modification of CL-NW hydroxyls (Figures  5A,B). There is 
evidence in the literature that the presence of anionic groups 
on the polysaccharide surface can promote binding of serum 
factor H, which is a negative regulator of the AP (3, 34). 
However, modification of hydroxyl groups of CL-NWs with 
carboxymethyl, acyl, or ethyl sulfonic groups (Figure 5C) did 

not decrease the level of C3 opsonization in human serum 
(Figure  5D).

DISCUSSION

Previous work has confirmed complement activation on a 
variety of carbohydrate-coated surfaces (29–31) as well as by 
crosslinked dextran beads [Sephadex (32)]. In this work, we 
determined the role of surface modification of dextran-coated 
iron oxides on the efficiency of complement activation in 
human sera. The fluid phase assays we employed are designed 
to dissect the role of the AP and calcium-sensitive pathways 
in the complement activation (7, 10, 40). Using these assays, 
we found that regardless of the ratio of dextran/Fe used in 
the preparation of nanoparticles, the complement activation 
predominantly proceeds via the AP, and with some minor 
contribution of the calcium-sensitive pathways for formula-
tions prepared with a higher ratio of dextran/Fe. LP is likely 
the predominant calcium-sensitive pathway activated by these 
formulations due to the presence of polysaccharide coating, 
but this would need to be determined in a separate study. In 
addition, we found that particles prepared with low dextran/
Fe ratio incite complement via only the AP.

Complement activity toward nanosurfaces is generally much 
higher in human sera than in sera from other species (41). 
The main reason for such activity is the continuous, but slow 
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activation of the AP due to tick-over, or formation of fluid phase 
AP convertase C3(H2O)Bb, the initial deposition of C3b on the 
foreign surface (42). Albeit activation of the AP could happen in 
the fluid phase, a foreign surface provides the scaffold for C3b 
and properdin binding, which enhances the assembly of the 
C3bBb convertase and complement amplification (43). Another 
mechanism of the AP convertase formation could be the direct 
binding of C3 to the surface (44). Therefore, we reasoned 
that the modification of nanoparticle hydroxyl groups could 
block the initial seeding of C3b and hence the AP activation. 
Previously, Labarre and colleagues showed that the blocking of 
alcohol groups (main groups that reacts with thioester of C3b) 
on Sephadex by carboxymethyl residues (32) prevented comple-
ment activation. In addition, the same group demonstrated 
that the presence of sulfate groups on a surface can mitigate 
complement activation by attracting factor H, the inhibitor of 
the AP convertase (33). Unlike these findings, we demonstrate 
that blocking hydroxyl groups for SPIO NWs and crosslinked 
CL-NWs with alkylating, crosslinking, and negatively charged 
groups did not decrease C3 opsonization of SPIO NWs in 
human sera. Based on the inability of dextran hydroxyl substitu-
tions to block C3 opsonization of SPIO NWs and CL-NWs, it is 
possible that other surface entities could promote the binding 
of C3, including non-specifically absorbed proteins, and we are 
currently investigating this possibility. The differences between 
the above mentioned results and our particles could be related to 
the differences in the surface nano-architecture, which promote 
different binding of complement activators and inhibitors, and 
needs to be investigated further.

In conclusion, our data establish the AP as the critical pathway 
for many SPIO formulations. In recent years, the AP has shown 
to be the essential pathway of complement activation in health 
and disease (45). Due to its key role, the AP represents a unique 
therapeutic target in many pathological conditions (46–48). For 
many drug delivery nanoplatforms, the AP has shown to be a 
critical pathway for complement activation (20, 21, 49), and it is 
likely that this list will only grow. The future research will focus 
on specific approaches to block the AP activation, for example, 
by using properdin-blocking antibodies (50) or natural serum 
complement inhibitors (51).

MATERIALS AND METHODS

Materials
Iron salts (ferrous and ferric chloride) and 20  kDa dextran 
(range 15–25  kDa) were from Sigma–Aldrich (St. Louis, MO, 
USA). Epichlorohydrin, anhydrous DMSO, 2-chloroethanesul-
fonic acid, chloroacetic acid, and acetic anhydride were from 
Sigma, 2-(2-methoxyethoxy)acetyl chloride and 2-methoxy-
ethoxymethyl chloride were from Alfa Aesar. Goat anti-human 
complement C3 polyclonal antibody (catalog No. 0855444) was 
purchased from MP Biomedicals (Solon, OH, USA). Anti-goat, 
IRDye 800CW-labeled, secondary antibodies were from LI-COR 
Biosciences (Lincoln, NE, USA). Copper grids (300 mesh) 
were purchased from Electron Microscopy Sciences (Hatfield, 
PA, USA). Sera from normal female subjects were collected by 

Equitech-Bio (Kerrville, TX, USA) according to the company’s 
Institutional Review Board Protocol. All blood products and 
complement proteins were kept aliquoted at −80°C.

Synthesis and Modification of SPIO 
Nanoworms
Nanoworms were synthesized using a one-pot Molday and 
MacKenzie (52) precipitation method as described by us previ-
ously (35). The main variation of the protocol was the ratio of 
dextran and iron salts in the reaction as described in Figure 1. 
The molar ratio between Fe2+ and Fe3+ was kept the same. After 
the synthesis, particles were dialyzed in double distilled water, 
filtered through a 0.45-μm filter (Millipore), and stored at 4°C. 
TEM imaging was conducted to visualize the iron oxide core 
using FEI Tecnai Spirit BioTwin electron microscope (Electron 
Microscopy Facility at the University of Colorado Boulder). Size 
and zeta potential measurements of NPs were determined using a 
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The 
intensity weighted size distribution peak value was used to report 
hydrodynamic diameters of NWs.

For dextran shell crosslinking with epichlorohydrin, a two-
step procedure was used as described before (35). For modifica-
tion of dextran hydroxyls, SPIO NWs prepared at low dextran/
Fe ratio (3 g dextran per 133.4 mg Fe salts), or the corresponding 
crosslinked CL-NWs were washed by ultracentrifugation in 
anhydrous DMSO two times and resuspended in anhydrous 
DMSO at 5.0 mg/mL (Fe concentration) in a borosilicate glass 
vial in the presence of 1  mg/mL of 4-dimethylaminopyridine 
(DMAP). Then, 2 mg/mL of 2-(2-methoxyethoxy)acetyl chloride 
or 2 mg/mL of 2-methoxyethoxymethyl chloride were added to 
the nanoparticles under stirring. Nanoparticles were incubated 
under nitrogen atmosphere with stirring at 37°C overnight, 
washed 3× in DMSO, 2× in DDW by ultracentrifugation, and 
resuspended in PBS for complement measurement. For modifica-
tion with acetic anhydride, chloroacetic acid, or chloroethanesul-
fonic acid, CL-NWs were resuspended in DDW at 5 mg/mL (Fe 
concentration), stirred for 30 min in 2N NaOH solution, and then 
reacted with acetic anhydride (5% v/v), chloroacetic acid (5 mg/
mL), or chloroethanesulfonic acid (5 mg/mL) at 37°C overnight 
with stirring. The particles were washed by ultracentrifugation 
and resuspended in PBS.

Complement Activation Studies
Details of human serum preparation, characterization, and 
functional assessment of complement pathways were described 
in detail elsewhere (7, 10, 20). Briefly, serum was prepared from 
freshly collected blood of two healthy volunteers according to pro-
cedure by Lachmann (53). C2 was immunochemically depleted 
from human serum, and the depleted serum was characterized as 
described elsewhere (7, 10). To measure complement activation 
in vitro, we determined NW-induced rise of serum complement 
activation products C4d, Bb, C5a, and sC5b-9 using respective 
Quidel (Quidel, San Diego, CA, USA) ELISA kits according to 
the manufacturer’s protocols. In all measurements, the volume of 
NW to normal or C2-depleted sera volume was 1:4. NW-mediated 
complement activation was further monitored after restoration 
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of C2 (650  μg/mL) in C2-depleted serum. Zymosan (0.2  mg/
mL) was used as a positive control for complement activation 
throughout. Each experiment was repeated three times with sera 
from two healthy individuals.

Analysis of Binding of Proteins to Particles
For binding assay of complement C3 and properdin, 1  mg/
mL (Fe) SPIO NWs were incubated with fresh serum at 1:3 
volume ratio. At the end of incubation, particles were washed 
three times with 1× PBS by centrifugation at 100,000× g at 4°C 
in 2 mM Ca2+/Mg2+ supplemented PBS using Beckman Optima 
TLX ultracentrifuge. The pellets were resuspended in 20 μL PBS, 
and 2 μL aliquots were applied in triplicate onto a nitrocellulose 
membrane (Bio-Rad). The membranes were blocked using 5% 
(w/w) non-fat dry milk in PBS-T (1× PBS with 0.1% v/v Tween® 
20) for 1  h at room temperature, probed with corresponding 
primary antibodies for 1  h at room temperature, followed by 
washing the membranes three times with PBS-T, and finally 
1  h incubation with the corresponding IRDye 800CW-labeled 
secondary antibodies against the primary antibody species. The 
signal was visualized using an Odyssey infrared imager (Li-COR 
Biosciences, Lincoln, NE, USA). The integrated dot intensity 
in the scanned images was determined from 16-bit grayscale 
images using ImageJ software and plotted using Prism 6 software 

(GraphPad Software, Inc., La Jolla, CA, USA). Each experiment 
was repeated two times using sera from two individuals.
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Over the past decade, a vast array of nanomaterials has been created through the devel-
opment of nanotechnology. With the increasing application of these nanomaterials in 
various fields, such as foods, cosmetics, and medicines, there has been concern about 
their safety, that is, nanotoxicity. Therefore, there is an urgent need to collect information 
about the biological effects of nanomaterials so that we can exploit their potential bene-
fits and design safer nanomaterials, while avoiding nanotoxicity as a result of inhalation 
or skin exposure. In particular, the immunomodulating effect of nanomaterials is one 
of most interesting aspects of nanotoxicity. However, the immunomodulating effects of 
nanomaterials through skin exposure have not been adequately discussed compared 
with the effects of inhalation exposure, because skin penetration by nanomaterials is 
thought to be extremely low under normal conditions. On the other hand, the immuno-
modulatory effects of nanomaterials via skin may cause severe problems for people with 
impaired skin barrier function, because some nanomaterials could penetrate the deep 
layers of their allergic or damaged skin. In addition, some studies, including ours, have 
shown that nanomaterials could exhibit significant immunomodulating effects even if 
they do not penetrate the skin. In this review, we summarize our current knowledge of 
the allergic responses induced by nanomaterials upon skin exposure. First, we discuss 
nanomaterial penetration of the intact or impaired skin barrier. Next, we describe the 
immunomodulating effects of nanomaterials, focusing on the sensitization potential of 
nanomaterials and the effects of co-exposure of nanomaterials with substances such 
as chemical sensitizers or allergens, on the onset of allergy, following skin exposure. 
Finally, we discuss the potential mechanisms underlying the immunomodulating effects 
of nanomaterials by describing the involvement of the protein corona in the interaction 
of nanomaterials with biological components and by presenting recent data about the 
adjuvant effects of well-characterized particle adjuvant, aluminum salt, as an example of 
immunomodulatory particulate.

Keywords: adjuvant, allergy, aluminum salts, biodistribution, metal allergy, nanomaterial, sensitization, skin
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INTRODUCTION

Recently, advances in nanotechnology have made possible the 
design and production of many engineered nanomaterials—
nanoparticles, nanofibers, and nanosheets—which are defined as 
materials with structures having at least one dimension less than 
100 nm (1, 2). These products have become indispensable in vari-
ous fields, such as electronics, foods, cosmetics, and medicines, 
because nanomaterials have unique physicochemical properties 
and exert innovative functions compared with conventional 
larger particles; these properties and functions include enhanced 
electrical conductivity, tensile strength, and chemical reactivity, 
and stem from an increase in the surface area per unit weight 
compared with a larger amount (>100 nm) of the same material 
(3, 4). However, with the increasing use of nanomaterials, con-
cerns about their safety, termed nanotoxicity, have been raised, 
specifically that the innovative functions of nanomaterials, such 
as high chemical reactivity and high tissue penetration, due to 
their small size might make them hazardous in some situations 
(5, 6). For example, our group has shown that intravenous injec-
tion of a large amount of silica (SiO2) nanoparticles induced 
pregnancy complications in mice, although it should be noted 
that the level of exposure used in the study is not representative 
of real-world human exposure (7). The health risks of engineered 
nanomaterials to humans have also been considered (8–10). 
Among the nanotoxic effects, those on host immunity are of 
particular interest, because the immune cells recognize foreign 
substances as part of the body’s defenses, when those substances 
enter the body. Therefore, there have been many reports about the 
immunomodulating effects, both immune-activating and -sup-
pressing effects, of nanomaterials in vitro and in vivo (11–13). To 
fully utilize the potential benefits of nanomaterials and design 
safer nanomaterials, it is essential for us to collect more informa-
tion about nanotoxicity, because intentional and unintentional 
exposure to nanomaterials is unavoidable in our everyday life.

Our skin is exposed to nanomaterials in many situations, 
because nanomaterials are contained in cosmetics and other 
skincare products. For example, some nanoparticles, especially 
Zinc oxide (ZnO) and titanium dioxide (TiO2) nanoparticles, 
have been used in sunscreens since the 1980s, because they have 
better ultraviolet (UV) protective properties than larger particles 
(14). SiO2 nanoparticles are used in a wide variety of cosmetics 
as an anti-setting agent (15). We are also exposed to silver (Ag) 
nanoparticles through our everyday lives because Ag nanopar-
ticles have been widely applied to consumer products such as 
clothing, antibacterial sprays, detergent, socks, and shoes for 
antimicrobial purposes (16). Therefore, an understanding of the 
absorption rate of nanomaterials after exposure via the skin has 
attracted increasing attention over the past few years, because it 
is important to consider the immunomodulatory effects of nano-
materials on the skin. In addition, because nanomaterials can 
interact with other substances easily (17), we must not forget that 
exposure to nanomaterials via skin often occurs simultaneously 
with exposure to other chemical compounds and allergens, such 
as foods and pollen and that this interaction might modulate the 
antigenicity of these compounds. Many recent reports have shown 
that skin is an important site for the onset of allergy (18, 19). For 

example, several reports have shown that transdermal exposure 
to food allergens can induce Th2-type immune responses and 
be sufficient to sensitize mice (20–22). Furthermore, individu-
als who used a facial soap containing hydrolyzed wheat protein 
were presumed to be sensitized to this protein (23, 24). Given 
these findings, there is an urgent need to understand the immu-
nomodulatory effects of nanomaterials upon skin exposure, 
particularly effects that may lead to the onset or aggravation of 
allergy. However, while there have been many studies examining 
the nanotoxicity of nanomaterials to the respiratory system, there 
is a lack of knowledge about nanotoxicity following skin exposure 
to nanomaterials, especially the immunomodulating effects.

In this review, we summarize our current understanding of 
the skin penetration of nanomaterials and the immunomodulat-
ing effects of nanomaterials, focusing on the skin penetration of 
nanomaterials, the sensitization potential of nanomaterials, and 
the effects of co-exposure of nanomaterials with allergens on 
the onset of allergy upon skin exposure. In addition, we discuss 
potential mechanisms underlying the immunomodulating effects 
of nanomaterials by describing the involvement of the protein 
corona in the interaction of nanomaterials with complement 
proteins and by presenting recent study about the adjuvant 
effects of aluminum salts, which are well characterized in basic 
immunology.

SKIN STRUCTURE AND PENETRATION OF 
SKIN BY NANOMATERIALS

The skin is composed of several barriers that prevent foreign 
substances from penetrating the body (25, 26). Healthy skin is 
divided into the epidermis and the dermis. In addition, there 
are two physical barriers in the epidermis: the stratum corneum, 
the outmost layer of the epidermis, and tight junctions, which 
are intercellular junctions that seal adjacent keratinocytes in the 
stratum granulosum below the stratum corneum (25, 26). It is 
generally believed that molecules, other than small lipophilic 
molecules (<500 Da), are unable to penetrate healthy skin due to 
these barrier functions (27). The skin also contains hair follicles 
and sebaceous glands (28). Hair follicles extend into the dermis 
and might provide a means for penetration and absorption of 
compounds into the skin. Therefore, hair follicles may play an 
important role as a potential reservoir and penetration route 
for topically applied substances. It is also suggested that hair 
follicles have important functions in immune responses such 
as those regulating the trafficking of antigen presenting cells 
(29). In addition, many immune cells such as antigen presenting 
cells [e.g., Langerhans cells (LCs) in the epidermis and dermal 
dendritic cells in the dermis] and leukocytes are present in the 
skin to protect the body from external substances (30). Recently, 
tape stripping of murine skin showed that activated LCs could 
elongate their dendrites above the tight junctions of keratinocytes 
and take up antigens on the surface of the skin (31, 32).

Whether nanomaterials can penetrate the skin barrier in vivo 
remains controversial, although there have been several reports 
assessing the skin penetration of nanomaterials after topical 
application using both in  vitro and in  vivo models (Figure  1). 
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FIGURE 1 | Penetration of skin by nanomaterials. After topical 
application to healthy skin, nanomaterials may penetrate to the stratum 
corneum or epidermis. However, after application to allergic or damaged 
skin, nanomaterials may penetrate to the epidermis and dermis.
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Because TiO2 and ZnO nanoparticles are essential components 
in sunscreens, many studies have examined the penetration rate 
of these nanoparticles, although it should be noted that these 
nanoparticles are typically present in sunscreens as 30- to 150-nm 
aggregates. Cross et  al. and Larese et  al. have shown that ZnO 
nanoparticles with diameters of 15–40 nm, and Ag nanoparticles 
with a diameter of 25 nm, can penetrate the upper layers of the 
stratum corneum but cannot reach the deeper layers of the viable 
epidermis and dermis by using an in vitro model of human skin 
(33, 34). Lin et  al. also showed that ZnO nanoparticles with a 
diameter of 10–50 nm could not penetrate healthy skin or tape-
stripped skin of human volunteers (35). These reports suggest 
that the stratum corneum and tight junctions of skin provide an 
effective barrier to prevent nanomaterial penetration of healthy 
skin. In contrast, Gulson et al. have shown that small amounts of 
ZnO nanoparticles with a diameter of 19 nm can penetrate the 
skin after repeated application to healthy humans (36, 37). These 
results suggest that nanomaterials may penetrate the skin after 
repeated application to even healthy skin (Figure 1). However, 
these different results might be due to differences in the analytical 
methods used, in the detection sensitivity of the analytical meth-
ods, in the sample volume or skin model used, or in the type of 
nanomaterials and their aggregation state. For example, although 
Gulson et  al. used ZnO particles containing the stable isotope 
68Zn and were able to detect the concentration of 68Zn in the body 
at high sensitivity (36, 37), other groups used conventional nano-
materials and transmission electron microscopy and inductively 
coupled plasma mass spectrometry techniques in their studies 
(33–35). In addition, although transmission electron microscopy 
and mass spectrometry techniques are useful for evaluating the 
penetration of skin by nanomaterials, transmission electron 
microscopy is a qualitative method that cannot be used to deter-
mine the amount of nanomaterials in the skin, and inductively 
coupled plasma mass spectrometry is a quantitative method that 
cannot distinguish between nanomaterials and their dissociated 

ions. Therefore, the development of more sensitive qualitative and 
quantitative analysis methods is an important step in elucidating 
the penetration of nanomaterials through the skin.

The skin barrier is not always intact because skin is under 
constant assault every day by mechanical irritation, mechanical 
damage (cuts or scrapes), UV exposure, microbial pathogens, 
and the use of harsh soaps or cosmetic products that may contain 
chemical irritants (25). In addition, people with healthy skin and 
those with impaired skin barrier function apply sunscreens con-
taining nanomaterials. In this regard, some studies have exam-
ined whether nanomaterials can penetrate deeply into allergic or 
damaged skin because nanomaterials may be able to penetrate 
skin with impaired barrier function. Ilves et al. showed that ZnO 
nanoparticles with a diameter of 20  nm could be observed in 
the epidermis and to a lesser extent also in the dermis of allergic 
skin of mice after topical application, but ZnO particles with a 
diameter of 240 nm were not detected (38). Similar to their obser-
vations, other studies using human skin explants with partially 
disrupted stratum corneum have shown that 40-nm polystyrene 
nanoparticles, but not 750- or 1500, and 40-nm SiO2 nanoparti-
cles can translocate to the viable epidermis (39, 40). In addition, 
Mortensen et al. showed that quantum dot nanoparticles with a 
diameter of 45 nm could penetrate deep into the epidermis and 
dermis in sub-erythemal dose UV radiation-exposed mice (41). 
These reports suggest that nanomaterials generally can penetrate 
the deep layers of the skin, such as the epidermis and the dermis 
of allergic or damaged skin (Figure  1). Although the precise 
number of penetrated nanoparticles needs to be quantified, these 
findings emphasize the importance of investigating the immu-
nomodulatory effects of nanomaterials after topical application.

Recently, hair follicles have been considered an excellent target 
route for drug delivery via skin (42). Many researchers have tried 
to deliver drug compounds via hair follicles by using particles 
such as liposomes (42, 43). Hair follicles have the potential to be 
efficient, long-term reservoirs suited for accumulation of nano-
materials. Therefore, the hair follicular pathway may be one of 
the penetration pathways of nanomaterials, although it remains 
largely unknown whether nanomaterials can indeed penetrate 
the skin via hair follicles (44, 45).

SENSITIZATION POTENTIAL OF 
NANOMATERIALS ON SKIN

Allergic contact dermatitis induced by chemicals is the most 
frequent manifestation of skin sensitization in humans (46). It is 
estimated that about 4,000 chemicals have the potential to be skin 
sensitizers (47). Because sensitization to chemicals is sometimes 
induced at relatively low levels of exposure to that substance via 
skin exposure, the sensitization potential of nanomaterials might 
be an important potential nanotoxicity.

Park et  al. showed that neither amine-modified polystyrene 
nanoparticles with a dimeter of 50  nm nor TiO2 nanoparticles 
(primary size <25  nm) induced skin sensitization after topical 
skin treatment, as assessed using a local lymph node assay (LLNA), 
which is a useful method for evaluating the sensitization potential 
of chemicals (48). Lee et al. evaluated the sensitization potential 
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FIGURE 2 | Metal nanoparticles as a potential trigger of metal allergy. 
Metal-based fashion accessories may expose the wearer to metal ions that 
generate metal nanoparticles. These metal nanoparticles are then 
translocated to the lymph nodes where they release metal ions that induce 
metal ion-specific CD4+ T cells and IL-17-mediated immune responses.

71

Yoshioka et al. Immunomodulation by Nanomaterials via Skin

Frontiers in Immunology  |  www.frontiersin.org February 2017  |  Volume 8  |  Article 169

of two types of SiO2 nanoparticles, mesoporous SiO2, and col-
loidal SiO2, with diameters of about 100 nm (49). Changes in ear 
skin thickness after painting the skin with each nanoparticle for 
three consecutive days were small. In addition, these authors also 
found that neither nanoparticle induced skin sensitization, as 
assessed using a LLNA. These results suggest that the sensitiza-
tion potential of many nanomaterials after topical application to 
healthy skin might be low. Skin painting is a typical method used 
to analyze the sensitization potential of chemical compounds, but 
nanomaterials do not easily penetrate healthy skin. Therefore, 
subcutaneous or intradermal administration might be useful as 
alternative routes for examining the sensitization potential of 
nanomaterials, assuming that the particles are able to penetrate 
allergic or damaged skin.

Epidemiological studies have suggested that sensitizer metals 
contained in airborne particulates may also contribute to the 
onset of metal allergy (50–52). Since metal nanoparticles can 
release metal ions, we must pay attention to the sensitization 
potential of not only nanoparticles but also metal ions released 
from metal nanoparticles. Metal allergy, which is a major cause 
of allergic contact dermatitis, is prevalent in the general popula-
tion, and up to 17% of women are reported to suffer from it (53, 
54). Nickel is the most frequent cause of metal allergy, but gold, 
palladium, cobalt, mercury, beryllium, chromium, and silver 
also have sensitization potential (54). It is suggested that metal 
ions from jewelry and clothes (buttons, zippers, and belt buckles) 
cause metal allergy via the activation of innate and adaptive 
immunity. Although it is believed that metal allergy is caused by 
metal-ion-induced T cells, which are generally reactive to metal 
ions in the major histocompatibility complex, many attempts to 
sensitize mice by means of simple metal-ion treatment have failed 
(55, 56). Moreover, while some reports have shown that metal 
allergy in mice can be induced by concomitant application of 
inflammatory stimuli, such as lipopolysaccharide (LPS) (57, 58), 
the skin reactions in these models could be induced by irritant 
inflammation rather than allergic responses (59). Nevertheless, 
these studies raised the possibility that other unknown factors 
may contribute to the onset of metal allergy.

Recently, it was revealed that metal nanoparticles are gener-
ated in the environment and in our bodies naturally during our 
daily lives (60). For example, Glover et  al. showed that metal 
nanoparticles were generated spontaneously from manmade 
objects such as earrings or metal wire, suggesting that macroscale 
metal objects might be a potential source of naturally occurring 
nanoparticles in the environment (61). In addition, naturally 
occurring metal nanoparticles are thought to be formed from 
ions via chemical and/or photochemical reduction of released 
metal ions from metal objects (61, 62). Therefore, we could be 
extemporaneously exposed to metal ions from metal objects when 
we wear metal accessories and then these ions could generate 
naturally occurring metal nanoparticles when we are sensitized 
to metal. In this regard, our group examined the contribution 
of metal nanoparticles to the onset of metal allergy by using Ag 
nanoparticles or nickel (Ni) nanoparticles with several kinds of 
diameters (63) (Figure 2). We showed that mice sensitized with Ag 
nanoparticles or nickel nanoparticles plus LPS exposure, but not 
with metal ions, experienced allergic inflammation in response to 

both metal ions and metal nanoparticles in the elicitation phase. 
We also showed that LPS was necessary for sensitization to metal 
nanoparticles. However, gold and SiO2 nanoparticles, which 
are minimally ionizable, did not induce allergic inflammation, 
even when co-administered with LPS. In addition, smaller metal 
nanoparticles had stronger sensitization potential than larger 
ones. We observed that CD4+ T cells were required for immune 
responses induced by metal nanoparticles and IL-17A-mediated 
inflammation was responsible for the allergic responses. On the 
basis of this study, we suggested that metal nanoparticles might 
play a role as a carrier, conveying metal ions to the lymph nodes 
for metal sensitization, because we found that smaller metal 
nanoparticles were transferred to the draining lymph nodes 
more readily than larger metal nanoparticles and metal ions. This 
study identifies metal nanoparticles as a new potential trigger of 
metal allergy and highlights the need to pay close attention to 
the indirect sensitization potential of metal nanoparticles when 
evaluating their safety.

COMBINED EXPOSURE TO 
NANOMATERIALS AND OTHER 
SUBSTANCES

Our skin is often exposed to nanomaterials simultaneously with 
other chemical compounds and allergens, such as foods and pol-
len. Therefore, it is important to examine the possibility that skin 
exposure to nanomaterials contributes to allergen-induced onset 
of allergy.

Allergic contact dermatitis is generally induced by a chemical 
sensitizer. Hussain et al. showed the effect of TiO2 nanoparticles 
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with a diameter of 22 nm on the sensitization potential of dini-
trochlorobenzene (DNCB), a well-known skin sensitizer (64). 
They showed that subcutaneous injection of TiO2 nanoparticles 
before DNCB treatment increased DNCB-mediated lymph 
node proliferation in an LLNA and enhanced Th2-type cytokine 
production, whereas TiO2 nanoparticles alone showed no dermal 
sensitization. This study suggests that some nanomaterials can 
enhance the sensitization potential of chemical sensitizers when 
they penetrate the skin. Moreover, several reports have shown 
that topical application of nanomaterials also has an effect on skin 
sensitization caused by chemicals. Lee et al. showed that 3 days 
of consecutive skin painting with mesoporous SiO2 nanoparticles 
with a diameter of about 100 nm and 2,4-dinitroflourobenzene 
(DNFB) exacerbated DNFB-induced ear skin thickness and 
lymphocyte proliferation (49). Smulders et  al. compared the 
effect of different topically applied nanoparticles (TiO2, Ag, and 
SiO2 nanoparticles) on DNCB-induced dermal sensitization 
by an LLNA (65). They showed that only TiO2 nanoparticles 
enhanced sensitization to DNCB by augmenting a Th2 response. 
Together, these reports demonstrate that some nanomaterials can 
enhance the potential of chemical sensitizers after either topical 
application or intradermal/subcutaneous injection, although 
the physiochemical properties of the nanomaterials (e.g., size, 
shape, composition, charge, and surface energy) might influence 
the effects. Further studies are needed to reveal the mechanisms 
behind these nanomaterial effects and to identify the threshold 
amounts that are hazardous.

It is estimated that 15–30% of children and 2–10% of adults 
suffer from atopic dermatitis (66). Atopic dermatitis is believed 
to progress to allergic rhinitis and asthma over time, which is 
referred to as the atopic march. Of note, the incidence of atopic 
dermatitis has increased gradually in industrialized countries (67, 
68). Some reports have shown that co-exposure to nanomaterials 
and protein allergens affect atopic allergy. Yanagisawa et al. showed 
that intradermal injection of TiO2 nanoparticles of different sizes 
(15, 50, or 100 nm) together with mite allergen, which is a major 
cause of atopic dermatitis, enhanced atopic dermatitis-like skin 
lesions and Th2-type cytokine production, as well as total IgE and 
histamine levels in serum (69). They observed that the size of 
the TiO2 nanoparticles did not influence these effects. They also 
observed similar effects in NC/Nga mice treated with polystyrene 
nanoparticles (70). In this case, enhancement of allergic responses 
was totally depended on the size of particle, that is, the smaller 
polystyrene nanoparticles induced greater symptoms. We also 
investigated the co-exposure effects of SiO2 particles of different 
sizes (30, 70, 100, 300, or 1000 nm) and mite antigen on atopic 
dermatitis in NC/Nga mice (71), and found that intradermal 
exposure of SiO2 particles and mite antigen aggravated atopic 
dermatitis. This effect was correlated with excessive induction 
of total IgE and stronger systemic Th2 responses. Of note, the 
aggravating effects were more pronounced in the smaller SiO2 
nanoparticle-injected mice than in the mice exposed to the larger 
particles.

Other reports have shown the effects of nanomaterials on atopic 
dermatitis after topical skin painting. Ilves et  al. used a mouse 
model of atopic dermatitis and showed that ZnO nanoparticles 
with a diameter of 20 nm cause an increase in IgE production 

after repeated topical application. However, these nanoparticles 
decreased local skin inflammatory responses, such as cytokine 
induction, in this mouse model (38). Our group showed that topi-
cal skin painting with a mixture of SiO2 nanoparticles and mite 
allergen suppressed allergen-specific IgG production without 
any changes in the IgE and Th1/Th2 immune responses (72). 
In addition, the suppression of IgG caused severe IgE-mediated 
hypersensitivity in an anaphylaxis model. Interestingly, low-level 
IgG production was induced when the mice were exposed to 
allergen-SiO2 nanoparticle agglomerates, but not when the 
mice were exposed to nanoparticles applied separately from 
the allergen, to well-dispersed nanoparticles, or to nanoparticle 
agglomerates via routes other than the skin. Thus, agglomera-
tion of the allergen and SiO2 nanoparticles may have created a 
“depot” effect that could control the concentration of the exposed 
allergen and prolong allergen exposure. Thereby, we suggest that 
allergen-SiO2 nanoparticle agglomerates facilitated IgE-biased 
allergic sensitization.

These reports suggest that any nanomaterials could control the 
immune responses induced by a chemical sensitizer or allergen 
on the skin of humans. However, the mechanism responsible 
for these effects remains unclear. In the study described above, 
Smulders et al. observed that titanium levels were increased in 
lymph node cells after topical application of TiO2 nanoparticles, 
indicating that TiO2 nanoparticles penetrated the skin and trans-
located to the lymph nodes (65). We know that nanomaterials 
(<100 nm) can move to the draining lymph nodes via lymphatic 
vessels, but larger particles become trapped in the tissue and tend 
to depot near the site of injection (73). Winter et al. showed that 
TiO2 and SiO2 nanoparticles induce the activation of murine 
dendritic cells in vitro by upregulating co-stimulatory molecules 
(74). Therefore, one of the immunomodulating mechanisms of 
nanomaterials might be that they move to the draining lymph 
nodes after topical application and activate dendritic cells in the 
lymph nodes. However, little is understood about how nanomate-
rials affect the function of immune cells such as LCs and γδ T cells 
in the skin. In addition, as mentioned earlier, hair follicles have 
recently been revealed to have important functions in regulat-
ing the trafficking of LCs and skin-resident memory T cells (29, 
75), and nanomaterials are prone to accumulate in hair follicles. 
Future studies should include detailed investigations into the 
relationship between the qualitative and quantitative distribution 
of nanomaterials in the skin and the effects of nanomaterials on 
skin immune cells, keratinocytes, and hair follicles.

We also must pay attention to the interaction of nanomaterials 
with antigens. Nanomaterials can bind more antigen per mass 
unit than larger particles, because nanomaterials have a larger 
per unit surface area per mass than larger particles. This leads 
to an enhancement of antigen persistence and prolonged release, 
an effect referred to as the “depot effect.” It has been suggested 
that smaller TiO2 nanoparticles bind more protein antigen per 
mass unit than larger ones and that the depot effect on the anti-
gen due to this binding may lead to increased antigenicity (76). 
Furthermore, as described below, one of the immune-activating 
mechanisms of aluminum salts, which are a well-known vac-
cine adjuvant, is believed to involve the depot effect. Therefore, 
the depot effect might also be one of the immune-enhancing 
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mechanisms of nanomaterials, particularly when co-exposed 
with antigens.

As noted earlier, our study showed that the depot effect by 
allergen–SiO2 nanoparticle agglomerates might modulate the 
exposure level of allergens on the skin and could change the 
immune responses, even though these allergen–SiO2 nanoparti-
cle agglomerates could not penetrate the skin (72). In fact, our 
group found that differences in the cutaneous exposure level of 
allergens modulates the level of allergen-specific IgG and affects 
susceptibility to the IgE-mediated allergic response observed in 
other report (77). Therefore, allergen–nanomaterial aggregates 
and agglomerates might modulate immune responses via per-
sistent release of allergen, even though the complexes are not 
able to penetrate the stratum corneum or tight junctions of the 
epidermis. These results suggest that we must examine several 
types of depot effects of complexes between nanomaterials and 
allergens.

THE PROTEIN CORONA, 
NANOMATERIALS, AND COMPLEMENT

As described above, it is important to pay attention to the binding 
of compounds with nanomaterials. It is generally understood that 
nanomaterials could interact with proteins and other biomol-
ecules contained in a biological fluid, when nanomaterials enter 
a biological fluid such as blood. For example, proteins bind to 
nanomaterials to form a coating around the surface known as 
the protein corona; when nanomaterials are mixed with plasma, 
the protein corona forms rapidly (within 30 seconds) (78). The 
protein composition of the corona does not seem to change mark-
edly over time, although the concentration of a specific protein 
in the corona may change (78). Therefore, we must consider the 
possibility that the protein corona is involved in one or more of 
the mechanisms underlying the immunomodulating effects of 
nanomaterials.

The formation of the protein corona is an important factor that 
determines the interactions of nanomaterials with cells. Lesniak 
et al. reported that the protein corona surrounding nanomateri-
als inhibits the adhesion of nanomaterials to the cell membrane, 
resulting in a low internalization efficiency (79). In addition, they 
showed that the protein corona modulates not only the amount 
of nanomaterial taken up into cells but also the intracellular 
localization of nanomaterials within cells. Furthermore, detailed 
examination of the proteins within the corona has suggested 
that not all proteins in the protein corona modulate the cellular 
uptake of nanomaterials. For example, Deng et  al. showed in 
in vitro studies that negatively charged gold nanoparticles bind 
to fibrinogen (80), and that the interaction of gold nanoparticles 
with fibrinogen induces fibrinogen unfolding, which promotes an 
interaction with the integrin receptor, Mac-1, which is expressed 
on macrophages. The binding and activation of Mac-1 induces 
inflammatory responses in macrophages. Therefore, the protein 
corona might contribute to the immunomodulatory effects of 
some nanomaterials. Indeed, if the protein corona of nanoparti-
cles contains complement and coagulation factors, it can induce 
complement activation and blood clotting followed by unwanted 
inflammatory responses (81–84). The complement system not 

only works as an innate immune sensor but also plays an essential 
role as a trigger for inducing adaptive immunity. Although few 
studies have examined whether the protein corona containing 
complement proteins could contribute to the immunomodulatory 
effects of nanomaterials, some studies have suggested strategies 
involving the use of complement activation by nanomaterials as 
an adjuvant for vaccines (85, 86). Reddy et al. designed pluronic-
stabilized polypropylene sulfide nanoparticles with a diameter 
of 25  nm that could strongly activate complement (85). They 
showed that the nanoparticle-conjugated antigen could induce 
antigen-specific immune responses. In the future, the effects of 
complement activation by nanomaterials on the onset of allergic 
responses should be investigated. In addition, few studies have 
systemically examined the relationship between the activation 
of complement and the surface properties of particles, because 
protein binding, including complement binding to nanomateri-
als, is known to depend on the physicality of nanomaterials, 
such as their size and surface properties (87). Elucidation of the 
fundamental rules that govern complement recognition of nano-
materials could help us to better predict the immunomodulatory 
effects of nanomaterials in the future.

IMMUNOMODULATING MECHANISMS OF 
THE ADJUVANT EFFECTS OF PARTICLES

As described above, many nanomaterials have been reported to 
have the potential to enhance adaptive immunity, that is, they 
have adjuvant effects. However, the molecular mechanisms of 
the adjuvanticity of nanomaterials remain largely unknown. 
Many particles besides nanomaterials have been reported to have 
adjuvant effects, such as hemozoin, which is a heme metabolite 
during malaria infection, chitin particles from fungal cell walls, 
and monosodium urate crystals released from damaged cells 
(88–90). Aluminum salt is a well-known particle adjuvant that 
is widely used throughout the world as an adjuvant for human 
vaccines (91). Since aluminum salts are the most studied particle 
with adjuvant effects, we will introduce aluminum salts as a typi-
cal example to summarize the mechanism of adjuvant effects in 
the context of the immunomodulatory effects of nanomaterials.

About one century ago, the usefulness of aluminum, in its 
potassium salt form, as a vaccine adjuvant was described for 
the first time (92). Since this report, several reports have shown 
the adjuvant effects of aluminum salts, especially aluminum 
oxyhydroxide, because aluminum salts induce strong antigen-
specific Th2 immune responses such as the production of IL-4 
and IL-5 and the induction of IgE and IgG1. Nowadays, many 
vaccines formulated with aluminum salts, such as the diphtheria-
tetanus-pertussis vaccine, the pneumococcal conjugate vaccine, 
and hepatitis B vaccine, are approved by the US Food and Drug 
Administration (93). Recently, progress was made in revealing 
the mode of action of aluminum salts, although a large part of the 
adjuvant mechanism remains unclear.

The surface charge of aluminum salts is positive at physiologi-
cal pH and aluminum salts can bind to negatively charged com-
pounds, including protein antigens (94, 95). Therefore, the depot 
effect is thought to play a part in the adjuvanticity of aluminum 
salts. However, some studies have questioned the importance of 
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depot effects in the adjuvanticity of aluminum salts (96–98). For 
example, Hutchison et  al. showed that surgical removal of the 
injection site 2 hours after co-administration of antigen and alu-
minum salts had no effect on antigen-specific immune responses 
in mice (96). Thus, it may be that aluminum salts have additional 
effects that contribute to their adjuvanticity, with the depot effect 
being just one of the underlying mechanisms.

The NLRP3 inflammasome is gaining attention for its role 
in the initial stages of inflammation, such as the production of 
IL-1β and IL-18, which are generated in response to a number 
of diverse particles, including monosodium urate crystal, silica, 
asbestos, and aluminum salts (99–101). Some reports have shown 
that aluminum salts induce antigen-specific IgG1 responses 
that are dependent on the NLRP3 inflammasome (101, 102), 
although other reports suggest that the NLRP3 inflammasome is 
not required for the adjuvanticity of aluminum salts (103, 104). 
This discrepancy might stem from differences in the aluminum 
salts (Imject alum (101, 102) or aluminum hydroxide (103, 
104)) or mice (C57BL/6 (101, 102, 104) or mixed C57BL/6–129 
(103)) used in the studies, and the importance of the NLRP3 
inflammasome for the adjuvanticity of aluminum salts remains 
controversial. Recently, it was revealed that several types of nano-
materials induce NLRP3 activation (105). For example, Simard 
et al. showed in vitro that Ag nanoparticles activate the NLRP3 
inflammasome by inducing the degradation of the ER stress 
sensor ATF-6 (106). In addition, Sun et al. showed that NADPH 
oxidase-dependent NLRP3 inflammasome activation is crucial 
for the lung fibrosis induced by multiwalled carbon nanotubes 
(107). However, few studies have investigated the link between 
the activation of the NLRP3 inflammasome by nanomaterials and 
the induction of adaptive immunity. Detailed studies to test this 
hypothesis are expected.

Recently, Kuroda et al. explained the role of prostaglandin E2 
(PGE2), a well-characterized proinflammatory lipid mediator, 
in the adjuvanticity of aluminum salts (108). Specifically, they 
clarified the importance of aluminum salt-induced PGE2 for 
antigen-specific IgE production, rather than IgG1 production. 
This information will be useful to elucidate the mechanistic basis 
of the aggravation effects of nanomaterials on IgE-related aller-
gies upon co-exposure with allergens.

Recently, aluminum salt-induced cell death was reported to 
be an important function of adjuvanticity. Marichal et al. showed 
that DNA molecules released from dying host cells as a func-
tion of aluminum salt-induced innate immune responses act as 
damage-associated molecular patterns (DAMPs) to effectively 
induce adaptive immunity (109). In addition, Miki et al. showed 
that the interaction of apoptotic host cells, induced by aluminum 
salts, with CD300a, an immunoreceptor for phosphatidylser-
ine, was important for the adjuvant effects of aluminum salts 
(110). Although many reports have examined the cytotoxicity 
of nanomaterials, few have shown the effects on the immune 
system of DAMPs and dead cells induced by nanomaterials. 
In this regard, Rabollil et  al. showed that IL-1α from necrotic 
alveolar macrophages was important for SiO2 nanoparticle-
induced lung inflammation (111), although the importance of 
this IL-1α production for the induction of adaptive immunity 
was not clear. Recently, Kuroda et  al. also indicated that IL-1α 

release from alveolar macrophage death induced by aluminum 
salts contribute to adjuvant activity in the lungs (112). Since LPS 
stimulation induce alveolar macrophage death and IL-1α release 
(113), IL-1α release in the lungs seems an important event for 
immune responses in the lung. In addition, Natsuaki et al. showed 
that IL-1α-induced leukocyte clusters is important for efficient 
activation of T cells in skin (114), suggesting the essential immu-
nological role of IL-1α in skin. Cell death might be required for 
allergic responses in the skin, the precise mechanisms involved 
in cell death in skin after exposure to nanomaterials should be 
investigated.

Many reports have shown the seemingly linear relationship 
between the biological effects of nanomaterials and their size. 
However, several in vitro studies have shown that nanomaterials 
with a diameter of 50 nm induce more cellular uptake or cytotox-
icity compared with their larger and smaller counterparts (115, 
116), suggesting the existence of size-specific nanotoxicity. Yet, 
few reports have shown such size-specific effects of nanomateri-
als in vivo. Therefore, further studies are needed to elucidate the 
size-specific immunomodulating mechanisms of nanomaterials, 
which might be different from those of aluminum salts.

FUTURE PROSPECTS AND CONCLUSION

It is difficult to judge whether topical application of nanomateri-
als to healthy skin poses a risk for disruption of immune homeo-
stasis, because most nanomaterials cannot penetrate healthy 
skin. On the other hand, there is an urgent need to identify the 
potential of nanomaterials to cause sensitization either directly or 
via co-exposure with substances in people with allergic diseases 
and damaged skin. In this regard, there are many unresolved 
problems.

Recently, new information surfaced regarding the relationship 
between commensal bacteria and the host’s immune system: the 
commensal bacteria on the skin may in fact influence the host’s 
immune system (117, 118). For example, microbial diversity on 
skin is known to be markedly reduced in patients with atopic 
dermatitis, and treatment could restore this diversity (119). 
Therefore, we may need to consider both the direct effects of 
nanomaterials on the microbiota on skin and the indirect effects 
of nanomaterials on host immune systems via changes in the 
diversity and composition of the microbiota on skin. In addi-
tion, most bacteria have pathogen-associated molecular patterns 
(PAMPs), which are ligands of pattern recognition receptors, such 
as Toll-like receptors, Nod-like receptors, RIG-I-like receptors, 
and C-type lectin receptors (120). PAMPs could induce innate 
immunity, mediated by macrophages and dendritic cells, and 
activate innate immunity, such as the production of cytokines and 
chemokines, to induce effective adaptive immunity. Therefore, we 
need in-depth studies of the co-exposure effects of PAMPs and 
nanomaterials, in addition to the effects of DAMPs.

A range of toxicological studies have been conducted assessing 
various physicochemical characteristics of nanomaterials, such 
as particle size, surface charge, surface hydrophobicity, particle 
shape, and states of agglomeration and aggregation. However, the 
results have been inconsistent to date and definitive rules cannot 
yet be established. Systematic information about the relationships 
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among the physicochemical properties and biological effects of 
nanomaterials is still lacking.

Recent studies have revealed that particle-induced immune 
responses are involved in pathological processes of chronic 
inflammation such as allergy. It is not too much to say that the 
skin is the immune sentinel of our tissues. However, the underly-
ing mechanisms of the effects of nanomaterials are not fully 
understood. To establish rules governing the contributions of 
nanomaterials to allergic responses, we need more information, 

including an understanding of the molecular mechanisms of 
action of nanomaterials. These future studies could promote ways 
for us to live in harmony with nanomaterials. Furthermore, such 
studies would provide useful information to improve the safety 
and efficacy of nanomaterials used in skincare.
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The type 2 immune response is an adaptive immune program involved in defense against 
parasites, detoxification, and wound healing, but is predominantly known for its patho-
physiological effects, manifesting as allergic disease. Engineered nanoparticles (NPs) are 
non-self entities that, to our knowledge, do not stimulate detrimental type 2 responses 
directly, but have the potential to modulate ongoing reactions in various ways, including 
the delivery of substances aiming at providing a therapeutic benefit. We review, here, the 
state of knowledge concerning the interaction of NPs with type 2 immune responses 
and highlight their potential as a multifunctional platform for therapeutic intervention.

Keywords: allergy, immunomodulation, immunotherapy, nanomedicine, nanoparticles, parasite infection, vaccine, 
wound healing

NANOMATERIALS AND TYPE 2 IMMUNE RESPONSES

Upon contact with non-self entities, the adaptive immune system decides between one of three 
response programs. The tolerance program, orchestrated by regulatory T cells (Treg), ensures that 
no defense is initiated against harmless agents. If pathogens are identified, the adaptive immunity 
chooses between two main types of defensive responses (1). The first branch, a type 1 response, is 
characterized by the rapid removal of pathogens by macrophages and neutrophils, mediated by  
T helper 1 (TH1) and TH17 cells, which release pro-inflammatory cytokines, such as interferon 
(IFN)-γ and interleukin (IL)-12. Type 1 responses are integrated seamlessly with inflammatory 
reactions. The role of inflammation and type 1 responses in the context of exposure to nanoparticles 
(NPs) is discussed elsewhere in this volume.

The second defensive branch, type 2 immunity, involves the key cytokines IL-4, IL-5, IL-13, and 
different types of immune cells, such as basophils, eosinophils, mast cells, anti-inflammatory (M2) 
macrophages, and TH2 cells (1). This type of response is often connected to parasitic infections, later 
stages of the wound healing process, and to chronic inflammatory conditions, such as asthma and 
allergy (2). Of note, some NPs are known to modulate type 2 immune responses (3). This review 
covers applications of NPs in the context of type 2 immune responses, such as parasitic infections, 
wound healing, and allergy, with a special focus on therapeutic approaches.

PARASITIC INFECTIONS

Ancestral populations can be assumed to have been constantly subjected to parasite infections. Hence, 
macroparasites have played a large role in the evolution of type 2 immune responses. One particular 
purpose of type 2 responses is to limit the parasite load and is done so, via immunoglobulin (Ig)E  
type antibodies and effector cells (4). Parasitic diseases continue to be a serious health problem in 
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large areas of the world (5). Unfortunately, there are currently 
no studies regarding coexposure to parasites and nanomaterials. 
However, nanomedical approaches have been investigated for 
vaccination, diagnosis, and therapy of parasitic diseases (6–8). 
Some studies have looked specifically at a shift between type 1 
and type 2 responses, as indicated by characteristic cytokines and 
antibody isotypes. In particular, numerous nanomedical studies 
concerning malaria have been performed, including studies 
about the response type (7). For example, self-assembled protein 
NPs were used to vaccinate mice with Plasmodium sp. antigens, 
resulting in the development of protective type 2 responses (9).

In contrast, chondroitin nanocapsules upregulate TH1 
cytokines and downregulate TH2 cytokines in hamsters, leading to  
enhanced doxorubicin-induced apoptosis that eradicates infec-
tion with Leishmania donovani (10). Similarly, the host response 
of mice against L. donovani was supported by artemisinin-loaded 
NPs that shifted the cytokine profile from type 2 to type 1 (11). 
This corresponds to the conventional view that Leishmania, 
like other microparasites, is promoted by type 2 responses and 
controlled by type 1 responses. However, it should be borne in 
mind that careful analysis of this mouse model has revealed that 
the prototypic TH2 cytokines IL-4 and IL-13 can contribute to 
either the control or the exacerbation of disease (12). It is, thus, 
not always clear which role type 2 responses play in relation to 
specific parasites. NP adjuvants contribute to effective vaccina-
tion of mice against Angiostrongylus costaricensis and of pigs 
against Trichinella spiralis, but they do this by supporting a type 1  
response in the first case and a type 2 response in the second 
(13, 14). Altogether, it is clear that NPs can influence the type of 
immune response toward a challenge, with either detrimental or 
protective effects for the host.

WOUND HEALING

Wound healing is a natural process that repairs and regenerates 
damaged tissues, for example, in the skin (15), lung (16), or 
intestine (17). Numerous therapies have been developed to accel-
erate this process, involving, for example, pharmaceutics, stem 
cells, electrical stimulation, negative pressure, light, or radiation  
(15, 18–21). Furthermore, NPs, especially those with antimicro-
bial properties, are considered as valuable tools in accelerating 
the wound-healing process (22). Silver (Ag) was used for its 
antibacterial properties since the Roman empire, and nowadays, 
numerous therapeutical products containing ionic Ag or Ag 
NPs are on the market (22, 23). Several publications review the 
beneficial effects of ionic nanoparticulate Ag in wound healing 
(22, 24, 25). An earlier animal study by Tian et al. (26) showed 
that Ag NPs accelerate healing and improve cosmetic appearance 
of wounds in a dose-dependent manner. By analyzing bacterial 
growth and cytokine profiles in wound sections, the authors 
demonstrated the antimicrobial and anti-inflammatory potential 
of Ag NPs. Microbially synthesized Ag NPs enhanced wound-
healing efficiacy in rats (11, 27, 28). Using a transforming growth 
factor (TGF)-β receptor inhibitor, Li and coworkers proposed the 
activation of the TGF-β1/Smad signaling pathway as a mechanism 
of wound-healing enhancement by polyvinylalcohol/chitosan 
oligosaccharide Ag nanofibers (29).

Gold (Au) NPs were successful in acceleration of wound 
healing in combination with photobiomodulation therapy in rats  
(15) or in combination with the antioxidants epigallocatechin gal-
late (EGCG) and α-lipoic acid (ALA) in mice (30). The observed 
decrease of CD68 expression and increase of SOD1 expression 
around the wound area suggest that anti-inflammatory as well 
as antioxidative effects of the Au NP/EGCG/ALA mixture play a 
role in increased wound-healing efficiency (30). The inflamma-
tory reaction in wounded skin of rats was investigated in a recent 
report. Phytochemically stabilized Au NPs accelerate wound 
healing in a process that involves alteration of the amounts of 
TGF-β1, vascular endothelial growth factor (VEGF), and the 
number of mast cells in the wounded skin sections compared 
to vehicle controls (31, 32). These observations indicate an 
involvement of the particles in type 2 immune functions dur-
ing the healing process. A different approach for wound healing 
with Au NPs in diabetic mice, showed that spherical nucleic 
acid–Au NP conjugates efficiently to downregulate target genes 
in diabetic mice. Thus, resulting in full wound closure occurring 
within 12  days, compared to control wounds which were only 
50% closed (33).

Aside from Ag and Au, other types of NPs, such as selenium 
(34), zinc oxide (35), copper oxide (36, 37), iron oxide (38), or 
polymeric NPs (39), were shown to be beneficial for wound heal-
ing (Table 1). Thereby, the beneficial effect is either a result of 
the NPs properties alone (i.e., antibacterial effects) or a combined 
result of the NPs with other substances. For example, TiO2 NPs 
have been shown to enhance the wound-healing potential of chi-
tosan (40), which is used as wound dressing material (41) and is 
currently commercially available (42). Some caution may be nec-
essary when using very high concentrations of chitosan leading to 
a highly positively charged NP surface, as recently demonstrated 
in a study involving Au NPs (43). Increased uptake by phago-
cytic cells and an enhanced pro-inflammatory response were 
determined, rendering chitosan coating exceeding an optimal 
range counteractive for wound healing. Chitosan-based copper 
nanocomposites accelerate wound healing in rats by modulation 
of different cytokines and growth factors. The upregulation of 
VEGF, TGF-β1, and IL-10 as well as the downregulation of tumor 
necrosis factor α (TNF-α) indicate a shift toward type 2 immunity. 
An interesting approach using biodegradable NPs was published 
by Galili (44), who demonstrated that α-Gal NPs can accelerate 
the process of wound healing. The mechanism involves binding 
of natural anti-α-Gal antibodies to the multiple α-Gal epitopes, 
which then present on the NPs resulting in complement activa-
tion, recruitment, and activation of macrophages, which leads to 
tissue regeneration (44, 45). A summary of current therapeutic 
approaches for NPs is given in Table 1.

ALLERGY

Allergy and asthma represent a global public health concern in  
developed countries, with a steady increase also occuring in 
emerging countries. According to the World Health Organization, 
approximately 300 million people worldwide are currently suf-
fering from asthma, with a rising trend to increase up to 400 
million by 2025 (85). Allergic diseases include the various forms 
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TABLE 1 | Selected therapeutic nanoparticle (NP)-based approaches in the context of type 2 immune responses at different stages of development.

Nanomaterial type Therapeutic benefits Reference

In clinical practice

Inorganic NPs
Silver Most widely used NPs in wound healing due to their antimicrobial and anti-inflammatory properties.  

Several products already on the market
(22–24, 26)

Organic/biodegradable NPs
Glatiramer acetate Prolonged onset and reduced transition from relapsing remitting to progressive multiple sclerosis (46, 47)
Lipids T cell inhibition and immunosuppression by encapsulating sirolimus into nanostructured lipid carriers (48)

In clinical studies

Organic/biodegradable NPs
l-leucin-l-glutamate copolymers Enhanced depot effect for insulin upon subcutaneous injection (49)
Polyethylene glycol (PEG) Anti-tumor necrosis factor α antibody fragment against rheumatoid arthritis and Crohn’s disease (50)
Calcium phosphate Enhanced depot effects for various drugs (51)
Poly-l-lysine dendrimer Antimicrobial protection from genital herpes and HIV infection (52)
Virus-like particles (VLPs) VLPs derived from Qbeta bacteriophages filled with CpG-DNA and filled with house dust mite extract, 

 respectively, conjugated with Der p 1 peptide
(53, 54)

In development/basic research studies

Inorganic NPs
Gold Successful acceleration of wound healing in combination with photobiomodulation therapy, antioxidants,  

or nucleic acids

Phytochemically stabilized Au NPs accelerate wound healing altering the amounts of transforming growth factor

Plasmodium falciparum antigen Pfs25 or Yersinia pestis F1

(15, 30–33, 
55, 56)

Cerium oxide Acceleration of the wound-healing process by enhancement of the proliferation and migration of fibroblasts, 
keratinocytes, and vascular endothelial cells

(57)

Selenium Shortening of healing duration of artificial wounds in Wistar rats (34)

Zinc oxide Castor oil/chitosan-modified ZnO NPs increase wound-healing efficacy in rats (35)

Copper oxide Enhanced wound-healing activity of CuO NPs by inhibiting pathogenic bacteria surviving in the wound sites (36, 37)

Acceleration of wound healing by chitosan-based copper nanocomposites involves a type 2 shift of immune 
response

Iron oxide Thrombin-conjugated magnetic γ-Fe2O3 NPs enhance wound healing in rats (38, 58)

Reeducation of TAMs from M2 toward M1 phenotype by FDA-approved ferumoxytol

Titanium dioxide TiO2 NPs enhance wound-healing potential of chitosan (40)

Fullerene Induction of dendritic cells (DCs) maturation and activation of TH1 immune response using [Gd@C82(OH)22]n  
fullerene NPs

(59)

Silica Boost of vaccine immune response against influenza virus (60, 61)

Lysozyme-loaded mesoporous silica NPs (nanopollens) with long-term antibacterial effects tested  
in ex vivo small intestine models

Carbon nanotubes (CNTs) Plasmodium vivax AMA-1 N-terminus peptide–CNT conjugate delayed parasitemia in infected  
Plasmodium berghei mouse model

(62)

Organic/biodegradable NPs
Chondroitin Doxorubicin-loaded chrondroitin nanocapsules eradicate infection with Leishmania donovani in hamsters (10)

Polyglutamic acid (PGA) Timothy grass pollen extract-loaded PGA NPs as delivery vehicle to DCs (63)

Poly-d,l-lactic-co-glycolic acid (PLGA) Inhibition of TH2 immune response and airway inflammation in mice (11, 64–71, 
72)Treatment for autoimmune disease by induction of antigen-specific tolerance using myelin bound to NPs

Reprogramming of TAMs by rabies virus glycoprotein peptide-loaded paclitaxel-carrying NPs in a mouse  
glioma model

CpG/peanut extract-PLGA enhance peanut-specific immunotherapy

Bet v 1-loaded PLGA NPs improve efficacy of allergen-specific immunotherapy (AIT) by downregulating ongoing 
TH2 response in mouse models

Ole e 1-loaded PLGA (<2 μm) microparticles as vehicle for AIT

Oral administration of major Chenopodium album pollen allergen Che a 3-PLGA downregulates TH2 response in 
mouse model

Artemisinin-loaded PLGA NPs showed superior antileishmanial efficacy compared to free artemisinin in a mouse 
model and shifted cytokine profile from type 2 to type 1

Successful M cell targeting with birch pollen allergen-loaded PLGA NPs specifically functionalized with Aleuria 
aurantia lectin

Polymethylvinyl ether-co-maleic 
anhydride (PVM-MA)

Ryegrass pollen extract-loaded PVM-MA NPs as adjuvant for AIT (73)

(Continued)
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Nanomaterial type Therapeutic benefits Reference

PEG Self-assembled PEG-dendrimer efficiently delivered and increase anti-inflamatory effect of dexamethasone in 
allergic airways inflammation

pH-sensitive PEG nanocarriers for grass pollen and house dust mite allergen encapsulation and controlled  
release from DCs

(74, 75)

Chitosan Local nasal AIT with house dust mite-chitosan vaccine in mouse asthma model

Intranasal AIT with immunodominant Der p 1 epitope reduced allergen-specific T cell reactivity and interleukin  
(IL)4 and IL5 levels in brochnoalveolar fluid of sensitized mice

Oral DNA vaccine of house dust mite allergen Der p 1 formulated with chitosan NPs

Induction of TH1 immune response by DNA vaccine of Der p 2 with chitosan NPs

Oral gene delivery of chitosan-formulated NPs in peanut-allergic mouse model with additional induction  
of mucosal dimeric allergen-specific immunoglobulin A

(76–80)

Polyanhydride NPs Intradermal immunization of mice with polyanhydride NPs loaded with peanut proteins induced strong  
mixed TH1/TH2 immune response (immunostimulant)

(81)

Polyacrylic acid Antibacterial activity of poly-phospoester-based Ag-loaded NPs in lung infections (82)

Protamine NPs Liposome–protamine–DNA NPs induced strong TH1 response upon subcutaneous AIT in Chenopodium album-
sensitized mouse model

(83, 84)

Protamine-based NPs (proticles) with CpG complexed with Ara h 2 extracted from raw peanuts induced  
strong TH1 response upon subcutaneous AIT in mice

Self-assembled protein NPs (SAPN) SAPN used to vaccinate mice with Plasmodium sp. antigens achieved delayed parasite motility and  
complement lysis

(9)

Immunostimulatory complexes  
(ISCOMs)

Effective intranasal immunization of mice against Angiostrongylus costaricensis with ISCOM formed by a  
synthetic pph 1 peptide linked to cholera toxin adjuvanted with saponin/phospholipids/cholesterol NPs

(14)

α-Gal NPs Tissue regeneration induced by macrophages activated through binding of natural anti-α-Gal antibodies  
to multiple α-Gal epitopes present on the NPs

(44, 45)

TABLE 1 | Continued
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of asthma, rhinitis, conjunctivitis, angioedema, urticaria, eczema, 
eosinophilic disorders, such as esophagitis and life-threatening 
anaphylaxis, as in the case of food, insect venom, or drug aller-
gies. Patients with allergic diseases have a significantly reduced 
quality of life, and even milder forms such as allergic rhinitis have 
a significant economic impact (86). Globally, allergic diseases 
affect 20–30% of the population, and in the developed countries 
sensitization rates of up to 50% have been reported (87).

Allergy is defined by IgE reacting specifically with non-
pathogenic environmental proteins, thus, being defined as 
allergens (88). Presence of allergen-specific IgE in the blood of 
affected individuals resulting from an overshooting TH2-driven 
immune response, is hence the hallmark of being sensitized (89). 
The sensitization process is intiated upon first contact where 
a variety of potential functions of allergens may be involved 
(90–98); however, the overall mechanism of allergic sensitization 
still remains to be fully established. As potential risk factors, 
nutrition, and hygiene have been described (99). Upon second 
contact with the allergen, specific IgE-loaded allergic effector cells,  
i.e., tissue-resident mast cells and peripheral blood basophils, 
degranulate due to IgE receptor cross-linking and release vasoac-
tive mediators (histamine, tryptase, etc.). During this process, 
being termed the effector function, the typical allergic symptoms 
emerge, including vasodilation and permeation resulting in 
swelling, itching, and redness, characteristic of the wheal and 
flare reaction in rhinoconjunctivitis. Furthermore, effector cells 
initiate the secretion of lipid mediators (leukotrienes) and cyto-/
chemokines leading to bronchoconstriction, mucus production, 
intestinal hypermotility, as in the case of more severe forms, 
such as anaphylaxis (88). Furthermore, eosinophil infiltration, 

chronicity, and amplification of the allergic response can lead to 
tissue remodeling, a characteristic of asthma (100).

Presently, few studies investigating the potential sensitization-
aggravating effects of particulate matter itself or NP-associated 
allergens exist (101–103). Historically, research was conducted 
on combustion-derived particles as reviewed recently (104, 105).  
The interaction of allergens with engineered NPs, such as Au, 
Ag, ZnO, TiO2, SiO2, may arise at sites where such materials 
are handled, so risk of disease-aggravating conditions can be 
expected in occupational settings. Studies in mice have addressed 
the pro-allergic potential of Au, TiO2, and SiO2 NPs in contact 
hypersensitivity. Such reactions are characterized by a T  cell-
mediated delayed-type adverse response without the presence 
of allergen-specific IgE or airway hyperresponsiveness with 
eosinophil infiltration, mucous cell metaplasia, and elevated 
type 2 cytokine secretion (106–108). Graphene nanosheets and 
multiwalled carbon nanotubes (MWCNTs) have been shown to 
induce a TH2 immune response in mouse models when adminis-
tered intravenously (109). While in human in vitro studies includ-
ing fullerene or MWCNTs contrasting results were reported  
(110, 111). Human skin-derived mast cells and peripheral blood 
basophils exhibited a significant inhibition of IgE-dependent 
mediator release by fullerene. Furthermore, MWCNTs were 
shown to inhibit allergen-induced type 2 cytokine secretion by 
peripheral blood mononuclear cells from house dust mite-allergic  
individuals, emphasizing the pro-inflammatory potential of 
MWCNTs which has recently been reviewed (112). In line with 
these reports, MWCNTs have been shown to suppress humoral 
immune effects in mice by a mechanism involving the activation 
of cyclooxygenases in the spleen in response to signals from 
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lung (113). Accordingly, iron oxide NPs were shown to attenuate  
serum levels of OVA-specific IgG1 and IgG2a in mice (114). 
Protein corona formation represents a paradigm when studying 
the biological effects of NPs and it is well accepted that pro-
tein–NP interactions may alter the proteins’ 3D structure and 
hence epitope integrity (115). In the context of type 2 immune 
effects, IgE epitope integrity is essential. Following this ration-
ale, allergic disease-modulating effects were investigated upon 
interaction of three major inhalant allergens with Au NPs (116). 
This study showed that increased, decreased, or similar aller-
genic responses may be observed, presumably depending on the 
orientation and accessibility of the IgE epitopes of the allergens 
bound to the NPs.

Not only material composition has an influence on the type of 
immune response but the particle size of the same material can 
also be decisive upon inducing either a type 1 or a type 2 immune 
response. Bigger particles (>100 nm) are more prone to induce 
a type 2 response, in comparison to smaller particles (~50 nm) 
that rather induce a type 1 response (117, 118). Wen et al. showed 
that NPs were also able to induce both a TH1 and a TH2 response 
equally when using chitosan NPs in combination with ovalbumin 
in mice (119). The immune responses elicited by different NPs 
can be diverse and are highly dependent on material and size of 
the particles.

During the past two decades much progress has been made in 
the field of molecule-based diagnostics, also termed component-
resolved diagnostics (CRD), with the development of two types of 
serological tests involving purified natural or recombinantly pro-
duced allergen molecules, coated to particles (ImmunoCAP™) or 
a glass surface (ISAC™) (120–122). The higher predictive value 
of CRD compared to extract-based methods has been appreciated 
by clinicians (123, 124). These two large studies advocate that CRD 
improves the decision-making process during the prescription of 
allergen-specific immunotherapy (AIT) due to its high specificity. 
AIT has been described >100 years ago and still remains the only 
effective treatment against allergy resulting in a shift from a type 2 
immune response toward a tolerogenic state, which is character-
ized by the key cytokines IFN-γ, IL-10, and TGF-β and produc-
tion of allergen-specific IgG4 blocking antibodies (125–127). The 
potential of NPs being used for allergen therapeutics emerged 
from adjuvants which will be discussed next.

ADJUVANTS

The idea to use adjuvants to aid in vaccination was established 
due to the finding that a higher specific antibody titer can be 
induced by an abscess at the site of inoculation (128, 129). 
Adjuvants comprise different classes of compounds, including 
microbial substances, mineral salts, emulsions, or microparticles, 
displaying potentiating and/or modulating effects on the human 
immune system, and they have even been quoted as “dirty little 
secrets of immunologists” (130, 131). The main desired effects of 
adjuvants in therapy or vaccination can be broken down into two 
groups. On the one hand they function as delivery vehicles of the 
active pharmaceutical ingredient (API) to antigen-presenting 
cells (APCs), like dendritic cells (DCs) and macrophages. On 
the other hand, they induce an immune potentiation effect that 

is achieved by activation of the APCs through specific receptors, 
thus creating an inflammatory context (132). Adjuvants have to 
be safe in formulation, stable during storage, easily expelled 
from the body, either by being biodegradable or by efficient 
excretion, and furthermore, the costs of their production should 
to be low (133).

Aluminum hydroxide or alum has been in use as an adjuvant 
from as early as 1926 (134), widely used in vaccination ever since 
(135). Its clinical function also involves innate mechanisms estab-
lished for recognition of crystals based on NLRP3 inflammasome 
activation (136). In the last two decades, the research into new 
adjuvants has increased, but many new adjuvants fall prey to local 
or systemic toxicity and are not suitable for the use in humans 
(137). A possible new approach is the use of nanosized inorganic 
or organic particles as an efficient antigen delivery vehicle  
(138, 139). Additional advantages of using NPs as adjuvants are 
that they can incorporate several desired effects of an adjuvant 
in one substance. They may (i) confer a depot function with 
enhanced abundance in the tissue/circulation, (ii) function as 
a delivery vehicle by binding the APIs and delivering them to 
the APCs, and (iii) be able to induce immunostimulatory effects 
(140). It has been demonstrated that different kinds of NPs rang-
ing from inorganic NPs, like silica (60, 141) and gold (142), over 
lipids (143) to biodegradable polymeric particles (144, 145) show 
adjuvant potential. For some NPs the adjuvant effect is greater 
than that of alum (138, 141, 146).

Due to their unique properties, NPs readily bind substances 
like proteins, peptides, and nucleic acid vaccines (147). Those 
conjugates have been shown to be taken up by APCs (146, 148), 
and thus NPs are able to deliver the APIs to the APCs. The immune 
stimulatory effect of NPs has been shown, for example, using 
poly-γ-glutamic acid NPs and DCs (148), which facilitates the 
second major requirement for adjuvants—to provide a costimula-
tory signal for initiation of an immune response. Keeping all that 
in mind, several types of NPs bear the potential to act as efficient 
adjuvants in formulation.

NPs—A POTENTIAL MULTIFUNCTIONAL 
PLATFORM FOR INTERACTIONS WITH 
THE IMMUNE SYSTEM

In addition to spontaneous interactions of proteins (or other 
biological substances) with NPs, engineered nanomaterials may 
form a platform where various functions of different chemical 
entities may be combined intentionally (Figure 1). It should be 
stated here that in particular for nanomedical approaches the 
strict nano definition by “ISO/TS27687:2008 Nanotechnologies—
Terminology and definitions for nanoobjects—NP, nanofibre and 
nanoplate” confining NPs for a size range up to 100 nm is often 
relaxed. Therefore, nanomedicines usually list substances of 
particulate matter in the submicro size range. The surface of NPs 
can be functionalized covalently with specific ligands including 
antibodies and fragments thereof or other immunologically 
active proteins, such as allergens. Other ligands may include 
peptides, nucleic acids such as immunostimulatory CpG-DNA, 
small inhibitory (si-)RNAs, aptamers, carbohydrates, and other 
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FIGURE 1 | Nanoparticles (NPs) used as a potential multifunctional 
nanomedical platform to facilitate three roles in therapeutic use. The 
numbers represent different types of NPs: 1, liposomes; 2, biopolymers;  
3, inorganic NPs; 4, nanoemulsions; 5, dendrimers. Active pharmaceutical 
ingredient (API); for symbolizing protein APIs the 3D structure of Der p 1,  
the major house dust mite allergen (PDB entry 3f5v) was used; LPS, 
lipopolysaccharide; TLR, Toll-like receptor; TH1, T helper 1 cells.
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biomolecules [vitamin D3 or toll-like receptor (TLR) ligands]. 
Such NP conjugates may mediate (i) efficient delivery, i.e., cellular  
targeting and uptake, (ii) mucosal adhesion, penetration, and 
retention, or (iii) immunostimulatory or modulatory effects. 
Applied in a well-controlled manner, these ligands modify and 
can thus be used to opimize the safety profile, specificity, and 
efficacy of a vaccine candidate.

NPs Mediate Efficient Delivery
Anticytokine therapy has been recognized since the early 2000s 
(149, 150), and a number of approaches are in the clinic or the 
pipeline. Examples include antibodies to counteract the effects 
of TNF-α or IL-1β in inflammatory bowel disease, rheumatoid 
arthritis, psoriatic arthritis, ankylosing spondylitis, and athero-
sclerosis. Such antibodies work via shifting the immune response 
from TH1 or TH17 toward TH2 (151, 152). Polyethylene glycol has 
been regarded as a nanomedical proponent which due to its non-
degradable properties under physiological conditions confers a 
prolonged circulation time of the co-delivered API (153, 154). 
During AIT, clinical efficacy of a vaccine has to be counterbal-
anced by a well-defined safety profile of the whole formulation, 
i.e., API and adjuvant (155). Therefore, the “hypoallergen concept” 
emerged where substances with reduced IgE-binding capacities 
were used. By genetic engineering or chemical modification 
(allergoids) the IgE-binding epitopes were disrupted, and hence, 
higher amounts could be administered at lower risk of side-
reactions (156–162).

NPs Enable Mucosal Adhesion, Tissue 
Retention, and Penetration
Among the aforementioned ligands, carbohydrates may establish 
specific as well as non-specific interactions with the human 
immune system. Therefore, these hydrophilic moieties represent 
attractive functionalizations for enhanced mucosal delivery via 
the oral, nasal, or dermal routes of application. Upon adhesion 
with the mucosal or intradermal tissue, prolonged retention may 
result in a more effective presentation to immunocompetent 
cells in the dedicated lymphoid tissues (163, 164). Using NPs as 
a platform for additionally introducing mucoadhesive ligands 
can improve sublingual AIT, which have been shown effective in 
ovalbumin-sensitized mouse models (165–169). Table 1 provides 
a list of potential candidate approaches based on specific (upon 
binding to lectins) and non-specific (upon hydrophilic interac-
tions of chitosan with mucins) carbohydrate recognition aiming 
at enhanced efficacy of AIT.

NPs for Immunostimulation and 
Modulation toward TH1
The response of the immune system against internal or external 
stimuli can be categorized into two reactions, stimulation or 
suppression (170). It is possible to push the response either to 
stimulation or suppression, and this regulation can be used in 
therapeutic treatment (171, 172). An immune stimulation may be  
desired for increasing vaccination or cancer treatment efficacy. 
On the contrary, undesired effects of immune stimulation can 
result from interactions of leukocytes with NPs (173–175). 
These may include IFN response, lymphocyte activation, and 
cytokine storm, leading to severe off-target effects limiting the 
therapeutic efficacy. Immunosuppression, as observed for inhaled 
MWCNTs in a mouse model (113), is desired for treatment of 
hypersensitivities like allergies or autoimmune diseases or in the 
context of organ transplantation for preventing organ rejection  
(172, 176, 177). The downside of suppression is that it may lead 
to an attenuated defense state of the body facilitating infections 
and cancerous diseases.

The interactions with NPs do not only lead to stimulation 
or suppression of the immune response but also influence the 
type of immune response. Both the ability to deviate an immune 
response from a type 2 to a type 1 response as well as a bias 
for different types of responses have been described for NPs. 
Reeducation of tumor-associated macrophages from M2 toward 
M1 phenotype by NP-mediated induction of pro-inflammatory 
responses was found effective using the FDA-approved iron oxide 
NP compound ferumoxytol (58). Similar effects were observed 
with rabies virus glycoprotein peptide-loaded paclitaxel-carrying 
biodegradable poly-d,l-lactic-co-glycolic acid (PLGA) NPs in  
a mouse glioma model, and notably, even crossing of the blood–
brain barrier was achieved (66, 178). These polarizing effects may 
be due to an uptake preference reported for type 2 compared to 
type 1 macrophages (179). A modulation in immune response 
was observed using PLGA NPs which were able to downregulate 
an ongoing TH2 response in an allergic BALB/c mouse model 
(68). Additionally, PLGA NPs have been used to induce a TH1 
response when delivering the TH2-biased peptide hepatitis B 
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surface antigen (180). A potential therapeutic use for PLGA NPs 
coated with CpG-DNA (TLR9 ligand) and peanut extract was 
demonstrated when peanut-allergic mice treated with the NPs 
were protected from anaphylaxis upon challenge and lower levels 
of TH2 cytokines were measured compared to untreated mice 
(67). Other possible candidate ligands acting as danger signals 
providing immunodeviation into type 1 include lipopolysac-
charide, monophosphoryl lipid-A, cholera or E. coli toxins, or 
flagellin (181–187). Table 1 gives an overview on nanomedical 
immunomodulatory approaches in particular in respect to AIT, 
which have recently been reviewed elsewhere (188).

CONCLUDING REMARKS

As for other mechanisms of the immune system (inflammation, 
type 1 response, tolerance), NPs can modulate type 2 responses 
in different ways. It is a task for the community, working at the 
border between immunology and nanotechnology, to understand 
the parameters leading to NP induced up- or downregulation of 

type 2 responses. Understanding of such concepts could enable 
the prediction of the outcomes of human exposure to NPs.
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The development of stable and long-circulating liposomes provides protection of the 
drug cargo from degradation and increases tumor drug delivery, leading to the design 
of liposome formulations with great potential in cancer therapy. However, despite the 
sound pharmacologic basis, many liposomal as well as other nanoparticle-based drug 
formulations have failed to meet regulatory criteria for approval. The question that arises 
is whether we have missed key liposome–host interactions that can account for the gap 
between the major pharmacologic advantages in preclinical studies and the modest 
impact of the clinical effects in humans. We will discuss here the nanoparticle–immune 
system interactions that may undermine the antitumor effect of the nanodrug formulations 
and contribute to this gap. To overcome this challenge and increase clinical translation, 
new preclinical models need to be adopted along with comprehensive immunopharma-
cologic studies and strategies for patient selection in the clinical phase.

Keywords: liposome, immunosuppression, oncology, doxorubicin, alendronate, immune modulation

INTRODUCTION

In the field of nanomedicine, liposomes are the most common nanocarrier platforms among 
the approved agents and those under clinical investigation. The development of stable and long-
circulating liposomes provides protection of the drug cargo from degradation (1) and increases 
tumor drug delivery by exploiting the enhanced permeability and retention (EPR) effect (2). This has 
led to the design of liposome formulations with great potential in cancer therapy. However, despite 
the sound pharmacologic basis, many of the liposomal drugs as well as other nanoparticle-based 
drug formulations have failed to meet regulatory criteria for approval or have shown modest effects 
in phase 3 clinical studies (3–8). In fact, some of the approvals have been based on reduced toxicity 
rather than increased efficacy. A recent meta-analysis of 14 randomized clinical trials that directly 
compared the anticancer efficacy of liposomal cytotoxic chemotherapy to their conventional “free” 
drug formulation found that liposome encapsulation of drugs did not improve objective response 
rates, progression-free survival, or overall survival in cancer patients (6). This highlights a major 
roadblock: despite the pharmacological advantages of improved drug delivery, liposome-mediated 
therapies have largely failed to increase anticancer efficacy over conventional formulations. Yet, they 
remain attractive delivery platforms due to their ability to considerably improve drug tolerability 
and decrease toxicity in cancer patients. The question that arises is whether we have missed some 
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FIGURE 1 | Cancer regression or progression as a result of complex interactions between the immune, tumor, and carrier-drug systems. PK, 
pharmacokinetics; MOA, mechanisms of action; EPR, enhanced permeability and retention; CARPA, complement activation-related pseudoallergy.
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liposome–host interactions that can account for the gap between 
the major pharmacologic advantages in preclinical studies, on the 
one hand, and the modest impact of the clinical effects in humans, 
on the other hand. We will discuss here the possibility that some 
nanoparticle–immune system interactions may undermine the 
antitumor effect of the nanodrug formulations and contribute to 
this gap (Figure 1).

CLINICAL EVIDENCE OF NANOPARTICLE–
IMMUNE INTERACTIONS

Nanoparticles are known to interact with the innate immune 
system, including the complement system and the mononuclear 
phagocyte system (MPS) to varying extents, and these interactions 
with the immune system have significant clinical consequences. 
They can activate circulating complement proteins (9, 10), lead-
ing sometimes to an infusion reaction known as complement 
activation-related pseudoallergy (CARPA). Blood complement 
activation by pegylated liposomal doxorubicin (PLD) has been 
implicated as the cause of acute infusion reactions in cancer 
patients (11). Importantly, it has been reported that polymer 
nanoparticles that activate the complement system can promote 
tumor growth through generation of C5a (12), a complement 
anaphylatoxin that has been shown to induce tumor growth via 
recruitment of myeloid-derived suppressor cells (MDSCs) (13). 
Nonetheless, the clinical relevance of this is unclear since the 
nanoparticles in these studies were engineered to activate com-
plement, whereas all clinically relevant nanoparticles have been 
designed to limit complement activation. Furthermore, while 

most nanoparticles still activate blood complement proteins to 
some extent, it is not known whether and how much they activate 
complement in the tumor microenvironment.

In addition to the complement system, the MPS is known 
to interact extensively with nanoparticles. The MPS is com-
prised primarily of monocytes and macrophages in the blood, 
spleen, and liver. These cells, especially when activated, have high 
phagocytic capacity and normally function to scavenge and clear 
cellular debris, damaged/apoptotic cells, and foreign materials 
including bacteria, viruses, and nanoparticles. In cancer patients, 
peripheral blood monocyte count was found to correlate with 
PLD clearance rates: a decrease in monocyte count was associ-
ated with a decrease in clearance rate (14), suggesting a direct 
relationship between functionality of the MPS and nanoparticle 
drug pharmacokinetics (PK). This was further supported by a 
subsequent clinical study showing that phagocytic capacity of the 
MPS, as measured by in vivo technetium sulfur colloid uptake, 
correlated with liposome clearance rates in patients (15).

In addition to clearance of debris and foreign particles, the 
MPS also regulates the adaptive immune response through the 
antigen-presentation functions of dendritic cells and can stimu-
late or inhibit T cell proliferation and cytokine responses (16). 
Hence, it is in theory possible for nanoparticle interactions with 
the innate immune system to impact adaptive immunity. For 
example, PLD has been reported to suppress patient sensitization 
and allergic reactions to carboplatin in patients receiving a com-
bination of both the drugs (17), suggesting that PLD liposomes 
may have direct or indirect suppressive effects on lymphocytes. 
However, overall, the interactions between nanoparticles and 
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the adaptive immune system have received comparatively little 
attention in clinical trials of carrier-mediated anticancer drugs. 
One application of nanomedicine that is focused on the adap-
tive immune system is the use of nanoparticles as vehicles to 
deliver antigens and boost their immunogenicity as vaccines. 
The particles used in this context are designed to exploit uptake 
by antigen-presenting cells, mostly dendritic cells, and thereby 
enabling induction of antigen-specific adaptive immunity (18). 
While it is difficult to generalize findings from this field to the 
cancer drug delivery field, it is clear that nanoparticles have  
the potential to modulate immune status at the interface between 
the innate and adaptive immune system.

When considering immunomodulatory carrier-mediated 
effects, one liposome component that stands out is the polyethylene 
glycol (PEG) polymer coating used in many liposomal formula-
tions (19). PEG is well known for reducing immunogenicity (20) 
and for its immunocamouflage properties (21). PEG-modification 
(pegylation) is generally believed to diminish complement acti-
vation responses and evade clearance by the immune system, 
thereby enabling long circulation of nanoparticles (22). However, 
PEG has also been found to induce complement activation in this 
scenario as well (23). In preclinical models, accelerated blood 
clearance (ABC) of subsequent doses of pegylated liposomes 
was observed in animals, and this has been associated with the 
production of anti-PEG antibodies (24). However others have 
attributed the ABC phenomenon to non-specific binding of PEG 
to complement proteins, leading to complement activation and 
subsequent clearance of the particles (25). The clinical relevance 
of these findings is unclear. Preexisting anti-PEG antibodies may 
be present in 56–72% of the general population (26), yet the ABC 
phenomenon has not been reported in humans. Interestingly, 
the opposite effect, decreased clearance of subsequent doses of 
doxorubicin-loaded pegylated liposomes, was seen in cancer 
patients (27). Nonetheless, these reports strongly support a role 
for PEG in the immunopharmacology of liposome-mediated 
drugs and highlight critical gaps in current understanding of 
the mechanisms of PEG–immune interactions in the setting of 
cancer drug delivery.

POTENTIAL IMPACT ON CANCER 
PROGRESSION AND REGRESSION

It is evident that nanoparticle interactions with the immune sys-
tem affect drug tolerability, immunogenicity, and PK. However, 
their impact on anticancer efficacy remains to be elucidated. 
The tumor microenvironment is complex, and tumors are often 
infiltrated by immune cells such as monocytes, macrophages, 
and MDSCs, which are believed to have protumoral functions 
through their inhibition of T  cell antitumor responses and 
enhancement of tumor angiogenesis (28, 29). Interestingly, it 
was recently reported that a pegylated liposomal drug carrier, 
similar to that used in patients, significantly enhanced tumor 
growth in a mouse model of HPV-induced cancer (30). This was 
associated with suppression of antitumor immunity as indicated 
by decreased interferon-γ production by tumor-associated mac-
rophages and cytotoxic T cells, diminished tumor infiltration of 
tumor antigen-specific T cells, and decreased number of dendritic 

cells in tumor-draining lymph nodes. It is important to point out 
that these preclinical studies used an immunogenic tumor model 
and liposomes that did not contain any drug cargo. Therefore, 
the clinical relevance of these findings is uncertain since human 
cancers are not always immunogenic, and liposomes always have 
a drug payload that may affect the immune interactions as well. 
Yet, these data suggest that the tumor-promoting potential of the 
carrier may mitigate the benefits of carrier-mediated drug deliv-
ery and could partially explain why there is often an insufficient 
improvement in the clinical efficacy of liposomal drugs over free 
drugs (4, 5, 7, 31). Clearly, more preclinical and clinical research 
efforts are needed to elucidate the precise mechanisms by which 
nanoparticles interact with immune cells, the consequences of 
this interaction on cancer progression, and the impact of the 
drug cargo as well as the tumor immunologic milieu on these 
carrier–immune interactions.

Importantly, recent studies combining liposomal doxorubicin 
with immune modulatory drugs in mouse models of cancer 
suggest that this strategy can overcome carrier-associated immu-
nosuppression and even result in synergistic anticancer effects. 
Co-encapsulation of doxorubicin with alendronate, an amino-
bisphosphonate with immune stimulatory effects, in a pegylated 
liposome showed greater anticancer efficacy than PLD in immu-
nocompetent mouse tumor models (32). Likewise, combining 
PLD with immune checkpoint inhibitors targeting the PD-1 and 
CTLA-4 pathways also resulted in enhanced anticancer efficacy 
as compared to PLD in immunocompetent mice (33). Notably, 
these combination treatment approaches failed to show improved 
efficacy over PLD in immunocompromised mice, supporting the 
pivotal role of the immune system in determining the efficacy 
of the nanomedicine-based anticancer treatments (33). This host 
effect was much less important in the case of some low molecular 
weight drugs such as doxorubicin and gemcitabine. Moreover, 
all but one mouse with complete tumor response following 
PLD treatment rejected a rechallenge with the same tumor cells, 
indicating that they had become immunized (33). Since these 
observations were done with a cargo of doxorubicin, a drug that 
is well known for often leading to immunogenic tumor cell death 
(34), we cannot make extrapolations to other nanomedicines. 
Nonetheless, clinical trials examining the anticancer efficacy of 
combined liposomal chemotherapy with immune checkpoint 
inhibitor antibodies are clearly warranted.

ARE WE USING THE RIGHT PRECLINICAL 
MODELS?

If indeed the liposome carriers and/or their drug payload have 
immunomodulatory effects, then the use of immunocompetent 
mice is critical for observing the full pharmacologic effect. This 
entails the use of mouse syngeneic tumor models, since allogeneic 
xenografts such as human tumors would not grow in immuno-
competent mice. In the last two decades, there has been a shift to 
models based on human tumor xenografts implanted in immu-
nocompromised mice whether athymic mice (lacking T  cells), 
SCID mice (lacking T and B cells), or Beige mice (lacking natural 
killer lymphocytes), the reasoning being that human tumors will 
be more predictive of the activity of new drugs in the clinic. This 
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is probably the case for low molecular weight drugs, but, when 
more complex systems are used such as nanomedicines, the risk 
of overlooking an important interaction with the immune system 
may override any advantage that a human tumor model may offer 
over a syngeneic tumor, as mentioned above (32, 33).

Among the various immunocompetent mouse models, there 
are important distinctions in global immune status (e.g., balance 
of Th1–Th2 cytokines or M1–M2 macrophages) that may affect 
nanoparticle disposition. The Th1-dominant mouse strains 
such as C57BL/6 and B10D2 have been reported to have slower 
rates of clearance of pegylated 300-nm cylindrical hydrogel 
nanoparticles than the Th2-dominant strains such as BALB/c 
and DBA/2 (35). These differences in clearance were correlated 
with increased M1 macrophage polarization and lower particle 
uptake in Th1-dominant strains, and increased M2 macrophage 
polarization and higher particle uptake in the Th2-dominant 
strains. Likewise, when silica nanoparticles were tested in vitro 
with THP1 cells, an immortalized human monocytic cell line, 
alternatively activated (M2-like) THP1 cells demonstrated 
higher nanoparticle uptake than classically activated (M1-like) 
THP1 cells (36). In contrast, another study found that the uptake 
of pegylated or non-pegylated spherical polystyrene nanoparti-
cles by murine bone marrow-derived macrophages is highest in 
classically activated M1 macrophages, followed by alternatively 
activated M2 macrophages, and lowest in unactivated M0 cells 
(37). There is likely no single ideal mouse model, and selection 
should take into consideration the clinical immune characteris-
tics of the host, type of cancer, and type of nanoparticle that are 
being modeled.

To counter the shortfalls of immunocompromised mice as 
hosts of human tumor xenografts, humanized mouse models, in 
which the immune system of SCID mice is reconstituted with 
human bone marrow, have been developed and are being increas-
ingly used particularly in cancer studies that involve immuno-
therapeutic approaches (38). One step further is the use of 
patient-derived tumor xenografts (39), instead of the commonly 
used human tumor cell lines. The testing of nanomedicines in 
humanized mice is still lagging behind but, conceivably, may 
provide an important insight on the interplay of nanomedicines 
with the human immune system.

Another major tumor model factor affecting the testing of 
nanomedicines is the choice between primary tumor implants and 
metastatic tumors. Given that the EPR effect is the main mecha-
nism for selective accumulation of nanomedicines in tumors (2), 
tumor sites with high or poor EPR will respond differently to 
nanomedicines. This is because the degree of EPR appears to be 
dependent on the tumor type and on the site of tumor growth 
(40). Primary tumor implants, particularly those inoculated 
subcutaneously, recruit new blood vessels for growth and usually 
demonstrate high EPR. Less well known is the degree of EPR of 
orthotopically implanted tumors. However, when hematogenous 
metastases occur either by detachment from primary tumors or 
by intravenous injection, tumor cells form multiple and separate 
colonies in lungs and other organs. These tumor colonies grow 
around well-developed and mature blood vessels of the host 
organ and often derive their blood supply by a process known as 
co-option of normal blood vessels, which results in blood vessels 

less permeable and less responsive to antiangiogenic treatments 
and, consequently, less likely to display the EPR effect (41, 42). 
Clearly, given that the clinical challenge is to treat patients with 
metastases, an effort should be made to include metastatic tumor 
models in the testing of nanomedicines to achieve a better predic-
tion of their potential performance in human cancer (43).

ARE WE USING THE RIGHT CLINICAL 
TRIAL DESIGNS AND ASSESSMENTS?

Most, if not all, clinical studies with liposome-based chemo-
therapy and other nanomedicines have been performed with-
out any attempt to select for those cancer patients with tumors 
that display high liposome uptake. This may have contributed 
to some disappointing clinical results. For example, in the  
phase 3 study of PLD against doxorubicin single agent in 
metastatic breast cancer, no survival advantage was observed 
(4) despite the clear superiority of PLD in animal tumor 
models. Recent studies in mouse models using radionuclide 
SPECT imaging with In111-labeled liposomes and PET imaging 
with Zr89-labeled liposomes admixed with PLD have observed 
that higher tumor uptake of liposomes correlates with greater 
antitumor activity at the individual level (44, 45). These stud-
ies also show a correlation between tumor uptake and tumor 
microvessel density and reveal remarkable heterogeneity in 
liposomal tumor accumulation. Based on the preclinical data, 
one would predict that the efficacy results of clinical studies 
with stable nanomedicines such as PLD could have been much 
improved by selection of a patient population with high EPR 
tumors. By imaging the fate of the nanoparticles, the EPR-
dependent tumor uptake of the drug payload can be predicted 
in each specific case and correlated with the clinical response. 
This would provide direct clinical data to determine whether or 
not selecting patients based on the EPR characteristics of their 
tumor could lead to improved therapeutic benefit of PLD or any 
other nanoparticle-based therapy (46, 47).

Another aspect of nanomedicines that has not been addressed 
in clinical studies is the interaction with the immune system. 
Future clinical studies should incorporate immunopharmacologic 
tests to gain an insight on these interactions. With liposomes, 
immunomodulation can occur at least at two different levels:

	1.	 The CARPA reaction has been described in the preceding 
section of this article. While nanoparticle-induced blood 
complement activation may be common in patients, CARPA 
seldom manifests clinically in patients treated with PLD when 
infusion protocols are carefully followed (11). Nonetheless, we 
do not know the incidence of subclinical complement activa-
tion and whether it may affect the immune system in the local 
tumor environment.

	2.	 Macrophage function is a major factor in liposome clearance. 
Liver and spleen macrophages determine systemic clearance, 
and local tissue macrophages in tumors and other tissues are 
also important scavengers of extravasated liposomes. Based 
on this, peripheral blood monocytes have been proposed as 
a surrogate marker that can predict macrophage-mediated 
liposome clearance (14). Importantly, nanomedicines that 
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suppress or activate macrophages either due to carrier-related 
effects or drug-specific effects may have direct and/or indirect 
consequences blunting or boosting the ultimate antitumor 
effect observed.

FUTURE OUTLOOK

A key roadblock in the development of efficacious cancer thera-
pies is the systemic toxicity of the majority of these agents. Drug 
delivery using nanoparticle carriers has been an important and 
valuable strategy in overcoming this challenge by dramatically 
improving the tolerability of anticancer drugs in patients (48). 
However, this approach has not yet achieved a sound improve-
ment in clinical efficacy as predicted from its pharmacologic 

advantages. We propose that the immune system is a key player in 
the pharmacology of nanoparticle-based therapy, probably more 
so than for conventional low molecular weight drugs, and that 
new understanding of the mechanisms of immune modulation by 
nanoparticles and their associated drug cargo can lay the founda-
tion for future work that will realize the full clinical potential of 
cancer nanomedicines.
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Immunotherapy has a great potential in advancing cancer treatment, especially in light 
of recent discoveries and therapeutic interventions that lead to complete response in 
specific subgroups of melanoma patients. By using the body’s own immune system, it 
is possible not only to specifically target and eliminate cancer cells while leaving healthy 
cells unharmed but also to elicit long-term protective response. Despite the promise, 
current immunotherapy is limited and fails in addressing all tumor types. This is prob-
ably due to the fact that a single treatment strategy is not sufficient in overcoming the 
complex antitumor immunity. The use of nanoparticle-based system for immunotherapy 
is a promising strategy that can simultaneously target multiple pathways with the same 
kinetics to enhance antitumor response. Here, we will highlight the recent advances 
in the field of cancer immunotherapy that utilize lipid-based nanoparticles as delivery 
vehicles and address the ongoing challenges and potential opportunities.

Keywords: lipid nanoparticles, cancer immunotherapy, siRNA therapeutic, tumor microenvironment, cancer 
vaccines

INTRODUCTION

Tumor Immunology
Hundred years after Paul Ehrlich coined the term “magic bullet,” it is well established that the 
immune system can be utilized in the epic battle against cancer. Immune cells possess a unique ability 
to distinguish between cancer and normal cells with reliance on specific expression of cell-surface 
tumor-associated antigens (TAA) or self-antigens. Due to this ability, immune cells can act as “killing 
bullets” that are able to specifically eliminate tumors cells.

The development of a tumor is a dynamic process whereby the immune system not only protects 
against cancer development but also shapes the character of emerging tumors, a process named 
“Cancer Immunoediting.” This complex process can be divided to three phases according to the 
nature of the interaction of tumor cells with the immune system: elimination, equilibrium, and 
escape (1).

In the elimination phase, both the innate and adaptive immune systems detect and destroy 
early tumors (2). Tumor cells express TAA-derived peptides in context of MHC molecules that 
are recognized by TAA-specific-cytotoxic CD8+T-lymphocytes (CTL). Activated CTL and natural 
killer (NK) cells directly induce tumor cell apoptosis and, in addition, release IFN-γ that medi-
ates inhibition of tumor-cell proliferation and angiogenesis. Antigen-presenting cells (APCs), 

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00069&domain=pdf&date_stamp=2017-02-06
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00069
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:peer@tauex.tau.ac.il
https://doi.org/10.3389/fimmu.2017.00069
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00069/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00069/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00069/abstract
http://loop.frontiersin.org/people/401771
http://loop.frontiersin.org/people/22550


98

Mizrahy et al. LNP Based Immunotherapy for Cancer

Frontiers in Immunology  |  www.frontiersin.org February 2017  |  Volume 8  |  Article 69

such as tumor-associated macrophages (TAMs) and dendritic 
cells (DC), take up TAAs from tumor cells debris and present 
their peptides in the context of MHC to TAA-specific CD8+ and 
CD4+T-lymphocytes. Activated CD4+T-lymphocytes produce 
inflammatory cytokines such as, IFN-γ and TNF-α, that can 
both suppress tumor survival and upregulate the expression of 
MHC molecules on the surface of tumor cells. This upregulation 
facilitates the recognition of cancer cells by CTL, which mediates 
their killing mechanism (1, 3).

The equilibrium phase is a balance phase upon which 
tumor progression is still controlled by the immune system; 
however, sporadic tumor cells manage to survive immune 
destruction (1, 4).

In the escape phase, tumors manage to evade immune 
surveillance, begin to grow progressively and establish an 
immunosuppressive tumor microenvironment (TME) (1, 5, 6). 
In this phase, tumor cells acquire the ability to escape from host 
immune response through different strategies; first, tumor cells 
downregulate MHC expression, thus preventing recognition and 
attack by CTL (7). Second, tumor cells upregulate their expres-
sion of immune checkpoints proteins, such as PD-L1 and CD80/
CD86, which ligate the negative co-stimulators PD1 and CTLA4 
on the T-lymphocyte’s membrane. This results in attenuation of 
T-lymphocytes activation (8, 9). Furthermore, tumor cells induce 
the infiltration of other cell types (fibroblasts, endothelial, and 
immune cells) and instruct them to establish TME that promotes 
tumor progression (10). For example, infiltration of regulatory 
T-cells (Tregs) into the TME inhibits CTL (11). Finally, tumor cells 
encourage cells in TME to release anti-inflammatory cytokines, 
such as IL-10 and TGF-β. These cytokines suppress the ability 
of resident immune cells to act against tumor cells, prevent the 
recruitment of CTL and NK cells, and, therefore, promote tumor 
growth (12).

In the past few years, the rapidly advancing field of cancer 
immunotherapy has produced several new opportunities for 
treating cancer: either by stimulating the activities of specific 
components of the immune system or by counteracting immu-
nosuppressive signals produced by tumor cells. Efficient anti-
tumor immunotherapy can be achieved by combining delivery 
of TAAs to APC along with removing tumor-derived negative 
regulators of immune cell activation (13, 14). Therefore, delivery 
of immunomodulatory molecules to the appropriate cells is 
crucial for the successful development of cell-based antitumor 
immunotherapy.

Nanotechnology-Based Therapies
Nanotechnology affords a unique opportunity to deliver 
therapeutic molecules to specific cells and simultaneously 
attack several biological avenues promoting tumor eradica-
tion (15). A variety of delivery platform vehicles are under 
development to target immune cells, such as antibodies (16), 
polymers (17), aptamers (18), and lipid nanoparticles (LNPs) 
(19, 20). In comparison to other NPs, LNPs have attractive 
biological properties, which include general biocompatibility, 
biodegradability, and the ability to entrap both hydrophilic and 
hydrophobic drugs (15, 21). Multiple properties of LNPs can be 
altered via different lipid composition and ratios or by surface 

chemistry, including their size, charge, and surface functional-
ity (22). LNPs serve as carriers for a variety of therapeutic 
molecules: from nucleic acid to proteins, small molecules and 
chemotherapy drugs, and combinations of the aforementioned 
agents (22–24). LNPs shelter their cargo from clearance in 
the surrounding biological milieu, increasing the half-life in 
circulation, minimizing systemic toxicity, and hence enabling 
a wide therapeutic window (15, 22, 25). In addition, LNPs can 
promote delivery of their cargo directly to specific immune 
cell, such as APC or T-lymphocytes (20, 26, 27). Here, we 
review the latest developments in nanoparticle-based cancer 
immunotherapy, centering on LNPs.

THE EFFECTS OF THE 
PHYSICOCHEMICAL PROPERTIES 
OF LNPs ON IMMUNE MODULATION

The physicochemical characteristics of LNPs are crucial for 
their fate and performance following administration. Several 
parameters were examined including nanoparticle size, shape, 
surface charge, lipid composition, and aggregation. Size is one 
of the major causes for immune stimulation by LNPs. This can 
be related to the fact that these nanoparticles fall within the 
size range of pathogens, such as viruses and small bacteria (28). 
Size has a significant impact on blood circulation half-life as 
an optimal vesicle should be large enough to avoid renal clear-
ance but small enough to avoid clearance via the mononuclear 
phagocytic system (15). The size of NPs should be also adjusted 
in accordance to the route of administration and delivery pur-
poses. For example, it was shown that, following intravenous 
administration, 25 nm size NPs are significantly more efficient 
than 100  nm-sized NPs, as these smaller nanoparticles are 
better delivered to the lymph nodes (29). In addition, size of 
below 100 nm enables NPs to utilize the enhanced permeabil-
ity and retention effect characteristic of solid tumors. Below 
100 nm, NPs can reach solid tumors by extravasation via the 
leaky tumor vasculature and accumulate due to poor lymphatic 
drainage (15).

The shape and curvature of NPs can also affect immune 
activation as it was shown that oblate-shaped NPs have 
a lower macrophage uptake in comparison to spherical 
nanoparticles and, therefore, longer circulation time and altered  
biodistribution (30).

Surface features of LNPs have also been thoroughly investi-
gated. Surface charge is another major contributor of immune 
activation, as positively charged LNPs can better interact with 
the negatively charged mucosal surface. This results in better 
uptake of positively charged LNPs by cells in comparison to 
their negatively charged or neutral counterparts (31). However, 
positively charged LNPs have toxic effects including induc-
tion of pro-inflammatory response (32). Surface charge (both 
negative and positive) and high membrane cholesterol content 
are also related to complement activation by liposomes (28). 
Contrarily, the presence of phosphatidylserine (PS) has an anti-
inflammatory effect probably due to specific recognition by PS 
receptors (33, 34).
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FIGURE 1 | Antitumor vaccine. Lipid nanoparticles (LNPs) can be loaded with tumor antigens and adjuvants for the purpose of targeting antigen-presenting cells, 
such as dendritic cells (DCs). Following uptake, the LNPs degrade and release the antigen and adjuvant, which stimulates DC maturation and antigen presenting on 
cell-surface MHC molecules. This context enables recognition and binding of CD8+ T-lymphocytes and results in their activation, proliferation, and antitumor response.
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Surface functionalization has been widely used to improve 
LNPs performance. One of the main causes for the immune rec-
ognition of LNPs is the absence of self-discriminating molecules 
(such as complement control proteins) on the bilayer mem-
brane, which protect “self ” cells from attack by the complement 
system (28). Among the most common of these are hydrophilic 
moieties, such as polyethylene glycol (PEG), which enables 
prolonged blood circulation time and improved biodistribution 
by protecting NPs from opsonization (15). Despite the multiple 
advantages, functionalizion with PEG can induce complement 
activation (5, 35, 36). In addition, subsequent injections of 
PEGylated liposomes can result in their accelerated blood clear-
ance, probably due to transient IgM production (37). Another 
option for hydrophilic surface coating is polysaccharides. These 
naturally occurring molecules are a great alternative as they are 
characterized by low toxicity, low immunogenicity, biocompat-
ibility, stability, low cost, cryoprotection, and availability of 
reactive sites for chemical modification (38). A specific example 
is hyaluronan (HA), which is also characterized by bioadhesive 
properties as part of the extracellular matrix. In addition, HA is 
the major ligand for CD44 and CD168 receptors and, therefore, 
suitable for specific targeting to cells, such as those in tumors 
that overexpress these receptors (39–42).

Additional surface functionalization includes ligands that 
enable specific cell targeting, such as antibodies, peptides, and 
aptamers (15). However, despite the advantage, LNPs decorated 
with proteins or peptides can elicit an unwanted immune 

response, cross link receptors, and generate an outside-in signal-
ing cascade (43–45).

There are additional factors that induce immune activation of 
LNPs; among these are inhomogeneity of size or shape, multila-
mellar structure, endotoxin contamination, aggregation, and the 
presence of non-encapsulated drugs that can bind and aggregate 
lipids. Ultimately, it seems that the longest circulation time is 
obtained using LNPs that better mimic natural membranes. 
Therefore, there are increasing efforts to create LNPs using 
natural materials and even natural membrane-derived LNPs. 
Recently, Rodriguez et  al. have shown that surface modifica-
tion of LNPs with a “self ” peptide segment of CD47 resulted in 
reduced blood clearance by macrophages and, therefore, longer 
circulation time (46, 47).

The vast progress in the field of drug delivery enables tailor-
ing specific NPs for a particular location (TME, lymph nodes) 
and cell type while avoiding unwanted non-specific immune 
responses and toxicities as detailed below.

LNP-BASED IMMUNOTHERAPIES

Immunomodulation of APCs
Therapeutic anticancer vaccination is a strategy that attempts to 
improve host immunity to cancer by upregulating host immune 
response against TAAs. Tumor vaccines deliver the antigen and/
or adjuvant to APCs for the activation of both humoral and cel-
lular immunity as presented in Figure 1.
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NP delivery can significantly boost immunogenicity of tumor 
antigens by co-delivery of antigens and adjuvants to the same 
location (48). One such platform is interbilayer-crosslinked 
multilamellar vesicles (ICMVs), which entrap high amounts of 
protein antigens in the vesicle core and lipid-based adjuvant in 
the vesicle walls (49). The authors found that ICMVs elicited 
robust antibody titers greater than simple liposomes or multi 
lamellar vesicles of identical lipid compositions. These synthetic 
vesicles triggered steadily increasing antibody production and 
CTL responses following repeated administrations.

Several NP-based vaccine formulations have been developed 
to deliver antigens specifically to APCs, especially to DCs and 
TAMs. Recently, Kranz et al. (50) used RNA-lipoplexes (RNA-
LPX), which are LNPs encapsulated with an RNA-encoded 
antigen, for systemic targeting of DCs. Targeting the DCs by 
RNA-LPX is based on optimally adjusting the net charge of the 
LNPs without functionalization of particles. RNA-LPX encoding 
antigens induce strong effector and memory T-cell responses 
and mediate potent IFNα-dependent rejection of progressive 
tumors. Leuschner et al. developed LNPs platform encapsulated 
with siRNA for modulation of monocytes and macrophages 
(51). The authors used this platform to encapsulate siRNA 
against CCR2, an important monocyte homing factor, and tested 
it in a mouse lymphoma model. Systemic administration of these 
nanoparticles resulted in a lower numbers of TAMs and reduc-
tion of tumor size.

Others have shown targeting of DCs using NPs decorated 
by specific anti DC antibodies. For example, Macho-Fernandez 
et al. (52) used NPs generated from poly lactic-co-glycolic acid 
(PLGA), coated with lipid-PEG and decorated by Abs recognizing 
DEC205, a cell-surface receptor that is expressed on spleen and 
lymph node CD8+ DCs. Using these NPs, they have demonstrated 
that co-delivery of an agonist (a-GalCer) and a protein antigen 
(ovalbumin) to CD8+ DCs triggers optimal humoral and CTL 
responses. In addition, this platform promotes potent antitumor 
responses in a B16F10 murine melanoma tumor model.

Immunomodulation of Tumor Cells 
and TME
Over time, cancer cells can develop phenotypes that are less 
immunogenic in order to escape immune surveillance. One strat-
egy used by cancer cells is an elevated expression of self-markers 
to avoid immune recognition by professional phagocytes. An 
example of using this strategy is the over expression of CD47 
on the cancer cell surface, which labels the cells with the “self ” 
marker and correlates with poor clinical prognosis (53–55). 
Yang et al. developed a systemic delivery strategy based on CD47 
siRNA encapsulated in HA-coated LNPs, which led to an efficient 
knockdown of CD47 in cancer cells. Decreased expression of 
CD47 eventually led to growth inhibition of melanoma tumors 
and suppressed lung metastasis in a B16F10 murine melanoma 
tumor model (56).

Additional strategy used by cancer cells to avoid immune 
recognition is secretion of anti-inflammatory cytokines. Anti-
inflammatory cytokines prevent the recruitment of immune cells 
to the TME and suppress the ability of resident immune cells to 

act against tumor cells. In order to block these complex interac-
tions, immune modulation based on targeting both the tumor 
cells and DCs was developed by Xu et al. (57). They delivered a 
combination of NPs: liposome–protamine–HA NPs encapsulated 
with siRNA against the immune-suppressive cytokine TGF-β, and 
mannose-modified lipid–calcium–phosphate NPs encapsulated 
with tumor antigen and adjuvant. TGF-β downregulation boosted 
the vaccine efficacy and inhibited tumor growth, as a result of 
increased levels of tumor infiltrating CD8+ T-lymphocytes and 
decreased level of Tregs.

A liposomal polymeric gel system developed by Park et  al., 
which combines the delivery of TGF-β inhibitor and the pro-
inflammatory cytokine IL-2, is another example for a complex 
approach of immunomodulation (Figure  2) (58). IL-2 was 
shown to enhance NK and CTL activity against several cancer 
types; however, this ability is hampered due to the secretion of 
anti-inflammatory agents, such as TGF-β by tumor cells (59). The 
authors showed a significant reduction of tumor growth in vivo 
and an increased immune response.

Another example of combining several immunotherapy 
strategies was recently presented by Moynihan et  al. (61). The 
authors used the amphiphilic vaccine platform containing a 
tumor antigen and adjuvant conjugated to albumin binding lipid. 
This enables utilizing the “albumin hitchhiking” strategy upon 
which binding with albumin directly targets molecules to lym-
phatics and draining LNs, thereby allowing them to accumulate 
in APCs. This platform was combined with systemic administra-
tion of tumor antigen-specific antibodies, IL-2, and anti- PD-1 
antibodies. The authors showed recruitment of both innate and 
adaptive immune cells that led to elimination of large established 
tumor burdens in syngeneic and genetically engineered murine 
tumor models. The treatment also elicited long protective T cell 
memory response.

SEQUENTIAL TREATMENT OF 
CHEMOTHERAPY FOLLOWED BY 
IMMUNOTHERAPY

A combined chemo-immunotherapeutic approach may be 
beneficial for the efficient elimination of cancer. Chemotherapy 
eliminates tumor cells, causing the cancer to shrink. As a result, 
tumor-derived antigens, such as peptides or proteins isolated 
from the tumor cells, can be efficiently internalized by APCs, 
thereby increasing the antitumor immunity of CTL. Lu et al. (62) 
developed cisplatin LNPs and CpG-encapsulated liposomes for 
treatment of melanoma. Such combination therapy established 
strong synergistic effects, both on the apoptotic level and subse-
quent abrogation of tumor growth. Heo et al. (63) sequentially 
subjected tumor-bearing mice to chemotherapy consisting of 
pacitaxel dissolved in HA in addition to immunotherapy using 
CpG ODNs and IL-10 siRNA incorporated into PLGA NPs. The 
sequential treatment with chemotherapeutic drugs followed by a 
combined immunostimulation strategy resulted in a synergistic 
effect against solid tumors.

A recent study by He et  al. designed coordination 
polymer LNPs, which combines two therapeutic modalities, 
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FIGURE 2 | Lipid nanoparticle (LNP)-based cytokine remodeling of tumor microenvironment (TME). The TME manages to escape immune surveillance via 
production of immunosuppressive cytokines, such as TGF-β and IL-10. TGF-β inhibits both innate and adaptive immune responses by suppressing the activity of 
CD8+T-lymphocytes (CTL) and natural killer (NK) cells as well as triggering the expansion of Tregs. LNPs entrapping both TGF-β inhibitor and IL-2 manage to reverse 
this effect by directly activating both NK and CTL, while also depleting Tregs; thus restoring both adaptive and innate antitumor responses [modified from Ref. (60)]. 
Reproduced by permission from Macmillan Publishers Ltd: Nature Materials, 11, 831–832 (2012), copyright 2012.
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chemotherapy and photodynamic therapy, to elicit antitumor 
immunity (64). These LNPs kill cancer cells by inducing 
apoptosis and necrosis, stimulating host immune system, and 
causing an acute inflammation and leukocyte infiltration to the 
tumors; all of which increase the presentation of tumor-derived 
antigens to T cells. Combining polymer NPs treatment with 
PD-L1 checkpoint blockade therapy led to the regression of 
the primary tumors treated locally with irradiation, and also 
resulted in the regression of the distant tumors in bilateral 
syngeneic mouse tumor models of CT26 and MC38.

CONCLUSION AND FUTURE OUTLOOK

Cancer immunotherapy has been getting a lot of attention in the 
past few years and for many good reasons. There are multiple 
benefits for immunotherapy in comparison to conventional 
medicine, as the former treatment modality enables utilization 
of the immune system to eliminate tumor cells, while leaving 
healthy cells untouched. As our understanding of the complex 
interplay between cancer cells and the immune system deep-
ens, the potential for achieving efficient therapeutics grows. 
Advances in research in the past few years have provided a 
solid basis for the development of several therapeutic strategies 
on the basis of targeting specific pathways and checkpoints. 
Further understanding of the immunosuppressive TME and 

antitumor immunity is the key for successful treatments 
and avoiding unfavorable outcome such as induction of 
autoimmunity.

NP-based immunotherapy provides multiple advantages 
upon administration of immune modulators since it enables 
targeted delivery both locally and temporally, therefore 
enhancing the effectiveness and reducing toxicity. It also 
enables transport of several compounds simultaneously and 
delivery of RNAi-based therapeutics, significantly increasing 
the therapeutic index.

A successful immunotherapy requires both innate and adop-
tive responses. Tumor cells utilize several mechanisms to escape 
immune recognition and induce immune-suppressive TME; 
thus, tackling only one pillar would not be sufficient. This may 
be responsible for the limited clinical achievements of current 
immunotherapy. Indeed, recent treatments combining several 
immune effectors were reported to be synergistic. The identifica-
tion of the optimal combination of NPs and immune modulators 
for the appropriate TME is also crucial, and further development 
may be aided by the use of computerized biology. Improvement 
of currently used murine tumor models to appropriately reflect 
the complex TME is also required. Many reports are treating 
early-stage tumors in which the immune-suppressive TME is 
not completely developed. In addition, direct manipulation of 
tumor-residing lymphocytes has not yet been achieved and 
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the appropriate delivery system is still an unmet need. This 
is especially significant in light of the recently approved anti 
T-lymphocyte treatments (anti-CTLA-4 and anti-PD-1 antibod-
ies) that emphasize the potential of T-lymphocyte modulation 
for immunotherapy. Currently, lymphocyte manipulation can be 
achieved indirectly via specific modulators; and direct targeting 
of specific subsets of APCs has already been demonstrated. Some 
reports even show this simply by controlling lipid composition 
or charge, avoiding the use of targeting moieties altogether. The 
effectiveness of such untargeted systems in humans still has yet to 
be determined. To date, impressive therapeutic effects have been 
achieved upon using adoptive cell transfer therapy; however, 
this approach is not feasible for large-scale treatment. Therefore, 
the optimal NP-based system should include the appropriate 
immune mediator combination that would elicit highly effective 
and wholly endogenous response.
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The inflammatory response, mediated by tissue-resident or newly recruited macrophages, 
is an underlying pathophysiological condition for many diseases, including diabetes, 
obesity, neurodegeneration, atherosclerosis, and cancer. Paradoxically, inflammation is a 
double-edged sword in oncology. Macrophages are, generally speaking, the major drivers 
of inflammatory insult. For many solid tumors, high density of cells expressing macrophage- 
associated markers have generally been found in association with a poor clinical outcome, 
characterized by inflamed microenvironment, a high level of dissemination and resistance 
to conventional chemotherapies. On another hand, radiation treatment also triggers an 
inflammatory response in tumors (often referred to as pseudoprogression), which can be 
associated with a positive treatment response. As such, non-invasive imaging of cancer 
inflammation and tumor-associated macrophages (TAMs) provides a revolutionary diag-
nostic tool and monitoring strategy for anti-inflammatory, immuno- and radiotherapies. 
Recently, quantitative T2-weighted magnetic resonance imaging (qT2wMRI), using injec-
tion of superparamagnetic iron oxide nanoparticles (SPIONs), has been reported for the 
assessment of TAMs non-invasively in animal models and in human trials. The SPIONs 
are magnetic resonance imaging (MRI) contrast agents that significantly decrease T2 
MR relaxation times in inflamed tissues due to the macrophage-specific uptake and 
retention. It has been shown that macrophage-populated tumors and metastases will 
accumulate iron oxide nanoparticles and decrease T2-relaxation time that will result in 
a negative (dark) contrast in qT2wMRI. Non-invasive imaging of TAMs using SPION 
holds a great promise for staging the inflammatory microenvironment of primary and 
metastatic tumors as well monitoring the treatment response of cancer patients treated 
with radiation and immunotherapy.

Keywords: magnetic resonance imaging, iron oxide nanoparticles, tumor-associated macrophages, inflammation, 
cancer

INTRODUCTION

The tumor microenvironment subsidizes to tumor progression, invasion, metabolic reprograming, 
and resistance to therapy. In the past decade, it has become increasingly clear that immune-competent 
cells, including macrophages, represent one of the main contributors to the aggressive tumor milieu 
(1, 2). Macrophages are phagocyting cells that penetrate into and reside in the affected tissue; they 

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.00590&domain=pdf&date_stamp=2017-05-22
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.00590
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:natalie.serkova@ucdenver.edu
https://doi.org/10.3389/fimmu.2017.00590
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00590/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00590/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00590/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.00590/abstract
http://loop.frontiersin.org/people/229811


105

Serkova Imaging of Cancer Inflammation

Frontiers in Immunology  |  www.frontiersin.org May 2017  |  Volume 8  |  Article 590

originate from circulating blood monocytes (3). Two distinct 
classes of macrophages have been described: classically activated 
M1 macrophages and alternatively activated M2 macrophages (4, 
5). In most tumors, the inflamed microenvironment is driven by 
M2-type macrophages (6, 7).

Given the growing body of evidence of the tumor-associated 
macrophages (TAMs) playing a significant role in tumorigenesis, 
a non-invasive assessment of TAMs to detect the level of tumor 
inflammation becomes a critical and limiting factor. The gold 
standard for TAM assessment, as of now, is immunohistochemis-
try, histological examination, and, in rare case, flow cytometry on 
excised biopsies—all techniques can be applied ex vivo only (8). 
A biopsy comes at great costs to the patient, its invasiveness can 
have detrimental health consequences, and since it is very chal-
lenging, if not impossible, to perform sequential biopsies, these 
protocols are limited in the assessment of TAM infiltration over 
time. Unfortunately, the circulating levels of monocytes, which 
can be assessed by semi-invasive venipuncture (phlebotomy), 
do not bear any therapeutic values for correlating with the levels 
of TAMs. Molecular and cellular imaging is a fast growing area in 
translational and clinical research. Dozens of novel molecularly 
targeted imaging probes have been tested in animal models of 
cancer and some of them are successfully used in human imaging 
(9–11). Fortunately, macrophages are well known as “professional 
phagocytes” and are responsible for “cleaning” various exogenous 
microbes, toxins, and nanoparticles. Also, macrophages are 
responsible for endogenous and exogenous iron metabolism. 
Fortunate again, iron-based nanoparticles have been known as 
T2-weighted contrast for magnetic resonance imaging (MRI). 
The recent studies have shown that superparamagnetic iron 
oxide nanoparticles (SPIONs) have a potential for non-invasive 
T2-weighted MRI assessment on tissue residential macrophages, 
including TAMs (12). This approach has a high-translational 
potential, since several of the existing SPION agents are approved 
in Europe for MR imaging and commercially available for human 
use. Ferumoxytol is another ultrasmall SPION formulation (with 
an average particle size of 25–30 nm) that is approved by the US 
Food and Drug Administration as an iron supplement for intra-
venous treatment of iron deficiency in renal failure patients (13). 
Ferumoxytol has superb magnetic properties and has been safely 
used in animal and human trials as an off-label MRI contrast 
agent (12, 14–22).

TAMs AND INFLAMMATION IN CANCER

The relationship between chronic inflammation and cancer 
development was recognized well before the molecular origins 
of both diseases had been deciphered—Rudolph Virchow 
postulated an association between these two diseases in the 
1860s (23). Inflammation is triggered by a cellular response, 
mediated mostly by neutrophils and macrophages, in response 
to pathophysiological stimuli. In general, macrophages are 
large white blood cells that ingest pathogens, microbes, and 
other invading substances. While neutrophils represent the 
first immune defense during the acute inflammation stage, the 
macrophages are predominant in chronic inflammation. All 
macrophages, including TAMs, are recruited through the local 

expression of chemoattractant stimuli such as macrophage 
chemoattractant protein 1 and colony-stimulating factor 1 
(24–27). Overexpression of both these factors is correlated with 
poor prognosis in various tumors, including most aggressive 
breast cancer, pancreatic adenocarcinomas, lung cancer, and 
high-grade gliomas. In many solid tumor types, poor prognosis 
directly correlates with the abundance of TAMs. In breast can-
cer, for example, TAMs play a crucial role in epithelial/stromal 
cross talk, as shown for invasive ductal carcinoma and ductal 
carcinoma in situ (28). Macrophage depletion in animal models 
leads to the impaired lung tumor growth and the decreased 
metastatic spread to the lung from breast cancer (29–31). TAMs 
have been directly linked to matrix remodeling, angiogen-
esis, stimulation of tumor growth, and motility (27, 32, 33)— 
all these functions are also reported during wound healing; as 
such, tumors are often described as “wounds that never heal” 
(1, 7). Similar to Virchow, our contemporary scientists, Gonda 
et al. concluded that chronic inflammation results in a myriad 
of molecular event that produce a microenvironment that is 
favorable for the development of cancer (34). Agents that control 
the inflammatory cascade, such as ibuprofen and other non-
steroidal anti-inflammatory drugs, are thought to reduce cancer 
risk or enhance other anticancer treatments.

In another scenario, TAMs can be recruited from circulating 
monocytes as a result of therapy-induced apoptosis resulting 
in tumor inflammation after, for example, radiation or chemo-
therapy. Radiation induces a genetic signature of chronic inflam-
mation, which is enriched in genes regulating transendothelial 
migration, monocyte maturation, and leukocyte chemoattraction 
(35–37). In this case, surprisingly, the recruited macrophages can 
accelerate antitumoral effects of radiation treatment (38). As such, 
a non-invasive assessment of TAMs can serve a surrogate marker 
for a specific and early response to several anticancer therapies.

Recently, several phenotypes (or “states”) of macrophages/
macrophage activation have been identified: two most extreme 
states are known as antitumor M1 and protumor M2 macrophages 
(39). M2-type TAMs promote tumor growth, angiogenesis, and 
metastases by promoting high-level expression of epidermal 
growth factor receptor and secretion of vascular endothelial 
growth factors. M1 phenotype, on the other hand, can directly 
or indirectly mediate tumor phagocytosis. Two classes have 
distinct molecular signatures—the antitumor M1 phenotype 
has relatively low IL-10 and high IL-12 expression, whereas 
protumor M2 macrophages express high IL-10 and low IL-12 
levels. It has been hypothesized that the bad “protumor” M2 
phenotype is responsible for intrinsically inflamed solid tumors 
promoting fast cell proliferation, angiogenesis, dissemination, 
and immunosuppression, while the good M1 macrophages 
mature in response to radiation and chemotherapy and, as such, 
can help other immunocompetent T-cells to recognized and 
fight cancer (40, 41). Nevertheless, clinically, most of the current 
IHC protocols are not capable to distinguish between two TAM 
phenotypes. Hence, it becomes increasingly imperative to non-
invasively characterize patient’s tumor microenvironment for 
the presence of TAMs in order to stratify the patients to TAM-
depleting and/or -directed therapies and to repeatedly monitor 
their treatment response.
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SPIONs AND IRON METABOLISM

The cytoplasm of a macrophage contains granules (also called  
packets) consisting of several enzymes and chemicals that are 
wrapped in a membrane; its membrane has an arsenal of highly 
effective scavenger receptors. They allow the macrophage to engulf 
a broad spectrum of invading microorganisms, pathogens, and 
nanoparticles as well as endogenous cell debris and apoptotic bod-
ies. In fact, macrophages are known as “professional phagocytes” 
(42), and their phagocyting and pro-inflammatory abilities are 
directly linked to each other. There are some differences in termi-
nology, which are related to the size of the digested material—some 
nanoscientists have introduced the term of “pinocytosis” for the 
uptake of soluble material or a nanoparticle, in contrast to the 
uptake of large material (“phagocytosis”) (43). But the fact remains 
undisputable—the macrophages take their responsibility of engulf-
ing large and small nanoparticles very seriously; their macrophage 
scavenger receptors represent a very efficient system for recogniz-
ing a broad spectrum of surface modification and coating.

Fortunately for the MRI scientific community, iron-based 
nanoparticles represent even a higher level of attraction for the 
hard-working macrophages. Indeed, the macrophages are trained 
to maintain endogenous iron homeostasis while recycling and 
storing iron from senescent erythrocytes and other damaged cells  
(44, 45). They are very capable to store excessive levels of iron and, 
in response to systemic iron requirements, they can also release iron 
from their intracellular compartment into plasma. Therefore, after 
digesting (pinocyting) an iron-containing nanoparticle (SPION), 
a macrophage will dutifully retain iron as long as the circulating 
iron load remains within its physiological range. This macrophage-
retained iron load can be easily detected by T2-weighted MRI.

T2 CONTRAST IN MRI

Modern oncologic imaging offers a variety of different modalities 
for the non-invasive detection and characterization of cancerous 
lesions (46–50). The common modalities include MRI, computed 
tomography, ultrasound, positron emission tomography (PET), 
single-photon emission computerized tomography, and optical 
imaging. Each modality has its advantages and disadvantages 
(46) and offers various non-invasive imaging endpoints related to 
tumor dimensions, tissue cellularity, angiogenesis, cancer metab-
olism, proliferation, and metastatic spread, just to mention a few. 
MRI is a non-invasive radiological technique with no ionizing 
radiation and high-spatial resolution, which is widely clinically 
used to detect, follow, and characterize solid tumors and metasta-
ses. MRI has complex physics and is based on physical properties 
of protons (mostly hydrogens) in a strong external magnetic 
field. Since water (H2O) is the main metabolite in all mammalian  
tissues, MRI detects small but distinct changes in spin frequencies 
of water hydrogens based on their surroundings when exposed to 
a high-magnetic field and radiofrequency excitation. The typical 
magnetic strength of human MRI scanner is 1.5 and 3 T, and for 
small animal imaging 4.7 and 7 T—however, the scanners tuned 
to even higher field, such as 9.4 T, 14 even 20 T, can be found in 
dedicated research facilities. One of the main strength of MRI is 
its ability to detect small changes (intrinsic contrast) within soft 

tissues and cell populations, which can be further enhanced by 
the use of intravenous contrast agents.

It is important to understand the relationship between super-
paramagnetic nanoparticles and their effect on MR relaxation of 
the surrounding tissue water. Contrast agents can be principally 
divided into T1- and T2-relaxing contrast agents (Figure  1A). 
Paramagnetic contrast agents, such as gadolinium chelates also 
known as gadolinium-based contrast agents (GBCA), which 
are broadly used in the clinic, they predominantly shorten the 
spin–lattice T1 relaxation time (51). The shortening in T1 relaxa-
tion produces an increased signal intensity on a T1-weighted 
MRI images (Figures 1A–C). Clinically used GBCA (Magnevist, 
Omniscan, Mutihance, etc.) are intravascular contrast agents, not 
tailored to any specific cell type, and their specific accumulation 
in tumorous tissues is strictly based on liking vasculature of 
cancer. Figure 1C demonstrates an appearance of a small brain 
metastasis in GBCA-enhanced T1-weighted MRI (bright yellow 
arrow) in a melanoma patient.

On the other hand, all T2-shortening contrast agents consist of 
iron oxide nanoparticles, which are known as superparamagnetic 
(hence, the SPION abbreviation). By reducing the spin–spin 
T2-relaxation time of surrounding tissue water, the SPION 
(Feridex, Resovist, Ferumoxytol, etc.) produce darker contrast 
on T2-weighted MRI (Figures 1A,D,E) (52). Most importantly, 
unlike gadolinium, iron is a naturally occurring element in human 
bodies with low toxicity; and, the SPION are highly attractive to all 
phagocyting cells including macrophages (as well as Kupffer cells 
and the reticuloendothelial system, RES). The precise changes in 
T2-relaxation times (calculated from quantitative T2-weighted 
magnetic resonance imaging) can be used as a semi-quantitative 
assessment of TAM presence in a cancerous lesion. The Figure 1E 
shows a pronounced darkening in the inflamed mammary gland 
of a mouse by T2-weighted MRI (dark yellow arrows).

NON-INVASIVE IMAGING OF TAMs USING 
SPIONs

Gadolinium-based contrast agents are, without any doubt, the 
major class of MRI contrast agents used in the clinic. Over the 
past 25  years, more than 100 million patients have undergone 
GBCA-enhanced T1-MRI. However, increased concerns about 
gadolinium deposition and toxicity of free gadolinium have 
impacted how GBCA are currently used. A severe side effect, 
known as nephrogenic systemic fibrosis, is associated with 
decreased renal clearance of GBCA in renally impaired patients 
(53), since acute toxicity of free gadolinium has been known for 
several decades. It can significantly limit the GBCA use for MRI 
in cancer patients with chemotherapy-induced low glomerulofil-
tration rate. Most recently, a very concerning study was published 
in Radiology on residual gadolinium deposition in the brain of 
patients after multiple GBCA injections for MRI (54). Alternative 
contrast agents to gadolinium chelates are being discussed, and 
the SPIONs are being increasingly used for various clinical sce-
narios in the recent years (20, 55).

Initially, all SPIONs were used for diagnostic liver imaging 
(mostly in hepatocellular carcinoma or liver metastases) and 
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FIGURE 1 | Two major classes of magnetic resonance imaging (MRI) contrast agents: (A) paramagnetic gadolinium-based contrast agents (GBCA) 
are considered T1-positive contrast agents, by decreasing the spin–lattice T1 relaxation time, they produce bright T1 images; superparamagnetic 
iron oxide (SPION) is negative T2 contrast, iron oxide decreases the spin–spin T2-relaxation time producing darkening of T2-weighted images;  
(B) pre- and (C) post-GBCA T1-weighted MRI on a brain metastasis in a melanoma patient (15 min postinjection); (D) pre- and (E) post-SPION 
T2-weighted MRI on inflamed mouse mammary gland tumors (24 h postinjection).
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considered as safe MRI contrast (56). Their use was based on the 
high uptake of the SPION by the Kupffer cells: a drop of T2 signal 
was seen in normal hepatic parenchyma due to the Kupffer cell 
uptake, with no signal changes in liver lesions. There were also 
attempt to stage lymph node metastases due to SPION retention 
and phagocytosis in the RES and lymph nodes (57, 58). As all 
nanoparticles, SPIONs have enhanced permeability and retention 
(EPR) in solid tumors (52). However, the previous generation of 
SPION with larger particle sizes (around and above 50 nm) had 
been mostly captured by the RES, decreasing their half-life times 
and, as such, their penetration into tumors.

Ferumoxytol is a colloid-based ultrasmall SPION, which 
consists of an iron oxide core with a size of ca. 6  nm and a 
carboxymethyldextran coat, resulting in a hydrodynamic 
diameter of 30  nm. Unlike larger SPIONs (e.g., Resovist), 
ferumoxytol has a prolonged circulating half-life time (>14 h 
in humans and 2 h in rodents), mostly because of it partially 
escaping phagocytosis by the RES (spleen, liver, and bone 
marrow). As such, ferumoxytol has a favorable EPR profile and 
a potential for higher tumoral biodistribution. It slowly leaks 
across highly permeable tumor vasculature into the tumor 
interstitial space; after that, ferumoxytol nanoparticles are 
attacked by the TAMs and slowly phagocyted—a process that 
takes hours. Our studies and those from others have shown that 
the pick of iron accumulation in a tumor (Tmax) lies between 16 

and 24 h after intravenous injection of ferumoxytol (12, 15, 59). 
Figure 2A shows representative quantitative T2-MRI maps of 
a high-grade inflamed glioma allograft (a mouse flank model) 
before (top) and 24 h after ferumoxytol infusion (bottom). The 
T2 histograms on Figure 2B show a clear decrease in tumoral 
T2-rerelaxation times after 24 h of SPION injection (from 58 to 
44 ms), with all iron being completely localized intracellularly 
in TAMs. The same effect can be seen in humans; a residual 
reduction in T2-relaxation times in inflamed cancerous lesions 
can sometimes be observed a week after ferumoxytol adminis-
tration (15, 19, 60).

CONCLUSION AND FUTURE DIRECTIONS

Nanotechnology and nanomedicine have been increasingly 
utilized in translational and clinical practice in the past 
decade. This development has been supported by both federal 
and pharmaceutical funds, ever since, in 2004, the National 
Cancer Institute announced the Alliance for Nanotechnology 
in Cancer (61). The majority of nanoparticle research in 
cancer is focused on the targeted drug delivery of chemothera-
peutic drugs, mostly for increasing tumor accumulation and 
decreasing systemic toxicity (62). Recently, an exciting area of 
nanomedicine has evolved, known as theranostics, based on 
the idea that the same drug carriers can be design as potent 
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FIGURE 2 | (A) T2-weighted magnetic resonance imaging (MRI) maps showing spatial distribution of nanoparticles (as dark signal intensities) in a high-grade glioma 
inflamed allograft in a mouse; (B) quantitative assessment of T2-weighted MRI presented as spatial T2 histograms with a T2 pre-contrast tumoral value of 58 ms; 
and 44 ms post-contrast. Pre-contrast images/histograms (top) and post-superparamagnetic iron oxide nanoparticle data (bottom) are 24 h apart.
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imaging agents (63–65). SPIONs are increasingly used for 
T2wMRI in oncology, including fast-evolving macrophage 
imaging. Macrophage-driven uptake of iron allows for the 
non-invasive assessment of the tissue inflammation status in 
cancer, diabetes, and ischemia/reperfusion injury. In the future, 
the same SPIONs can be loaded with an anti-inflammatory or 
chemotherapeutic agent to selectively deliver a therapy to the 
inflamed lesion.

An alternative to the use of SPION agents is the use of per-
fluocarbons that can be visualized for fluorine (19F) magnetic 
resonance spectroscopy (MRS) for cell tracking of inflammatory 
cells (66). Some limitations to the 19F-MRS application include 
low sensitivity to the target (usually, in the millimolars range). 
Another alternative might arise from the use of hyperpolarized 
13C-arginine by 13C-MRS (67), since upregulated expression of 
arginase has been found in M2-like macrophages. However, the 
hyperpolarized 13C-MRS approach is technically and clinically 
challenging and available only at the very limited number of 
academic hospitals. For PET, the uptake of radioactive glucose 
analog (18F-fluoro-deoxyglucose) by inflamed tissue is well 
known, but unfortunately, is rather non-specific since the 
tumor cells also have elevated glucose uptake (68, 69). Most 
recent studies try to use a specific 18F-tracer for the translocator 
protein to image activated microglial cells and, possibly, TAMs 
in inflamed gliomas (70). But, as of today, the SPION-based 
T2-MRI approach appears to be clinically the most feasible path 
to image TAMs and to follow the response to anti-inflammatory 
treatment non-invasively. In the future, the combined PET/

MRI might be the best available option for human imaging, 
since the first multimodality scanners have recently became 
available (71). Ideally, the future imaging studies should be 
designed to non-invasively discriminate the protumor M2 
versus antitumor M1 macrophages, since this phenotyping 
might play a crucial role in assessing tumor response to novel 
checkpoint inhibitors and other immunotherapies (72). A 
non-invasive TAM imaging will enable to characterize the 
inflamed tumor microenvironment, selectively deliver novel 
anti-inflammatory and anticancer drugs, and monitor their 
efficacy non-invasively and in the real time, providing new 
horizons for oncological imaging well above the limitations of 
conventional “volumetric” criteria.
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Therapies targeted to the immune system, such as immunotherapy, are currently shaping 
a new, rapidly developing branch of promising cancer treatments, offering the potential 
to change the prognosis of previously non-responding patients. Macrophages comprise 
the most abundant population of immune cells in the tumor microenvironment (TME) 
and can undergo differentiation into functional phenotypes depending on the local tissue 
environment. Based on these functional phenotypes, tumor-associated macrophages 
(TAMs) can either aid tumor progression (M2 phenotype) or inhibit it (M1 phenotype). 
Presence of M2 macrophages and a high ratio of M2/M1 macrophages in the TME are 
clinically associated with poor prognosis in many types of cancers. Herein, we evalu-
ate the effect of macrophage phenotype on the transport and anti-cancer efficacy of 
albumin-bound paclitaxel (nAb-PTX) loaded into porous silicon multistage nanovectors 
(MSV). Studies in a coculture of breast cancer cells (3D-spheroid) with macrophages and 
in vivo models were conducted to evaluate the therapeutic efficacy of MSV-nAb-PTX  
as a function of macrophage phenotype. Association with MSV increased drug accu-
mulation within the macrophages and the tumor spheroids, shifting the inflammation 
state of the TME toward the pro-inflammatory, anti-tumorigenic milieu. Additionally, the 
treatment increased macrophage motility toward cancer cells, promoting the active 
transport of therapeutic nanovectors into the tumor lesion. Consequently, apoptosis of 
cancer cells was increased and proliferation decreased in the MSV-nAb-PTX-treated 
group as compared to controls. The results also confirmed that the tested system shifts 
the macrophage differentiation toward an M1 phenotype, possessing an anti-prolifera-
tive effect toward the breast cancer cells. These factors were further incorporated into a 
mathematical model to help analyze the synergistic effect of the macrophage polarization 
state on the efficacy of MSV-nAb-PTX in alleviating hypovascularized tumor lesions. In 
conclusion, the ability of MSV-nAb-PTX to polarize TAM to the M1 phenotype, causing 
(1) enhanced penetration of the drug-carrying macrophages to the center of the tumor 
lesion and (2) increased toxicity to tumor cells may explain the increased anti-cancer 
efficacy of the system in comparison to nAb-PTX and other controls.

Keywords: macrophage polarization, nanotherapy, breast cancer, computational modeling, tumor 
microenvironment
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INTRODUCTION

Tumor initiation, growth, and progression rely on the bidirectional 
interaction of the tumor cells with the cells in the tumor micro-
environment (TME). Solid tumors comprise variable amounts 
of neoplastic and stromal cells. The tumor stroma includes 
endothelial cells, fibroblasts, and immune cells, mainly mac-
rophages and lymphocytes. Macrophages are a plastic and hetero-
geneous immune cell population. In particular, tumor-associated 
macrophages (TAMs), derived from monocytic precursors, 
comprise the most abundant population of immune cells in the 
TME (1–3). Macrophages in the TME can undergo functional 
changes and be polarized from the resting M0 phenotype to the 
classically activated pro-inflammatory M1 or anti-inflammatory 
(alternatively activated) M2 general subsets, based on the 
stimuli in the residing milieu (4). M1 macrophages are charac-
terized by their expression of inducible nitric oxide synthase, 
production of pro-inflammatory cytokines (e.g., TNF, IL-1, -6,  
and -12) and reactive oxygen species (ROS). This subpopulation 
of macrophages promotes strong immune responses and is anti-
tumorigenic (5, 6). On the contrary, M2 macrophages antagonize 
the inflammation and are present in the advanced stages of the 
healing process. M2 macrophages enhance the formation of tumor 
stroma by recruiting fibroblasts and activating their differentiation 
to myofibroblasts, causing the release of pro-angiogenic factors 
that enable recruitment of endothelial progenitor cells and neo- 
vasculogenesis and suppression of inflammation through decreased 
production of ROS and pro-inflammatory cytokines (7, 8). While 
M2 macrophages possess a significant role in host defense and 
Th2-mediated activation of the humoral immune response, their 
presence in the TME promotes tumor development. Presence of 
M2 macrophages and a high ratio of M2/M1 macrophages in the 
TME are clinically associated with poor prognosis in many types 
of cancers (9–12).

It is noteworthy that the tight distinction between M1 and 
M2 macrophages does not fully describe the continuum of their 
functions and can be considered as a simplified classification of 
the two sides of the polarization spectrum (13). TAMs are usu-
ally considered M2-like macrophages (14–16), which abandon 
the M1-related innate and adaptive immune responses capable  
of destroying malignant cells. Changes in the stimuli of the TME 
can cause reprogramming of macrophages from an M1 pheno-
type to an M2-activated state and vice versa (17, 18). Macrophage 
reprogramming has been recently shown to inhibit cancer 
progression and metastasis (19, 20). Controlling the macrophage 
polarization state in the TME could provide a novel approach 
to treating related diseases. Reprogramming M2 macrophages 
toward the M1 subset is an important focus of recent research, 
with a number of recent publications demonstrating the ability 
of some nanomaterials to induce macrophages between polariza-
tion states (21–23).

Our previous studies have shown that TAMs play a significant 
role in therapeutic efficacy of albumin-bound paclitaxel (nAb-
PTX) loaded into porous silicon multistage nanovectors (MSV) 
in liver metastasis of breast and lung tumors (24). Although 
tumor lesions in the liver have inefficient vascularization, we 
demonstrated an increased concentration of macrophages acting 

as chemotherapeutic depots near these lesions. This significantly 
enhanced efficacy and extended survival in two tested animal 
models of liver metastases. Furthermore, we have mathematically 
modeled the efficacy of MSV-nAb-PTX nanovectors in 3D tumor 
models to project MSV-nAb-PTX efficacy in hypovascularized 
lesions and concluded that the proposed 3D coculture of mac-
rophages and tumor cells serve as a good model for the in vivo 
condition (25). However, based on the integrated experimental 
and mathematical analysis of the data, it appears that the efficacy 
of MSV-nAb-PTX was more than expected solely from mac-
rophages acting as a depot for the drug.

Herein, we aim to evaluate the effect of macrophage pheno-
type on the anti-cancer efficacy of MSV-nAb-PTX, as well as the 
effect of these nanovectors on macrophage polarization state. 
For this purpose, the experiments were performed in vitro using 
a validated coculture of breast cancer tumor cells (3D sphe-
roids) with macrophages and in vivo in the breast cancer tumor 
metastasis mouse model. Our in vitro and in vivo findings show 
that treatment with MSV-nAb-PTX affected the macrophages 
to polarize from the M2-type to the anti-tumorigenic M1 
phenotype. Additionally, the treatment increased macrophage 
motility toward cancer cells, promoting the penetration of 
therapeutic nanovectors into the tumor lesion. These findings 
were further incorporated into a mathematical model to help 
analyze the synergistic effect of macrophage polarization state 
on the efficacy of MSV-nAb-PTX in treating hypovascularized 
tumor lesions.

RESULTS

Efficacy of Macrophage-Associated  
MSV-nAb-PTX in 3D TME In Vitro Model of 
Hypovascularized Breast Tumor Lesions
In this study, we use a validated TME model of hypovascularized 
breast tumor lesions, which consist of macrophages surround-
ing 4T1 cell spheroids. Rapamycin was used as a factor shifting 
polarization of macrophages toward the M1 phenotype (26), a 
positive control of macrophage differentiation.

As shown in Figure 1, Ki67 staining indicated that the cells 
in the control spheres actively proliferated. All treatment groups 
including nAb-PTX, MSV-nAb-PTX, and rapamycin induced 
apoptosis in the spheres [terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) staining] and reduced tumor 
cell proliferation (Figure  1A). Similar to previously reported 
in vivo data (24), treatment with MSV-nAb-PTX and nAb-PTX 
both resulted in a high apoptosis rate, as shown by green signals 
from the cells in Figure  1A. Rapamycin induced apoptosis 
in a similar rate to MSV-nAb-PTX, and cell proliferation was 
only slightly inhibited by rapamycin. This inhibition was not as 
efficient as exhibited in the nAb-PTX and MSV-nAb-PTX treat-
ment groups. Spheroids treated with nAb-PTX displayed low 
proliferation profiles, as observed by a weak Ki67 signal, mostly 
within the ~75 μm of the outer layer of the spheres. In the MSV-
nAb-PTX-treated group, the effect was more pronounced and 
only cells within ~20 μm from the outer layer of the spheroids 
were still proliferating (Figure 1A). The ratio of the tumor cells 
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FIGURE 1 | Therapeutic efficacy of the systems in 3D breast tumor tumor microenvironment model. (A) Confocal microscopy images from a coculture of 4T1 
cancer spheroids and macrophages pretreated with multistage nanovectors (MSV)-albumin-bound paclitaxel (nAB-PTX), nAb-PTX, and rapamycin. Evaluation of 
apoptosis (terminal deoxynucleotidyl transferase dUTP nick end labeling, green signals) and cell proliferation (Ki67, red signals). (B) Ratio of apoptotic/proliferating 
cell signals as quantified by image analysis (n = 6). (C) Viability of the breast cancer cells as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay at 48 and 96 h and normalized to untreated control. Mean ± SD (n = 9), *p < 0.05; **p < 0.01 compared to control.
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undergoing apoptosis/proliferation is in the following order: 
MSX-nAb-PTX  >  rapamycin >  nAb-PTX >  untreated control 
(Figure  1B). Furthermore, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay showed that at 2 days 
from treatment, tumor cell viability was reduced (by >30%) only 
in the cells treated with MSV-nAb-PTX. At 4  days, more than 
30% of tumor cells were not viable following preincubation of 
macrophages with nAb-PTX and rapamycin, while MSV-nAb-
PTX reduced viability by >60% (Figure 1C).

Macrophage Pretreatment with MSV-nAb-
PTX Shifts Their Phenotype toward M1
To investigate the effect of the systems on macrophage polariza-
tion state, macrophages pretreated with MSV-nAb-PTX, nAb-
PTX, and rapamycin and incubated with breast tumor spheres 
were tested vs. untreated control for the expression of the cell 
surface markers CD80 and CD204 (markers for M1 and M2 
general polarization states, respectively) (Figure  2). Untreated 
macrophages in coculture of tumor spheres displayed the M2-like 
phenotype, as indicated by >85% of the population positive to 
CD204 staining (Figures  2A,B). This finding is in line with 
the general polarization of TAM toward the M2 phenotype, as 
documented previously (5). More than 96% of macrophages in 
coculture shifted to an M1-like phenotype (CD80 expression) 
following the treatment with MSV-nAb-PTX. In nAb-PTX- and 
rapamycin-treated systems, 44.0 ± 9.6 and 65.6 ± 10.1% of cells 
expressed M1 membrane marker.

We have further confirmed these findings in vivo (Figure 2C) 
in the mouse model of liver metastasis of breast tumors. The 
predominant population of macrophages in the untreated 
control group was of M2-like polarization state. MSV-nAb-PTX 
significantly shifted the population of macrophages toward the 
M1 phenotype (by twofold), while nAb-PTX had no effect on the 
macrophage polarization state (Figure 2D). Interestingly, more 
macrophages were present in the breast cancer metastatic liver 
lesions treated with MSV-nAb-PTX, which prompted us to look 
for the effect of nanovectors on macrophage migration.

Effect of MSV-nAb-PTX on Macrophage 
Migration toward and into 4T1 Cancer Cell 
Spheres
In order to evaluate the effect of MSV-nAb-PTX pretreatment 
on macrophage migration toward the tumor spheres and into 
the sphere core, experiments were performed in the 3D TME 
model we previously developed (25). Time-lapse videos of live-
cell images of pretreated macrophages introduced to the tumor 
spheroids have shown specific directionality and enhanced speed 
of macrophages pretreated with MSV-nAb-PTX as compared to 
controls (Figure 3). NIS elements analysis of the videos revealed 
an increased speed of macrophages treated with MSV-nAb-PTX 
within the first 5 h (Figure 3B). The increased speed does corre-
late with a slight increase in path length of the distance traveled by 
MSV-nAb-PTX macrophages (Figure 3C). All other treatments 
did not alter the path length compared to the control. However, 
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FIGURE 2 | Polarization of macrophages in response to treatment in vitro and in vivo. (A) Confocal microscopy images from a coculture of 4T1 cancer spheroids 
and macrophages pretreated with multistage nanovectors (MSV)-albumin-bound paclitaxel (nAB-PTX), nAb-PTX, and rapamycin. Macrophages are immunostained 
for either CD80 (green, M1 marker) or CD204 (red, M2 marker) membranal expression. (B). Quantification of CD80 and CD204 signals from the images presented in 
(A); (C) confocal images of breast tumor lesions in the liver stained for F4/80 (green, total macrophages) and CD204 (red, M2 macrophages). (D) Quantification of 
M1 and M2 signals (M1 number obtained from F4/80+/CD204− cells). The results are presented as mean ± SD (n = 6–9), *p < 0.05; **p < 0.01 to control.
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the most significant change was observed in the directionality of 
the macrophage migration. The analysis of macrophage displace-
ment toward the tumor sphere within the 5 h time frame showed  
a significantly specific movement toward the tumor spheres by the 
macrophages treated with MSV-nAb-PTX. On the other hand, 
no specific directionality in the movement of macrophages was 
observed in the cells treated with MSV or nAb-PTX (Figure 3D).

Macrophages pretreated with various systems were tracked and 
counted in the different depths of the tumor sphere, in increments 
of 50 µm (Figure 4), focusing on the central part of the spheroid 
(average diameter 450–500  μm). The density of macrophages 
in the deep layers of the tumor sphere significantly increased  
(>2-fold compared to control) after they were pretreated with MSV-
nAb-PTX treatment. nAb-PTX only caused moderate increase in 
the macrophage number in the innermost layer of the spheres. 
Further analysis revealed that most of the macrophages found 
in the center of the spheres were M1-like phenotype. These data 

correlate well with an in vivo analysis of macrophage localization 
in breast cancer liver metastatic lesions previously published (25).

We further tested various components of the MSV-nAb-PTX 
system to determine the factors crucial for macrophage motility 
toward the center of the sphere (Figure 4C). Various elements of 
MSV-nAb-PTX were tested for their effect on macrophage motil-
ity: fluorescently labeled albumin (Ab) as a major component of 
nAb-PTX; MSV; MSV-Ab; and nAb-PTX. MSV did not affect 
the number of macrophages in the center of the tumor spheroid 
as compared to untreated control, while Ab, MSV-Ab, and nAb-
PTX, surprisingly, slightly increased it. MSV-nAb-PTX enabled 
an increased migration of the macrophages into the deep layers 
of the tumor sphere. The number of macrophages in the deep 
layers of the tumor sphere treated with MSV-nAb-PTX was more 
than the summary of the effects of all individual components of 
the system, pointing toward the potential synergy of the factors 
being involved.
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FIGURE 3 | Tracking of macrophage migration kinetics, directionality, and dynamics as a function of treatments. (A) Macrophage trajectories following the 
preincubation with multistage nanovectors (MSV)-albumin-bound paclitaxel (nAb-PTX), nAb-PTX, MSV, and no treatment control were tracked relative to the 
movement of the tumor spheres. Individual trajectories are presented in different colors. Red: macrophages stained DiD membrane dye. Blue: 4T1 breast tumor 
cells stained with Hoechst 33342 nucleus dye. The trajectories were tracked by live imaging for 5 h and analyzed for velocity (B), path length (C), and directionality 
(D) based on the displacement toward the breast tumor. The results are presented as mean ± SEM (n = 20–25), *p < 0.05; **p < 0.01 as compared to control.
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Effect of MSV-nAb-PTX Pretreatment  
of Macrophages on Cytokine Production 
by the Tumors In Vitro and In Vivo
The main function of the macrophages in the TME is tightly related 
to their interaction with cancer cells, resulting in the secretion of 
soluble factors that shape the tumor milieu. Therefore, we further 

performed a thorough analysis of the cytokines and chemokines 
in the TME 3D model in vitro and in hepatic metastases of can-
cerous breast lesions in vivo. Interestingly, neither nAb-PTX nor 
MSV-nAb-PTX had an effect on the release of the cytokines from 
the macrophages following direct incubation with the systems 
(Figure S1 in Supplementary Material). The quantification of the 
factors released by the tumor cells as a response to the conditioned 
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FIGURE 4 | Depth of penetration of macrophages into the breast cancer spheroids. (A) Bright-field and fluorescence composite images showing the localization of 
macrophage (green, DiO membrane dye, Invitrogen) within 4T1 breast cancer cell spheroids (red, DiD membrane dye, Invitrogen) as a function of treatment with 
multistage nanovectors (MSV)-albumin-bound paclitaxel (nAb-PTX), nAb-PTX vs. untreated control. (B) Quantitative analysis of macrophage localization in relation to 
the center of the sphere. Spheres were segmented into six regions of 50 μm each starting from the center of the tumor sphere (0–50, 51–100, 101–150, 201–250, 
and >251 μm). Total number of macrophages and numbers of M1 and M2 macrophages were counted within each region and displayed as macrophage density. 
(C) Individual components of MSV-nAb-PTX, namely, albumin, MSV-albumin, MSV, nAb-PTX, and the whole vector, MSV-nAb-PTX, were tested for their ability to 
increase the number of macrophages inside the deep layers of the tumor spheres. The results are presented as mean ± SD (n = 9), *p < 0.05; **p < 0.01 compared 
to control.
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media from macrophages pretreated with nAb-PTX and MSV-
nAb-PTX in vitro and in vivo is summarized in Figure 5. Cytokine 
levels measured in tumor cells in response to conditioned media 
and in vivo follow very similar trends. The following factors were 
increased in both in  vitro and in  vivo settings in the TME for 
MSV-nAb-PTX: G- colony-stimulating factor (CSF), GM-CSF, 
IFN-gamma, IL-1beta, IL-6, IL-12, IP-10, CCL3, CCL4, CCL5, 
and TNF-alpha. These data point toward the significant effect of 
the whole MSV-nAb-PTX system on the macrophage polarization 
state in vitro and in vivo. Interestingly, only MCP-1 increased for 
nAb-PTX-treated macrophages both in vitro and in vivo settings.

Mathematical Modeling to Simulate Effect 
of Macrophage Polarization on Tumor 
Response In Vivo
In order to further analyze the treatment efficacy of MSV-nAb-
PTX, we mathematically modeled the effect of MSV-nAb-PTX on 

hypovascularized liver lesions in vivo coupled with macrophage 
differentiation into M1 and M2 subtypes. As in our previous work 
(25), the lesion growth was simulated in parallel with the dynamic 
drug distribution.

Figure  6 illustrates the effects of therapy with the MSV-
nAb-PTX-loaded macrophages. Undifferentiated macrophages 
extravasate from the vasculature and migrate toward the lesion 
based on the chemotactic gradient of attractants (such as pro-
angiogenic factors released by tumor cells) in the surrounding 
microenvironment. During this process, the macrophages differ-
entiate into M1 or M2 subtypes depending on the ratio of pro-M1 
and pro-M2 macrophage factors being released by viable tumor 
cells in response to the MSV-nAb-PTX system. M1 macrophages 
are simulated to release nitric oxide, which inhibits cell viability, 
while M2 macrophages release tumor growth factors, which pro-
mote cellular proliferation (5). Each macrophage acts as a source 
of drug to simulate the release of PTX from the MSV-nAb-PTX 
formulation. With MSV-nAb-PTX at 24 h post single treatment, 
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FIGURE 5 | Effect of pretreatment of macrophages with multistage nanovectors (MSV)-albumin-bound paclitaxel (nAb-PTX) vs. nAb-PTX and control of cytokine 
production by the tumors in vitro and in vivo. Cytokine release was analyzed using MILLIPLEX MAP Mouse Cytokine/Chemokine Immunology Multiplex Assay (EMD 
Millipore, Billerica, MA, USA) and measured by Luminex 200™ (Luminex, Austin, TX, USA). For in vitro evaluation, the systems were preincubated with macrophages 
and the conditioned media were introduced to the tumor spheres and incubated for 2 days. For the in vivo study, liver metastatic lesions as well as the surrounding 
area of the lesion (tumor microenvironment) were dissected and processed for analysis as described in Section “Materials and Methods.”
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the tumor has slightly shrunk (top right) compared to the initial 
lesion (5% radius decrease), while the drug is being released by 
the macrophages. At 72  h, the lesion radius attains the highest 
regression (68% of its original size), by which time most of the 
drug has been released from the surrounding macrophages. These 
results are consistent with our previous modeling work (25).

Figure 7 compares the relative contribution of the macrophage 
polarization in conjunction with MSV-delivered drug to the 
tumor progression over the course of 5 days after a single treat-
ment. As expected, the cases without treatment are projected 
to grow unbounded, with the M2-only and the M1/M2 cases 
attaining 157 and 156% of their original radius, respectively, 
while the case without M1/M2 or M1-only, respectively, reaches 
143 or 138%. In contrast, all of the MSV-nAb-PTX-treated cases 
experience regression, which is modulated by the contribution of 
the macrophage differentiation. The most therapeutically effective 
scenario is the case with M1-only, reaching 83% of the original 
radius, followed by the case with both M1 and M2 present, attain-
ing 94%. The cases with M2-only and without any macrophages 
are anticipated to reach 118 and 111% of their original radius, 
respectively. Interestingly, the model projects that the presence 

of the M2 phenotype enhances drug cytotoxicity due to the M2 
tumor growth-promoting effect enlarging the subset of the tumor 
population that is susceptible to the cell cycle-specific activity of 
PTX. However, over the long term, the cases with M2 macrophages 
recover faster than the cases without their presence, thus promot-
ing tumor growth.

DISCUSSION

It is currently well recognized that the fine interplay between 
deregulation of tumor cells and the cells of the TME is imperative 
for all stages of tumor development (27). Macrophages represent 
the major population of infiltrating immune cells in TME (28). 
Macrophage polarization is detrimental in the development and 
progression of cancer (28). TAMs generally belong to the subclass 
of alternatively differentiated, M2-like macrophages. They have 
been shown to modulate tissue remodeling and angiogenesis, 
suppress T cell proliferation, and play a significant role in tumor 
survival (5). High M2 macrophage density has been clinically 
correlated with poor prognosis in several epithelial cancers, 
including breast cancer (29) and hepatocellular carcinoma (30).
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FIGURE 6 | Simulation of breast cancer liver metastasis therapy with multistage nanovectors (MSV)-albumin-bound paclitaxel (nAb-PTX) over the course of 72 h 
post treatment initiation. For each of the four sets of panels presented for post therapy initiation (0, 24, 48, and 72 h), the tumor lesion is shown (upper left panels) 
with viable tumor tissue (red) enclosing a hypoxic region (blue) without necrosis. The dense liver capillary network is modeled by the rectangular grid (brown), with 
irregular sprouts generated through angiogenesis during the lesion progression. Individual macrophages (white dots, lower left panels) are recruited to the vicinity of 
the lesion based on chemoattractants released by the tumor cells (upper middle panels) and as a response to MSV-nAb-PTX therapy. During this process, the 
macrophages differentiate into M1 (white dots, lower middle panels) or M2 subtypes (white dots, lower right panels), which, respectively, either hinder or aid the 
tumor progression. The MSV-nAb-PTX is retained near and within the lesion by the macrophage infiltration, while the drug is slowly released from them in the tumor 
proximity (upper right panels). The effect of the therapy on the overall lesion size is evident by 72 h. Bar = 200 µm.
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On the other hand, clinical studies have shown that an increased 
M1/M2 ratio in the TME is linked to extended survival in ovarian 
(31), gastric (10), colorectal (32), and lung (33) tumors. M2-like 
TAMs are characterized by a constitutive high expression of multi-
ple tumor growth promoting factors, including VEGF, FGF1 and 2, 
PDGF, GM-CSF, insulin-like growth factor-1, and TGF-β (34). For 
example, in a mouse model of breast cancer, expression of CSF-1 
was highest at the invasive edge of the malignancy, which was con-
sequently enriched with M2 macrophages. Epidermal growth factor 
released by these macrophages increased tumor cell migration and 
metastasis (35). Flexibility and plasticity represent the key charac-
teristics of the cells of mononuclear phagocytic system and their 
activation states (5, 36) Polarization of the macrophages between 
the M1 and M2 general subtypes can be reversed, as was shown 
in in vitro and in vivo studies (37). Pathological changes in inflam-
matory states can sculpture this transition, with M1 macrophages 
present at initiation and during progression of the inflammatory pro-
cess and M2 macrophages participating in its resolution. In cancer, 

histidine-rich glycoprotein (a host-produced protein deposited in 
the stroma) was shown to induce TAM reprogramming from M2 to 
M1, resulting in vascular normalization and improved response to  
chemotherapy (38).

Our previous study also identified the enrichment of mac-
rophages in the tumor periphery of breast cancer liver metastases 
in a mouse model (24). We have shown that by directing transport 
of an Ab-bound drug, nAb-PTX, toward the macrophages in  
the tumor periphery in the liver using MSV, we could increase the 
concentration of the drug in the lesions and, consequently, the 
tumor killing efficiency. However, the pronounced anti-tumor 
effect observed with MSV-nAb-PTX in this study could not be 
fully explained only by the shift of the concentration of the drug 
toward the tumor lesions; thus, in the present work we aimed to 
evaluate the effect of MSV-nAb-PTX on the inflammatory state 
of the TME, the migratory potential of the macrophages in the 
tumor lesion and on the interactions of macrophages with the 
tumor cells. The studies were performed in vitro in a previously 
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FIGURE 7 | Simulation of tumor progression for untreated and multistage nanovectors (MSV)-albumin-bound paclitaxel (nAb-PTX)-treated cases including various 
combinations of macrophage polarizations simulated over the course of 5 days post treatment initiation. Control: untreated tumors; MSV-nAb-PTX: tumors treated 
with the therapeutic system. M1 and M2 refer to the addition of the polarized macrophage populations to the model. The cytotoxic effect of the M1 subtypes is 
simulated to affect the tissue proportional to the concentration of nitrous oxide released in the immediate vicinity of the macrophage. M2 macrophages release 
diffusible growth factors which promote tumor proliferation. In addition, treated macrophages (M1 and M2) are simulated to release drug which only affects 
proliferating tissue due to the cell cycle-dependent effect of PTX.
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validated 3D model of hypovascularized breast cancer lesions 
with macrophages on the lesion periphery (25, 39).

Tumor cell proliferation and apoptosis analysis (Figure  1) 
confirmed that MSV-nAb-PTX preincubated with macrophages 
had a pronounced therapeutic efficacy, in line with the in vivo data 
(24). It is important to note that in this experimental set we did 
not expose the tumor spheres to the drugs directly, but only to the 
macrophages preincubated with the systems, similar to the in vivo 
situation, where hypovascularized breast cancer lesions in the liver 
are surrounded by macrophages. Preincubation of macrophages 
with rapamycin, an mTOR inhibitor that is known to induce the 
polarization of macrophages toward the M1 phenotype (26), had a 
mild effect on tumor cell proliferation, but significantly increased 
the number of apoptotic cells in the lesions; thus showing that M1 
polarization induced tumor cell apoptosis.

Furthermore, we have analyzed the number of M1 and M2 
polarized macrophages in the tumor lesions and the localization 
of the macrophages within the tumor cores in vitro and in vivo 
(Figures 2–4). As expected, the control (untreated) tumors had 
increased population of alternatively activated M2-like mac-
rophages. The M2 phenotype is characterized by an improved 
phagocytic activity (40), since this general subcategory of mac-
rophages fights inflammation and participates in tissue remodeling. 
M2 macrophages uptake solid particles more efficiently, which 
helps to concentrate nAb-PTX delivered through MSV. In vitro, 
all treatments shifted this ratio to a new homeostasis, increasing 
the population of M1 macrophages and decreasing the fraction 
of M2 macrophages (Figure 2). With MSV-nAb-PTX, this effect 
was the most prominent, and the population of M1 activated mac-
rophages increased 20-fold while M2 macrophages represented 

less than 5% of the total number of macrophages. Treatment 
with nAb-PTX in vitro yielded equal populations of M1 and M2 
macrophages. Although M1 macrophages predominated with 
rapamycin, the overall number of macrophages decreased due to a 
toxic effect of the drug related to inhibition of the mTOR pathway, 
which is in line with the reported mechanism of rapamycin to 
induce apoptotic cell death in M0/M2 but not M1 macrophages 
(26). Interestingly, only MSV-nAb-PTX, but not nAb-PTX caused 
the shift in the macrophage polarization state in vivo. This could 
be due to the longer retention of the MSV-nAb-PTX in the lesion 
and specific association of the carrier with the macrophages (24). 
PTX has been reported to possess a lipopolysaccharide (LPS)-like 
property, activating murine macrophages by mimicking bacterial 
LPS through binding to MD2, an extracellular protein of TLR4 
(41). LPS-dependent TLR4 can be activated by PTX and internal-
ized into endosomes, activating downstream signaling pathways 
via endocytic shuttling, and therefore promoting polarization of 
macrophages toward the M1 phenotype. A recent study dem-
onstrated the ability of nAb-PTX to enhance the macrophage 
activation process due to macropinocytic uptake and the fusing of 
macropinosomes and endosomes (42). In our study, the increased 
concentration of PTX in the TME mediated by MSV-nAb-PTX 
induced the release of pro-inflammatory cytokines by the tumor 
cells, promoting the pro-inflammatory milieu in the TME and 
modulating the macrophages to undergo M2 to M1 polarization. 
Our results also suggest that the Ab component of the nAb-PTX 
may be involved in this process and slightly increased macrophage 
migration toward the center of the tumor spheroids (Figure 4), 
although further study is needed for deeper understanding. Ab 
has been previously reported to contribute to the intratumoral 
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concentration increase of nAb-PTX via binding to the 60  kDa 
glycoprotein receptor and thus increasing transcytosis (43).

We extended the computational model presented in our 
previous study by Leonard et  al  (25) to account for macrophage 
polarization into M1 and M2 subtypes. The simulations provide 
a platform to analyze the respective effects of different subsets of 
macrophages in the tumor in combination with MSV-nAb-PTX 
therapy with the ultimate goal to optimize treatment outcomes. 
The modeling results suggest that a single therapy may delay the 
tumor growth in vivo but not completely eradicate the lesion. One 
reason is that insufficient drug is released by the macrophages in 
the tumor vicinity to kill all of the tumor cells. Modulation of the 
macrophage population to increase its size and further drive its 
polarization toward tumorigenicity, e.g., with an immunotherapy, 
may achieve a stronger one-time response. However, as shown in 
our previous study, repeated treatments at regular intervals may still 
be necessary for complete remission to account for the time it takes 
for hypoxic (quiescent) cells to resume cycling and thus be sensi-
tive to the chemotherapeutic. We further note that the simulations 
reflect the variability in experimental measurements regarding the 
effect of the macrophages. The untreated case with no macrophages 
and the untreated case with both subtypes could be more similar 
than shown in Section “Results” (Figure 7), while the effect of the 
M1 macrophages was calibrated to the low end of possible values. 
Adjusting for these factors, however, does not affect the overall 
response difference predicted between untreated and treated cases or 
the response-modulating effect projected for the M2 macrophages.

Various effects can contribute to the increased efficacy of MSV-
nAb-PTX via inflammatory modulation. Overall, MSV-nAb-
PTX increased the motility and directionality of the macrophages 
toward the tumor sphere (Figure 3). The increased macrophage 
recruitment may be a response to the increased chemokine 
release by tumor cells such as CXCL-10, CCL-2, CCL3, CCL4, 
and CCL5 (Figure 5). Furthermore, the treatment caused deeper 
macrophage penetration inside the spheroid/tumor lesions 
(Figure  4), which can correspond with the apoptotic feedback 
between the dying tumor cells (Figure 1) and the macrophages 
bearing MSV-nAb-PTX. It is interesting to note that in the thera-
peutic concentration tested, macrophage polarization (Figure 
S1 in Supplementary Material) and viability (24, 25) were not 
affected by the treatment with any of the tested systems.

In hypovascularized lesions in the liver, tumor cells are not 
directly exposed to the circulating drugs, while the macrophages 
present in the liver vasculature are exposed to the intravenously 
administered drug/particles. To mimic this situation, we further 
incubated the macrophages with nAb-PTX and MSV-nAb-PTX 
for 1 h [in clinic, 90% of nAb-PTX is cleared from the circulation 
in this time frame (44)] and further let the macrophages release 
soluble factors and the internalized drug, exposing the tumor 
cells to supernatants from the pretreated macrophages (condi-
tioned media collected at 24 h past drug removal). Cytokine and 
chemokine profiles were also analyzed in the murine model of 
liver metastasis. In both the in vitro tumor spheres and the in vivo 
murine model, there was a significant increase in the factors asso-
ciated with M1 macrophage polarization, such as CCR5-binding 
chemokines (CCL3, CCL4, and CCL5) (45), interleukins (IL-6 
and IL-1β), and TNF-α (46). A significant increase in GM-CSF 

levels released by the tumors in vitro and in vivo in response to 
exposure to macrophages preincubated with MSV-nAb-PTX can 
impart an additional feedback on the M1 polarization state (47), 
as exposure to GM-CSF was previously shown to promote M1 
polarization of the macrophages (47, 48).

These findings could explain the attraction of the macrophages 
toward the tumor spheres in vitro and into the tumor core in vitro 
and in vivo. In contrast to previous studies showing that cancer 
cell apoptosis shifted the phenotype of macrophages toward M2 
(49, 50), we have observed that the effects of MSV-nAb-PTX 
enhanced apoptosis of tumor cells. This can be explained by 
the fact that there is a direct effect of the system on the mac-
rophage polarization toward the M1 phenotype. Activated M1 
macrophages have been recently reported to produce and excrete 
chitotriosidases (or family 18 chitinases), which can modulate 
proteases and cause damage to cancer cell membranes (51).

In conclusion, our data demonstrate that macrophages carried 
MSV-nAb-PTX while not being affected by the therapeutics. The 
phagocytosis of the solid particles by the macrophages enhanced 
the drug concentrations inside of these immune system cells (24), 
consequently enhancing concentrations of the drug released by 
macrophages in the TME. As a result, tumor cells were exposed to 
higher concentrations of drug, resulting in enhanced tumor-cell 
killing, while also inducing an LPS-like effect of PTX as described 
by Byrd-Leifer et al. (52). This prompted tumor cells to release 
higher levels of pro-inflammatory cytokines, causing further shift 
of macrophage polarization toward the anti-tumorigenic M1 phe-
notype. The data also suggest that polarization of the nanovectors 
contributes to the toxicity toward cancer cells. Altogether, these 
phenomena could be utilized to design improved nanovector-
based cancer therapies.

MATERIALS AND METHODS

Fabrication of nAb-PTX-MSV
Albumin-bound paclitaxel-multistage nanovectors– or 
fluorescently labeled Ab loaded, Ab-MSV, were fabricated and 
characterized as previously described (24, 25). Briefly, MSV with 
1 × 0.4 μm (d × h) dimensions were fabricated in a microelectron-
ics facility via photolithography and electrochemical etching and 
further oxidized with 3-aminopropyl-triethoxysilane (APTES) 
(24, 53). APTES-MSV were lyophilized using the Freezone 
Freeze Dry System (Labconco, Kansas City, MO, USA). nAb-PTX 
(Abraxane®, Celgene, Summit, NJ, USA) or Ab (Ab–fluorescein 
isothiocyanate conjugate, Sigma-Aldrich, St. Louis, MO, USA) 
concentrated solution was loaded to dried MSV particles in ali-
quots. Loading was enhanced by a drying process via incubation 
of the particles under low pressure (25, 54). nAb-PTX-MSV was 
characterized for morphology, zeta potential, and the loading 
efficiency as described earlier (24, 25).

Cell Culture
Breast cancer 4T1 cells (ATCC, Manassas, VA, USA) were 
cultured in Minimum Essential Medium (MEM) with 10% FBS, 
1% antibiotic/antimycotic, 1% GlutaMAX, 1% NEAA, 1% MEM 
vitamin, and 1% sodium pyruvate supplements and maintained in 
humidified atmosphere at 37°C and 5% CO2. Mice macrophages 
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were obtained by isolation from fresh mice bone marrow. 
Monocytes were washed twice with PBS and erythrocytes were 
lysed by red cell lysis buffer (Sigma, USA), and cells were filtered 
with a 70  µm filter (BD Lifesciences, USA). Differentiation of 
monocytes to resting macrophages was initiated by 7-day incu-
bation with macrophage medium, containing 10% FBS and 1% 
penicillin/streptomycin in RPMI 1640 medium.

3D TME Model: Coculture of Breast 
Cancer Spheres and Macrophages
Tumor spheres were generated using the Bio-Assembler™ sys-
tem based on protocols we recently reported (39, 55) and grown 
to ~450–500  μm diameter before cytotoxicity and migration 
studies. Depending on the studies, macrophages were treated 
with rapamycin, Ab, MSV-Ab, nAb-PTX, MSV, or MSV-nAb-
PTX for 4 h and stained with Vybrant Cell-Labeling Solutions 
(Molecular Probes, Eugene, OR, USA). After treatment, 
supernatants were removed and cells were washed with fresh 
medium to ensure that no 4T1 cancer cells are not in contact 
with drugs in the solution (similar to the clinically relevant situ-
ation in hypovascularized tumor lesions). Primary macrophages 
(1 × 103) were cultured together with 4T1 spheres in a 96-well 
plate and kept in an incubator. Images were taken by fluorescent 
microscopy after 24, 48, 72, and 96 h and analyzed with NIS-
Elements software.

Transwell plates (Corning Inc., Corning, NY, USA) were 
utilized for coculture study to analyze macrophage differentia-
tion. 4T1 cells (1.5 × 104) were seeded on the apical side while 
(1.5  ×  103) macrophages were seeded on the basolateral side. 
After 96 h, macrophages were harvested and stained for CD80 
and CD204.

Cell Staining and Confocal Microscopy
Cocultures of macrophages and 4T1 spheres were fixed with 
4% paraformaldehyde before staining. Spheres were stained for 
TUNEL with FITC for apoptosis detection with Promega TUNEL 
kit (Promega, Madison, WI, USA) according to the manufacturer’s 
protocol. To assess proliferation the samples were incubated 
overnight with primary rabbit-anti-mouse Ki67 antibody (1:500, 
Abcam, Cambridge, UK), washed twice with PBS and incubated 
with Alexa Fluor 647-labeled goat anti-rabbit secondary antibody 
for 4  h. Samples were washed twice with PBS before further 
analysis by confocal microscopy.

Rat anti-mouse CD80 (Thermo Scientific, Rockford, IL, USA) 
and Alexa Fluor 647-labeled CD204 (Abcam, Cambridge, UK) 
were utilized for surface marker staining of the macrophages in 
the coculture. After paraformaldehyde fixation, samples were 
washed twice with PBS and incubated with 1% BSA for 20 min. 
CD80 antibody (5  µg/ml) was added and incubated with the 
samples overnight at 4°C. After washing with PBS, goat anti-rat 
FITC-labeled antibody was added to the samples for 2 h at RT. 
Furthermore, samples were washed and stained with Alexa Fluor 
647-labeled anti-CD204 (2 h, RT). Prior to confocal microscopy 
analysis, the samples were washed twice with PBS.

Tumor spheres and macrophages were visualized using a 
Nikon A1 confocal microscope (Nikon Inc., Melville, NY, USA) 
based on the fluorescence of the respective probes and analyzed 

with NIS elements software (Nikon Inc.). Macrophage signal 
intensity, quantification of macrophages of various phenotypes, 
and macrophage penetration into the tumor lesion were assessed 
as below.

Tracking of Macrophage Migration 
Kinetics, Directionality, and Dynamics  
As a Function of Treatments
For the tracking of macrophage migration toward the tumor 
spheres, the cells were stained with DiD membrane dye (Invitrogen, 
USA), pretreated with nAb-PTX, MSV, or MSV-nAb-PTX for 
1 h and washed. Furthermore, the macrophages were cocultured 
with breast cancer spheres as described earlier. To differentiate 
between the two cell populations, 4T1 breast cancer cells were 
prestained with 1 µg/mL Hoechst 33342 dye (Thermo Scientific). 
Tumor spheres and macrophage movements were tracked using 
a live-imaging system Nikon TiEclipse fluorescence microscope 
(Nikon Inc., USA) over the time course of 10 h and analyzed with 
NIS elements. The motility of 4T1 spheres was recorded over time 
and used as the reference for macrophage displacement calcula-
tion. Macrophages speed, path length, as well as coordinates were 
tracked using NIS elements and calculated for their directionality 
toward 4T1 spheres using the initial coordinates of the cell vs. the 
tumor sphere as a reference point.

MTT Assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(Sigma, USA) assay was performed to access cell viability. 4T1 
spheres in coculture with macrophages were seeded on 96-well 
plates before treatment. After 48 or 96 h of incubation, the cells 
were washed twice with PBS and the MTT assay was run based on 
the manufacturer instructions. The absorbance was determined 
using a spectrophotometer (Biotek, Winooski, VT, USA) at 
570 nm.

In Vivo Model of Breast Cancer Liver 
Metastasis
Animal studies were performed in accordance with approved 
protocols by Houston Methodist Research Institute Institutional 
Animal Care and Use Committee (AUP-0514-0032). Balb/c 
mice were purchased from Charles Rivers Laboratories and 
mouse breast cancer liver metastases xenograft were generated 
by splenic injection of 105 4T1 tumor cells/100  μL PBS as we 
previously described (24, 43). Splenectomy was conducted imme-
diately after injection to prevent primary tumor growth in the 
spleen, and the xenografts were grown for at least 10 days before  
therapy.

In Vivo Evaluation of Macrophage Quantity 
within the Microenvironment
For analysis of TME changes in response to therapy in vivo, mice 
with cancer liver metastasis were randomly divided into three 
groups (n  =  4): control, nAb-PTX, MSV-nAb-PTX⋅nAb-PTX, 
and MSV-nAb-PTX containing 75 mg/kg nAb-PTX (7.5 mg/kg 
PTX) were injected via the tail vein. The treatment was repeated 
every 3 days and the mice were sacrificed after three treatments. 
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The liver was dissected, embedded in OCT compound (Sakura® 
Finetek USA, Inc., Torrance, CA, USA), and cut in 4 µm sections 
for histological and immunofluorescence analyses. The frozen 
sections were fixed with ice-cold acetone and stained with Alexa 
Fluor 488-tagged rat anti-mouse F4/80 antibody and TRITC 
anti-mouse CD204 antibody to detect total macrophages and the 
M2 subpopulation, respectively. We have used the CD204 marker 
to characterize alternatively polarized M2 macrophages (56, 57) 
and F4/80 as a marker for general population of macrophages. 
Cell nuclei were stained with 4,6-diamidino-2-phenylindole, 
dihydrochloride.

Cytokines Analysis
For in vitro cytokine and chemokine analysis, macrophages were 
plated in a 96-well plate, with a density of 10,000 cells/well and 
treated with 150 ng nAb-PTX or MSV-nAb-PTX for 1 h. Drug 
treatment was removed, cells were washed twice with PBS, and 
fresh medium was added to the macrophages. This was performed 
to mimic the clinically relevant situation, as clinical studies with 
nAb-PTX revealed that more than 90% of the drug is cleared from 
circulation within 1 h following intravenous administration (44). 
Supernatants (conditioned media) were harvested from mac-
rophages after 24  h and 50  µL of this conditioned media were 
added to 50 µL fresh media to culture preformed tumor spheres. 
Supernatants from 4T1 spheres were harvested after 2 days, and 
the cytokine and chemokine release was analyzed by MILLIPLEX 
MAP Mouse Cytokine/Chemokine Immunology Multiplex Assay 
(EMD Millipore, Billerica, MA, USA) and measured by Luminex 
200™ (Luminex, Austin, TX, USA). Additionally, to determine 
the effect of treatments to the macrophages themselves, the treated 
macrophages were further cultured with 100 µL fresh medium 
for 3 days. After incubation, the culture media were collected for 
a cyto-/chemokine release study.

From the in vivo studies, liver metastatic lesions as well as the 
surrounding area of the lesion (TME) were dissected. Tissues 
were weighed, 500 µL PBS with 1× HALTTM protease inhibi-
tor cocktail (Thermo Fisher Scientific, Waltham, MA, USA) 
was added to the samples, and the samples were homogenized 
using Polytron PT2100 homogenizer (Kinematica AG, Lucerne, 
Switzerland). Tissue lysates were incubated under constant 
agitation for 2 h and the supernatants were separated by centrifu-
gation at 10,000 × g for 20 min at 4°C. Supernatants containing 
protein extracts were used for cyto-/chemokine measurements. 
Protein content of the supernatants was determined using 
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) for normalization of further measure-
ments. Cyto-/chemokines were analyzed by MILLIPLEX MAP 
Mouse Cytokine/Chemokine Immunology Multiplex Assay 
(EMD Millipore, Billerica, MA, USA) and measured by Luminex 
200™ (Luminex, Austin, TX, USA).

Mathematical Model
We applied mathematical modeling to computationally simulate 
the tumor response as a function of MSV-nAb-PTX-coupled 

macrophages differentiating into M1- and M2 subtypes. As 
described in our previous work (25), the model (58–61) simu-
lates viable and necrotic tissue in hepatic metastases, including 
the transport of macrophages and molecules through this tissue. 
The tumor growth is obtained through balance of cell prolifera-
tion and death. Proliferation depends on adequate oxygen and 
cell nutrients, while death is induced by levels of oxygen below 
a threshold of viability as well as drug above a certain level of 
cytotoxicity. Values for the model parameters were calibrated 
to our experimental data as in Ref. (25, 58–61). We simulated 
release of paclitaxel from nAb-PTX carried by nanovector-loaded 
macrophages infiltrating the tumor tissue and differentiating into 
M1- and M2 subtypes. The model and associated parameters are 
further described in the Supplementary Material.

Statistical Analysis
All quantitative parameters are presented as mean values with SD. 
Statistical analysis was performed by t-test for unpaired samples 
using Graphpad Prism software, with p-value <0.05 accepted as 
indicative of significant difference, <0.01 as a statistically very 
significant difference.
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Inflammation is a common hallmark in several diseases, including atherosclerosis, 
cancer, obesity, and neurodegeneration. In Alzheimer’s disease (AD), growing evidence 
directly correlates neuronal damage with inflammation of myeloid brain cells, such as 
microglia. Here, polymeric nanoparticles were engineered and characterized for the 
delivery of anti-inflammatory molecules to macrophages stimulated via direct incubation 
with amyloid-β fibers. 200 nm spherical polymeric nanoconstructs (SPNs) and 1,000 nm 
discoidal polymeric nanoconstructs (DPNs) were synthesized using poly(lactic-co- 
glycolic acid) (PLGA), polyethylene glycol (PEG), and lipid chains as building blocks. 
First, the internalization propensity in macrophages of both nanoparticles was assessed 
via cytofluorimetric and confocal microscopy analyses, demonstrating that SPNs are 
by far more rapidly taken up as compared to DPNs (99.6 ± 0.11 vs 14.4 ± 0.06%, 
within 24 h). Then, Curcumin-loaded SPNs (Curc-SPNs) were realized by encapsu-
lating Curcumin, a natural anti-inflammatory molecule, within the PLGA core of SPNs. 
Finally, Curc-SPNs were shown to diminish up to 6.5-fold the production of pro- 
inflammatory cytokines—IL-1β; IL-6, and TNF-α—in macrophages stimulated via  
amyloid-β fibers. Although more sophisticated in vitro models and systematic analyses 
on the blood–brain barrier permeability are critically needed, these findings hold poten-
tial in the development of nanoparticles for modulating inflammation in AD.

Keywords: nanoparticle, inflammation, systemic delivery, neurodegenerative diseases, macrophage activation

INTRODUCTION

Inflammation is a defense response to external pathogens and other insults which is precisely 
orchestrated by our immune system. However, under certain conditions, inflammatory processes 
could become detrimental and lead to severe pathological states (1). This is the case of atheroscle-
rosis where monocyte infiltration into the vessel walls and maturation into macrophages are key 
events in the formation and progression of vascular plaques (2). Inflammation and immune cells 
play a role in cancer too where tumor-associated macrophages could protect and sustain the growth 
of malignant cells (3). Moreover, in obesity, macrophage infiltration in adipose tissue causes local 
and systemic inflammation eventually leading to insulin resistance (4). Similarly, in Alzheimer’s 
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disease (AD), mounting evidence indicates that macrophages of 
the central nervous system—microglia—contribute to the onset 
of the disease and sustain neurotoxicity (5, 6). While under 
physiological conditions, microglia serve as immune surveilling 
cells, upon injury or immune stimuli activation, microglia secrete 
pro-inflammatory cytokines that are eventually responsible of 
neuronal death. Following the amyloid cascade hypothesis, micro
glia activation is triggered in Alzheimer’s disease by amyloid-β 
plaques (Aβs), resulting from the extracellular accumulation of 
amyloid-β peptides, and neurofibrillary tangles, deriving from 
the clustering of the microtubule-associated protein tau. Over a 
sufficiently long time, this is responsible of chronic brain inflam-
mation and production of pro-inflammatory cytokines, such as 
IL-1β, IL-6, TNF-α, and many others (7).

Nanomedicines are slowly but surely accessing clinical 
practice for the treatment of deadly diseases, so far primarily 
involving cancer and cardiovascular (8, 9). Over 40 liposo-
mal and polymeric nanoparticles are currently undergoing 
clinical investigation and a few nano-based products are already 
routinely used by oncologists (liposomal doxorubicin and 
albumin-bound paclitaxel). Over single therapeutic agents, 
nanomedicines can carry and deliver multiple drug molecules 
to diseased sites following specific release profiles; protect the 
payload from enzymatic degradations and enhance bioavail-
ability; provide useful information at the cellular and tissue 
scales for designing patient-specific therapeutic interventions. 
Furthermore, the size, shape, surface properties, and mechanical 
stiffness of nanomedicines can be often precisely tailored during 
the fabrication process to enhance accumulation at the biologi-
cal target and mitigate adverse effects deriving by off-targeting 
(10–15). Importantly, properly designed nanoparticles can be 
rapidly taken up by activated macrophages residing in differ-
ent vascular districts and tissues. This gives the opportunity  
of efficiently using nanoparticles to deliver directly into acti-
vated macrophages anti-inflammatory agents, possibly modu-
lating both locally and systemically the inflammatory state. The 
authors and other groups have loaded nanoparticles with a vari-
ety of anti-inflammatory molecules, starting with the natural, 
broad-spectrum molecule Curcumin and moving to drugs with 
more specific sub-cellular targets as diclofenac (16–18). Note 
that both Curcumin and diclofenac are hydrophobic, exhibit a  
poor bioavailability and their specific, systemic administration 
can be largely improved via encapsulation into nanoparticles.

This work aims at selecting nanoparticles for the specific 
delivery of Curcumin to macrophages which have been acti-
vated by incubation with amyloid-β fibrils. First, two different 
nanoparticle configurations were considered, namely spherical 
polymeric nanoconstruct (SPNs) with a characteristic size of 
about 200 nm and discoidal polymeric nanoconstructs (DPNs) 
with a diameter of 1,000  nm and height of 400  nm (15, 17). 
Both nanoparticles were realized with biodegradable and bio-
compatible polymers—poly(lactic-co-glycolic acid) (PLGA), 
polyethylene glycol (PEG)—mixed with lipid chains. Then, the 
most effective configuration was selected based on macrophage 
internalization assays involving cytofluorimetric and confocal 
microscopy analyses. Finally, the selected configuration was 
loaded with Curcumin and delivered to macrophages, in the 

presence of amyloid-β fibrils, for assessing IL-1β; IL-6 and  
TNF-α production.

MATERIALS AND METHODS

Materials
Poly(lactic-co-glycolic acid) (50:50, Carboxy-terminated, MW 
38,000–54,000  Da) was purchased from Sigma Aldrich (St. 
Louis, MO, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[Carboxy(Polyethylene Glycol)-2000] (DSPE-PEG) were 
obtained from Avanti Polar Lipids (Alabaster, Alabama). Cur
cumin (95% total curcuminoid content) was purchased from  
Alfa Aesar. Chloroform, Acetonitrile and other solvents were 
obtained from Sigma Aldrich.

Nanoparticle Synthesis and 
Characterization
Spherical polymeric nanoconstructs (SPNs) were synthesized 
by employing an emulsion/solvent evaporation technique (17). 
DSPE-PEG was dissolved in a 4% ethanol solution to a final 
volume of 3 ml to obtain the aqueous phase, whereas 1 mg of 
PLGA and an appropriate quantity of DPPC were dissolved in 
chloroform to create the oil phase. A v/v ratio of 6:1 between the 
aqueous and organic phase, a lipids/polymer w/w ratio of 20% 
and a DPPC/DSPE-PEG molar ratio of 7.5:2.5 were used. Then, 
the oil phase was added in a dropwise manner to the aqueous 
solution under ultrasonication at 60% amplitude (Q125 sonica-
tor, Q-Sonica). The resulting emulsion was then gently stirred 
at room temperature and in a reduced pressure environment 
for 4 h to allow solvent evaporation. Finally, nanoparticles were 
washed with water by centrifugation using Amicon Ultra-4, 
Centrifugal Filter 10,000 Da (Millipore) at 3,500 rpm for 8 min 
for three times to remove any possible debris obtained in the 
synthesis process. SPN size and surface zeta potential were 
estimated by dynamic light scattering (DLS) (Malvern Zetasizer, 
ZEN 3600). To this end, nanoparticles solution was centrifuged 
at 12,000 rpm for 20 min and the pellet was resuspended in 1 ml 
of Milli-Q water; then, 20 µl were diluted in 1 ml of Milli-Q water 
and the resulting solution was transferred into a folded capillary 
cell (Malvern). The Smoluchowski model was used to calculate 
zeta potential values. For scanning electron microscopy (SEM) 
analysis, the SPN solution was dropped directly onto a polished 
silicon wafer. After drying, samples were sputter-coated with 
platinum prior to imaging, to enhance polymer contrast. The 
stability of the nanoparticles was evaluated over a period of 
9 days. Nanoparticles were suspended in 1 ml of Milli-Q water 
and kept at 37°C for the whole time span. At various time points 
(namely at days 1, 2, 3, 5, and 9), a DLS analysis on each sample 
was performed as described above. For each characterization 
study, the number of analyzed samples was 3.

Discoidal polymeric nanoconstructs were synthesized by 
employing a top-down fabrication process described in details 
in our previous works (14, 15). Briefly, this fabrication approach 
involves the use of electron beam lithography (EBL) to fabricate 
a silicon master template presenting an array of cylindrical holes 
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with a fixed diameter (1,000  nm) and height (400  nm). This 
pattern is then replicated into PDMS and subsequently PVA 
templates, by using soft lithography techniques. Once the holes 
of the sacrificial template (PVA) are filled with the polymeric 
mixture composed by PLGA and PEG, the PVA is dissolved in 
water to collect the resulting particles. To perform internaliza-
tion experiments, lipid Rhodamine was added to the polymeric 
mixture composing DPNs. DPN physical chemical characteriza-
tion was performed through Multisizer (Beckman Coulter) to 
calculate DPN concentration and size distribution profile, and 
DLS to estimate the zeta potential. The samples for transmission 
electron microscopy (TEM) were prepared by the drop casting 
method over copper grid. The samples were negatively stained 
for 10 min with 2% (w/v) uranyl acetate aqueous solution, and 
then washed twice with distilled water and dried before imaging. 
The stability of the DPNs was evaluated as described above for 
the SPNs (n = 3).

Cell Cultures
Raw 264.7 cells were purchased from the American Type Culture 
Collection (ATCC, Rockville, MD, USA) and maintained in 
Dulbecco’s Modified Eagle’s Medium high-glucose (DMEM) 
(Euroclone) supplemented with 10% fetal bovine serum (ATCC) 
and 1% penicillin/streptomycin. Cells were grown at 37°C in an 
80% humidified atmosphere of 5% CO2.

Internalization Experiments
2 × 105 RAW 264.7 cells were seeded into a 12 well plate. Cells 
were treated with SPNs (1.5  µg/ml), Fluoresbrite® Carboxyl 
NYO Carboxylate Microspheres 0.20  µm (Polyscience) (30 
Particles per cell), and DPNs (10 particles per cell). 24 h later 
cells were harvested in phenol red free DMEM (Lonza) and 
analyzed by flow cytometry using BD FACS Aria (Beckton 
Dickinson). 2 × 105 events per sample were analyzed, and experi-
ments were run in triplicate. For microscopy analyses, 1 × 104 
RAW 264.7 cells were seeded into a Lab-Tek II Chambered 
Coverglass (Thermo Fisher). Cells were treated following the 
same condition described above. Images were acquired using 
A1 + Nikon confocal microscope system (Nikon). Statistic was 
performed analyzing four images per each group and performed 
in triplicate.

Drug Loading (DL) and Release
Curcumin-loaded SPNs (Curc-SPNs) were synthesized by 
employing the same emulsion/solvent evaporation technique 
described above. Simply, the 200 µg of Curcumin was dissolved 
in chloroform and added to the oil phase per each milligram 
of PLGA. To estimate loading and encapsulation efficiency 
(EE), SPNs were resuspended in 1 ml of water and freeze-dried. 
After lyophilization, a known amount of particles was dissolved 
in acetonitrile to free the entrapped drug. The absorbance of 
Curcumin at 430  nm, with a baseline wavelength of 650  nm, 
was measured and used to calculate the amount of molecule. 
Each sample was evaluated in triplicate. Loading efficiency was 
expressed as the weight percentage of drug mass with respect to 
the total mass of the nanoparticles, whereas EE was expressed 
as the weight percentage of entrapped drug mass as compared 

to the initial drug input. The in vitro release of Curcumin was 
evaluated under physiological conditions in PBS at 37°C and pH 
7.4 up to 72 h. 200 µl of nanoparticle solution at 10 µM Curcumin 
were transferred into Slide-A-Lyzer MINI dialysis cups with a 
molecular cutoff of 10  kDa (Thermo Scientific, Rockford, IL, 
USA) and dialyzed against 4 l of PBS. At each time point, three 
replicates were retrieved and analyzed. Quantification of the 
amount of drug released was obtained through a spectrophoto-
metric measurement, using a method akin to the one employed 
in assessing the loading efficiency. The content of each cup was 
collected and centrifuged at 12,000  rpm for 20  min, and the 
resulting pellet of nanoparticles was dissolved in acetonitrile. 
Then, for each sample, the absorbance at 430 nm with a baseline 
wavelength of 650  nm was measured. Results for each time 
point are expressed as a percentage with respect to the initial 
time point.

In Vitro Production of Amyloid-β Fibrils
Amyloid-β (Aβ) peptides (Aβ 1–42) (MW 4415.26, Sigma 
Aldrich) were dissolved by briefly vortexing in a 0,02% ammonia 
solution at a concentration of 1 mM at 4°C and stored at −80°C. 
Formation of Aβ fibrils was obtained through a polymerization 
reaction conducted as described by Ono and Hasegawa: Aβ 
peptides were dissolved in 50  mM phosphate buffer (pH 7.4, 
100 mM NaCl) to a final concentration of 25 µM and to a final 
volume of 950  µl and incubated for 6 and 16  h at 37°C. The 
reaction was stopped by storing the samples at 4°C. Aβ fibrils 
were visualized via TEM. 4 µl of fibril solution were cast on a 
carbon-coated copper grid and positively stained for 10  min 
with a 2% (w/v) uranyl acetate aqueous solution. Samples were 
then washed with distilled water and dried before imaging.

Cell Viability Assay
Dead Cell Apoptosis Kit with Annexin V FITC and PI 
(ThermoFisher) was used to initially detect any apoptotic effect 
of PLGA, as main constituent of our particles, both SPNs and 
DPNs. Cells (2  ×  105) were seeded and, after reaching conflu-
ency, were treated with empty nanoparticles, at three different 
concentrations, namely 0.05, 1.5, and 15 µg/ml of PLGA. After 
12  h, cells were detached from the plates and stained using 
the aforementioned kit. Then FACS analyses were performed.  
An MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
Bromide) proliferation assay (Sigma Aldrich) was used to evalu-
ate the cytotoxicity of free Curcumin, empty nanoparticles, and 
Curcumin-loaded nanoparticles. Cells were seeded at a density 
of 5 × 103cells per well in 96 well plates and cultured for 24 h. 
Free Curcumin was suspended in DMSO and diluted to various 
concentrations with complete cell media. DMSO was always 
kept at a final concentration below 0.1% v/v. Empty SPNs and 
Curcumin-SPNs were resuspended in complete media at various 
concentrations. These solutions were used to treat cells. After 
24 h, the medium was removed and the MTT working solution 
was added according to the manufacturer’s instructions. After 
4 h, medium was removed and DMSO was added to each well 
to solubilize the purple precipitates. Upon complete solubiliza-
tion, the absorbance at 570 nm was measured for each sample. 
In all groups, five replicates were analyzed per each of the used 
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concentration. Data are expressed as the percentage of viable cells 
with respect to controls.

Real-time RT-PCR
Raw 264.7 macrophages were seeded at a density of 2 × 105 cells/
well in 6-well plates, containing 2 ml of culture media. Cells were 
pre-treated for 5  h with 10  µM free Curcumin or Curc-SPNs 
and then exposed to 2 µM Aβ fibrils and 100 ng/ml LPS (Sigma 
Aldrich). Cells were also exposed to empty SPNs, Aβ fibrils and LPS 
without previous treatment with Curc-SPNs. After 6 h, total RNA 
was extracted using RNeasy Plus Mini Kit (Qiagen) according to 
the manufacturer’s instructions and quantified using Nanodrop 
2000 UV-Vis Spectrophotometer (Thermo Scientific). Real Time 
RT-PCR were carried out using a Power SYBR Green RNA-to-CT 
1-Step Kit (Applied Biosystems). The reactions were performed in 
a final volume of 20 µl of the following reaction mixture: 2X Power 
SYBR Green RT-PCR Mix, 200 nM respective primer pairs, 125X 
RT Enzyme Mix, 100 ng of RNA template for retrotranscription 
and amplification of TNF-α, IL-1β, or IL-6 gene product. GAPDH 
was used as housekeeping gene. Oligonucleotide primer pairs were 
as follows: for GAPDH, 5′-GAACATCATCCCTGCATCCA-3′ 
and 5′-CCAGTGAGCTTCCCGTTCA-3′; for TNF-α, 5′-GGTG 
CCTATGTCTCAGCCTCTT-3′ and 5′-GCCATAGAACTGATG 
AGAGGGAG-3′; for IL-1β, 5′-TGGACCTTCCAGGATGAGGA 
CA-3′ and 5′-GTTCATCTCGGAGCCTGTAGTG-3′; for IL-6,  
5′-TACCACTTCACAAGTCGGAGGC-3′ and 5′-CTGCAAGTG 
CATCATCGTTGTTC-3′. The fold change in gene expression 
was evaluated by ΔΔCt method, relative to the control. All experi-
mental groups were tested in triplicate.

Statistical Analysis
Statistical analysis of significance was performed using ANOVA, 
after that equal-variance assumption was confirmed, using the 
robust Brown–Forsythe Levene-type test for homogeneity of  
variance. Multiple comparisons were performed using, as 
post hoc test, the Tukey’s honestly significant difference (HSD) 
test. Comparisons with a p-value lower or equal to 0.05 was  
considered statistically significant different with respect to 
control. Data are presented as mean ± SD.

RESULTS

Synthesis and Physico-Chemical 
Characterization of Spherical and DPNs
Spherical Polymeric Nanoconstructs (SPNs) were synthetized 
via an emulsion/solvent evaporation technique, as detailed in 
the Section “Materials and Methods” and in previous reports by 
the authors and other scientists (16, 17, 19). As schematically 
depicted in Figure 1A, SPNs exhibit a hydrophobic polymeric 
core made out of PLGA which is stabilized externally by a lipid 
monolayer comprising a mixture of dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 
with a carboxylic termination (DSPE-PEG-COOH). Following 
synthesis, SPNs were characterized for their physico-chemical 
properties. Specifically, SPN geometry (size and shape) was 

analyzed via DLS and SEM. The SPN hydrodynamic size in 
de-ionized (DI) water resulted of 184.19  ±  15.06  nm, with a 
polydispersity index (PDI) of 0.115  ±  0.036, based on DLS 
measurements (Figure  1B). The monodisperse population of 
SPNs is confirmed by the moderate PDI and the SEM image in 
Figure 1C. The ζ-potential of SPNs was of −43.18 ± 9.23 mV, 
documenting the presence of negative surface charges associ-
ated with the carboxylic termination of the DSPE-PEG-COOH 
chains. The colloidal stability of SPNs was also assessed by 
measuring longitudinally, over a period of 9  days, both the 
hydrodynamic size and PDI. The resulting data (Figure  1D) 
document a remarkable stability of SPNs with a negligible size 
and PDI variation over the whole period.

Discoidal polymeric nanoconstructs were synthetized via 
a top-down fabrication approach combining lithographic 
techniques, template replications and polymer mixture loading, 
as previously described by the authors (14, 15). As shown in 
Figure 1E, DPNs appear as circular disks resulting from cross 
linking PLGA and poly(ethylene glycol) diacrylate (PEG-DA) 
chains. Following synthesis, DPNs were characterized for their 
physico-chemical properties. Specifically, DPN geometry (size 
and shape) was analyzed via Multisizer characterization and 
TEM. Size assessment of DPNs, measured in DI water via 
Multisizer, returned an average size of 787 ± 27 nm (Figure 1F). 
Given the non-sphericity of DPNs, their size spectrum cannot 
present a single, sharp peak as for SPNs in Figure 1B. The TEM 
image in Figure 1G confirms the discoidal shape with a diam-
eter of ~1,000 nm and a height of ~ 400 nm. The ζ-potential of 
DPNs was around −19.9 ± 4.56 mV, resulting from the balance 
between the neutral charge of the PEG chains and the nega-
tive surface charge associated with the carboxylic termination 
on the PLGA chains. The colloidal stability of DPNs was also 
assessed by measuring longitudinally, over a period of 9 days, 
the average size via Multisizer. The data reported in Figure 1H 
document a remarkable stability over time even for this second 
nanoplatform.

Analysis of Macrophage Interaction  
with SPNs and DPNs
Cytofluorimetric analysis was performed in order to assess SPN 
and DPN internalization into professional phagocytic cells. 
The same volume (~1  ×  106  μm3) of polymeric particles was 
used. Specifically, SPNs (1.5  µg/ml), DPNs (10 particles per 
cells), and 200  nm carboxylated polystyrene particles (P200) 
(30 particles per cells) were incubated with Raw 264.7 cells up 
to 24 h. At 24 h, the percentage of RAW 264.7 cells associated 
with particles was 99.6 ± 0.11% for SPNs, 84.9 ± 0.40% for P200, 
and 14.4 ± 0.0.06% for DPNs (Figure 2A). This trend was also 
confirmed via confocal microscopy analyses. Figure  2B shows 
that 100% of RAW 264.7 cells within a region of interest resulted 
to be positive to SPNs and P200, while only 25.3  ±  6.63% of 
macrophages turned to be associated with DPNs. The panel of 
Figure  2C shows representative microscopy images of RAW 
264.7 cells 24-h post incubation with SPNs, P200 and DPNs.  
In Figure 2C, nuclei and actin filaments were stained in blue and 
green, respectively, whereas nanoparticles appeared as red dots. 
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FIGURE 1 | The physico-chemical characterization of spherical and discoidal polymeric nanoconstructs. (A) Schematic representation of SPNs synthetized via 
emulsion/solvent evaporation method comprising a hydrophobic [poly(lactic-co-glycolic acid) (PLGA)] core stabilized by an external lipid monolayer (a mixture  
of DPPC and DSPE-PEG-COOH). (B) Size distribution of SPNs via dynamic light scattering analysis (n = 3). (C) Scanning electron microscopy image of SPNs.  
(D) Colloidal stability of SPNs in de-ionized (DI) water (n = 3). (E) Schematic representation of DPNs synthetized via a top-down approach and resulting by the 
crosslinking of PLGA and poly(ethylene glycol) diacrylate (PEG-DA) chains. (F) Size distribution of DPNs via Multisizer analysis (n = 3). (G) Transmission electron 
microscopy image of DPNs. (H) Colloidal stability of DPNs in DI water (n = 3).
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It is clearly confirmed the large difference in cell uptake between 
the spherical nanoparticles, SPNs and P200, and the discoidal 
nanoconstructs DPNs. Also, multiple SPNs and P200 are associ-
ated with the same cell.

Pharmacological and Cytotoxicity 
Properties of SPNs
Based on the cell internalization results, SPNs were selected 
to be loaded with the natural, anti-inflammatory compound 
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FIGURE 2 | Macrophage association with spherical and discoidal polymeric nanoconstructs (SPNs and DPNs, respectively). (A) Cytofluorimetric analysis of RAW 
264.7 cell association post 24-h incubation with SPNs, 200 nm polystyrene nanoparticles (P200) and DPNs (n = 3). (B) Confocal microscopy analysis of RAW 264.7 
cell post 24-h incubation with SPNs, 200 nm polystyrene nanoparticles (P200) and DPNs (n = 4). (C) Representative confocal microscopy images of RAW 264.7 
cells incubated with SPNs, P200, and DPNs (blue, DAPI staining for the nucleus; green, Alexa Fluor 488 Phalloidin staining for the cell cytoskeleton; red, SPNs, 
P200, and DPNs labeling with Rhodamine B). Scale bar: 20. µm.
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Curcumin. Given the hydrophobicity profile of this molecule, 
Curcumin was directly entrapped within the hydrophobic 
PLGA core of SPNs. Curc-SPNs present a hydrodynamic size 
of 193.4 ± 6.9 nm and a zeta potential of −43.8 ± 4.56 mV. The 
pharmacological properties of Curc-SPNs were characterized 
by quantifying DL and release, and cytotoxicity on RAW 264.7 
macrophages. To this end, Curcumin EE and loading were 
assessed via spectrophotometric analysis. DL was calculated 
as the percentage in weight of loaded Curcumin compared to 
the total nanoparticle mass; whereas the EE was determined 

as the percentage of loaded Curcumin over the initial input 
amount of Curcumin. Data returned a DL of 2.31% ± 0.84 and 
an EE of 13.23% ± 5.41, as graphically reported in Figure 3A. 
The release profile of Curcumin was determined over a period 
of 72 h, under physiological conditions (pH = 7.4 and 37°C).  
As documented by the plot of Figure 3B, 50% of Curcumin was 
released within the first 6 h (see inset of Figure 3B), whereas 
the remaining 50% of anti-inflammatory molecules was slowly 
released within the following 66 h. The effect of SPNs in gener-
ating apoptosis, if any, was tested. Figure 3C shows the FITC 
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FIGURE 3 | Pharmacological and cytotoxicity properties of SPNs and curcumin-loaded SPNs (Curc-SPNs). (A) Drug loading (DL) and encapsulation efficiency 
(EE) for Curc-SPNs (n = 3). (B) In vitro release profile of curcumin up to 72 h, under physiological conditions (pH 7.4 and 37°C). The inset shows the earlier time 
points of the curve (n = 3). (C) FITC fluorescent profile associated with Annexin V presence on cells membrane, after empty SPNs treatment or in control group. 
(D) Cells population distribution analysis on cells treated or not with nanoparticles, showing the level of viable, apoptotic, or necrotic cells. (E) Raw 264.7 cell 
viability at 24 h post incubation with empty SPNs (n = 5). (F) Raw 264.7 cell viability at 24 h post exposure to free Curcumin and Curc-SPNs (n = 5). Data are 
expressed as mean ± SD.
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intensity profiles, indicating the level of apoptosis, for all the 
experimental conditions used. There is no difference among 
cells untreated or treated with different empty SPNs concentra-
tions, not even at a concentration three times higher than the 
one used for internalization experiments. Figure  3D shows 
more insights on the cell populations analyzed, showing the 
level of living cells, necrotic cells, or cells in early or late apop-
tosis. Also in this case, cells distribution in these subgroups 
is similar, despites the treatment used. Taken together, these 
results prove that our SPNs do not induce apoptosis, at least in 
the time frame and in the conditions used for the subsequent 
Curc-SPNs efficacy experiments. Finally, the cytotoxicity on 
Raw 264.7 cells of empty SPNs, free Curcumin, and Curc-SPNs 
was quantified at 24  h, using a MTT  cell proliferation assay. 

Figure  3E shows the cell viability of Raw 264.7 incubated 
with empty SPNs. No significant toxicity of SPNs was detected 
up to more than 20  µg/ml of polymer. For larger concentra-
tions, cell viability slightly reduces reaching an average value 
above 75% for 125  µg/ml of polymer, although without any 
significant difference with control. This is very important as 
this is the polymer concentration representing the amount of 
polymer of 10  µM Curc-SPNs. Figure  3F directly compares 
the cytotoxicity potential of free Curcumin and Curc-SPNs. 
No significant toxicity was detected up to 10 µM of Curcumin, 
whereas, for larger concentrations, cell viability reduced stead-
ily in a concentration dependent fashion. Also, Curc-SPNs and 
free Curcumin returned comparable cytotoxicity activities on  
RAW 264.7.
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FIGURE 4 | Mitigating cytokine production by Raw 264.7 macrophages. Transmission electron microscopy images of amyloid-β fibrils obtained by incubating Aβ 
(1–42) peptides at 37°C in 50 mM phosphate buffer (100 mM NaCl) for 6 h (A) and 16 h (B). Following the experimental protocol showed in (C), total RNA was 
collected and the mRNA levels of IL-1β (D), TNF-α (E), and IL-6 (F) were semi-quantified against GAPDH via Real Time RT-PCR (n = 3). Data are plotted as mean  
± SD (“**” denotes statistically significant difference at p ≤ 0.01. “***” denotes statistically significant difference at p ≤ 0.005)).
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Anti-inflammatory Efficacy of Curc-SPNs
Inflammation was induced in RAW 264.7 cells by two different 
methods: incubation with Aβ fibrils and incubation with LPS, 
as positive control. Fibrils were obtained through spontaneous 
polymerization by incubating Aβ (1–42) peptides at 37°C for 6 
or 16 h. Both procedures yielded fibrillar structures of 6–9 nm 
in diameter and more than 200  nm in length, as shown in 
Figures  4A,B. Since no dramatic differences were observed 
between the two polymerization protocols, the 6-h polymeriza-
tion was selected for all subsequent experiments.

For assessing the anti-inflammatory potential of Curc-SPNs, 
Raw 264.7 macrophages were pre-incubated for 5 h with Curc-
SPNs (10 µM) and then exposed to an inflammatory stimulus 

for 6 h (2 µM of fibrillar Aβ or 100 ng/ml of LPS, as a positive 
control) (Figure 4C). The inflammatory response was assessed 
by measuring the levels of relevant pro-inflammatory cytokines, 
namely IL-1β, IL-6, and TNF-α, via RT-PCR (Figures  4D–F). 
No changes in gene expression were observed when treating 
cells with an equivalent dose empty SPNs, this additional con-
trol prove the presence of negligible levels of endotoxins, if any. 
Figures  4D–F show the relative fold expression levels for the 
three cytokines in six different experimental groups: the control 
group (CTRL)—cells were neither treated with SPNs not exposed 
to pro-inflammatory stimuli; the empty-SPNs group—cells were 
exposed to empty SPNs to verify the possible pro-inflammatory 
potential of nanoparticles; the LPS group—cells were exposed 
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for 6 h to LPS without any SPN pre-treatment; the LPS +  free 
Curcumin group—cells were pre-treated with 10 µM Curcumin 
and then stimulated by LPS; the LPS + Curc-SPNs group—cells 
were prior incubated with Curc-SPNs for 5 h and subsequently 
exposed to LPS for 6  h; the Amyloid-β group—cells were 
exposed for 6 h to fibrillar Aβ without any SPN pre-treatment; 
the Aβ  +  Curc-SPNs group—cells were prior incubated with 
Curc-SPNs for 5 h, and subsequently exposed to fibrillar Aβ for 
6 h. Figure 4D shows that the cellular production of IL-1β is dra-
matically inhibited by a 5-h pre-treatment with Curc-SPNs. The 
relative cytokine expression reduces by ~15 times with respect to 
the case of LPS (from 1,439.67 ± 340.77 for LPS to 96.47 ± 4.33 
for LPS + Curc-SPNs) and by ~6.5 times compared to fibrillar 
Aβ stimulation (from 7.21 ± 2.08 for Amyloid-β to 1.1 ± 0.17 
for Aβ + Curc-SPNs). Free Curcumin treatment was also able to 
reduce IL-1β, although at a more modest level (369.28 ± 164.33) 
compared LPS stimulation. Similar observations can be drawn 
from Figure  4E for IL-6. The relative cytokine expression 
reduces by ~8 times when compared to the case of LPS stimula-
tion (from 5,053.44 ± 1,928.49 for LPS to 618.19 ± 189.49 for 
LPS + Curc-SPNs) and by ~2.3 times to the case of fibrillar Aβ 
stimulation (from 3.61  ±  0.78 for Amyloid-β to 1.57  ±  0.41 
for Aβ + Curc-SPNs). In this respect, free curcumin showed a 
very similar behavior (620.123  ±  302.51). Although the same 
general trend can also be depicted in Figure 4F, no statistically 
significant variations in the expression of TNF-α was observed 
for LPS and fibrillar Aβ stimulations, both in the case of free 
Curcumin and Curc-SPNs pre-treatment. This could be due to 
the specific phenotype of RAW 264.7 cells, stimulation times, 
and concentrations of pro-inflammatory stimuli.

DISCUSSION

Inflammation is relevant in the onset and progression of sev-
eral diseases, including cancer, cardiovascular, metabolic, and 
neurodegenerative. Until the harmful stimulus persists, the 
inflammatory machinery evolves into a chronic process, rein-
forcing and turning itself into a injurious course, worsening the 
condition at the damaged site. Macrophages, phagocytic cells 
of myeloid origin, are key players in this kind of chronic inflam-
mation (20). They can be found in every body tissue, assuming 
different phenotypes and roles: they can be differentiated into 
several kinds of cells, including microglia, Kupffer cells, and 
more. In this chronic insult scenario, macrophages proceed 
in their accumulation resulting in their continuous activation 
largely responsible for inducing damage. AD pathology is also 
characterized by an inflammatory response, which is primarily 
driven by the brain-resident macrophages, i.e., microglia, most 
likely toward Aβ plaques, exacerbating the pathology of the 
disease, escalating with its progression (5, 6). Microglia sur-
rounds and is intimately associated with Aβ plaques, which in 
turn leads to the production of inflammatory cytokines and 
chemokines in vitro (21–28). Furthermore, a panoply of typical 
inflammatory mediators can be detected both in in vivo models 
and in brains or CSF from AD patients, including TNF-α, IL-1β, 
IL-6, GM-CSF, IL-12, and IL-23 (29–32). Even though micro-
glia have the capacity to phagocyte Aβ, it is also true that the 

inefficient clearance of amyloid plaques is a major pathogenic 
factor in AD (33). Based on this, it is of crucial importance to 
try to modulate macrophages phenotype, inducing a regression 
in their pro-inflammatory activity. In this work, two different 
nanoconstructs—SPNs and DPNs—were presented and char-
acterized with the objective of selecting the best nanoplatform 
for tempering inflammation in AD. Recently, different studies 
are trying to better understand and evaluate the interaction of 
nanoparticles and immune system cells. Small spherical nano-
particles, below 200  nm in diameter, seem to be more easily 
internalized by dendritic cells (34). Nonetheless, also nanopar-
ticles’ softness and deformability plays a very important role 
in this process. In fact, both in vitro and in vivo data showed 
that harder particles are more prone to be phagocytized, as 
well as to be removed from blood circulation (e.g., through 
spleen filtration) (15, 35). Moreover, the comparison between 
SPNs and DPNs was not only instrumental to choose the best 
platform to be used, but also increased the knowledge of this 
special interaction, so useful for any nano-based drug delivery 
system. Cytofluorimetric analysis revealed that, at 24  h post 
incubation, 99.6% of RAW 264.7 cells were associated with 
SPNs as opposed to only 14.4% for DPNs. This behavior was 
also confirmed via confocal microscopy analysis. Notably, SPNs 
worked even better than polystyrene particles, chosen as a posi-
tive control since they are easily uptaken by phagocytic cells, as 
well documented in the literature (36, 37). The ability of SPNs to 
be internalized and modulate macrophages activity was already 
demonstrated by the authors (38–40). Therefore, these new data 
provide additional information, unequivocally suggesting that 
spherical nanoparticles are far better candidates for delivering 
anti-inflammatory drugs directly into macrophages compared 
to discoidal nanoconstructs. Consequently, SPNs were selected 
as the delivery platform and were loaded with Curcumin, a 
natural anti-inflammatory molecule, in order to deliver their 
payload inside target cells. Curcumin (diferuloylmethane) is 
a polyphenol that represents the major curcuminoid extracted 
from the Curcuma longa plant, which is extensively used for 
its anti-inflammatory, antioxidant, analgesic, antiseptic, and 
anticancer activity (41). In particular, its anti-inflammatory 
effect, mostly due to the inhibition of NF-kB transcription 
factor, makes Curcumin a highly desirable candidate as a 
therapeutic agent in several inflammation-based pathologies 
(42). However, Curcumin has a poor bioavailability of its 
hydrophobicity. For instance, in pre-clinical studies on rats, an 
oral dose of 500 mg/kg resulted in a peak plasma concentration 
of only 1.8 ng/ml (43). In a phase II clinical trial, 25 patients 
with pancreatic cancer were administered daily with 8  g of 
Curcumin leading to a maximum plasma level concentration 
of only 41  ng/ml (44, 45). In this manuscript, RAW 264.7 
cells were exposed to amyloid-β fibrils and LPS, two potent 
pro-inflammatory stimuli, in order to replicate an inflamed 
environment and treated with free Curcumin and Curc-SPNs. 
Note that the stimulation of macrophages with Aβ fibrils was 
consider as a preliminary model of neuro-inflammation in AD 
(46). Results demonstrated a significant efficacy of Curc-SPNs 
in modulating the production of pro-inflammatory cytokines, 
namely IL-1β, IL-6, and TNF-α. Importantly, no changes in 
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gene expression (in particular for IL-6 and TNF-α) (47) was 
observed upon the incubation of macrophages with empty 
SPNs. This additional control indirectly confirm the absence 
of endotoxin or of any unintentional contamination with 
minute amount of LPS, which would have induced a powerful 
inflammatory response (48). Interestingly, at the considered 
concentrations, the pro-inflammatory effect of LPS was always 
stronger than that associated with fibrillar Aβ incubation. 
Finally, no cytotoxic effect was observed after the incubation 
of the cells with the vehicle per se, as well as the ability of the 
system to preserve the structure and the function of Curcumin, 
after being loaded into the polymeric matrix. Altogether these 
findings demonstrate that spherical polymeric nanoconstructs 
can efficiently target macrophages and alleviate inflamma-
tion by the specific, intracellular delivery of Curcumin. This 
approach holds potential in the mitigation of inflammation in 
AD. However, future works should progress along two parallel 
paths. On the one hand, more sophisticated in vitro models will 
have to be considered where primary microglia and neurons 
are co-cultured and monitored over time during treatment 
for assessing cytokine production as well as neuronal activity.  
On the other hand, the role of tissue inflammation on the blood 

brain barrier permeability to nanoparticles should be eluci-
dated using imaging and different pre-clinical models of AD.
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Subunit vaccines are safer but less immunogenic than live-attenuated vaccines or 
whole cell inactivated vaccines. Adjuvants are used to enhance and modulate antigen 
(Ag) immunogenicity, aiming to induce a protective and long-lasting immune response. 
Several molecules and formulations have been studied for their adjuvanticity, but 
only seven have been approved to formulate human vaccines. Metallic nanoparticles 
(MeNPs), particularly those containing gold and iron oxides, are widely used in medi-
cine for diagnosis and therapy and have been used as carriers for drugs and vaccines. 
However, little is known about the immune response elicited by MeNPs or about their 
importance in the development of new vaccines. There is evidence that these particles 
display adjuvant characteristics, promoting cell recruitment, antigen-presenting cell 
activation, cytokine production, and inducing a humoral immune response. This review 
focuses on the characteristics of MeNPs that could facilitate the induction of a cellular 
immune response, particularly T-helper 1 and T-helper 17, and their potential functions 
as adjuvants for subunit vaccines.

Keywords: particulate vaccine, adjuvant, immune response, Th1, Th17

INTRODUCTION

Adjuvant selection for subunit vaccines is a key to increasing immunogenicity and, therefore, guiding 
stimulation of innate immunity and the development of the appropriate protective response to combat 
the microorganism of interest. Adjuvants are classified as particulate formulations, immunomodula-
tory molecules, or a combination of both characteristics. In addition to acting on the diversity of 
the humoral and cellular immune response, they can act in several different ways: by decreasing 
the vaccine dose, accelerating the immune response, or prolonging the immune response (1, 2). 
Among the seven approved vaccine adjuvants for human use, aluminum salts (alum), emulsions 
(e.g., MF59), and virosomes are particulate formulations. While alum induces efficient antibody (Ab) 
production and a predominant T-helper 2 (Th2) response, the other two have the capacity to induce 
T-helper 1 (Th1) and Th2 as well as Ab. Adjuvant system (AS) 01 and 04 used the combination of 
an immunomodulatory molecule and a particulate formulation composed of a Toll-like receptor 4 
(TLR4) agonist, monophosphoryl lipid A that also induces Ab. The incorporation of alum in AS04 
improved the humoral response, while the association of saponin (QS-21) and liposome in AS01 
favored Th1 responses (3, 4). Imidazoquinolines (TLR7 and TLR8 agonists) and lipid A analogs 
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(TLR4 agonists) are immunomodulatory molecules, capable of 
generating a Th1 response (5).

There is a demand for safe adjuvants capable of inducing 
efficient cellular immunity, especially Th1 and Th17, to be used 
against tuberculosis, leishmaniasis, malaria, and other diseases 
caused by intracellular microorganisms (1, 6). The majority of 
molecules with this type of adjuvanticity (Th1 driven) are related 
toward the response of danger receptors to trigger inflammation, 
thus safety and tolerance could be major barriers that prevent 
their use in human vaccines (7). However, comparing Alum and 
CpG/DNA adjuvants in human trials, only common adverse 
effects, including local site reaction, flu-like symptoms and 
headache were observed when CpG/DNA was used (8). Also, 
Verstraeten et  al. (9), analyzing more than 30,000 individuals, 
who received vaccine-containing AS01, observed that only com-
mon side effects occurred.

Nanoparticles (NPs) are classically described as structures 
smaller than 100 nm and can be classified, based on their com-
position, as polymeric, inorganic, liposomes, immunostimulating 
complexes, virus-like particles, emulsions, or self-assembled pro-
teins (10). They are made of different materials and differ in size, 
shape, and surface properties; interactions with biological systems, 
therefore, are varied, with several applications in modern medi-
cine. In vaccinology, they are classically thought to have delivery 
and deposit properties. However, many NPs have been shown to 
stimulate immune responses, including cell recruitment, activation 
of antigen (Ag)-presenting cells (APCs), and induction of cytokine 
and chemokine release. The development of nanostructures and 
nanoadjuvants may therefore offer alternatives to currently used 
adjuvants once studies establish ways for them to elicit innate 
immune response and support the development of adaptive 
immune response in the context of vaccine formulations (10).

Metallic nanoparticles (MeNPs) are relatively non-biode-
gradable, have rigid structures, and possess simple synthesis 
methodology. Many have been studied for their immunological 
properties (11). However, there are still gaps in understanding 
the immune response generated by NPs, especially MeNPs. Few 
studies have compared NPs of different types and there is no 
standardization among published methodologies, which ham-
pers comparisons of immunostimulatory characteristics. Several 
important characteristics, therefore, have not been well studied. 
For example, how chemical and physical properties (including 
material composition, size, shape, surface charge, and hydropho-
bicity) impact vaccine immune response (5). This review focuses 
on the use of MeNPs in formulations against infectious diseases, 
aiming to assess progress of their use in vaccinology and their 
possible applications as adjuvant.

THE IMMUNE RESPONSE GENERATED 
BY MeNP-FORMULATED VACCINES

Table 1 summarizes the articles that report the use of MeNPs as 
part of vaccine formulations against infectious diseases and the 
immune responses they elicited. A range of immune responses is 
required to fight a diverse group of microorganisms. The type of 
protective immune response can be simplistically divided based 

on the type of microorganism: extracellular bacteria and toxin, 
intracellular bacteria, viruses, fungi, and protozoa. Among the 
vaccines targeting extracellular bacteria and toxin, two were 
formulated with lipopolysaccharide (LPS) in glycopeptide Ag. 
The use of glycoantigen and LPS can trigger an intense response 
through TLR4 and B  cell receptor activation; the presence of 
gold NPs (AuNPs) may have minimal influence on this response. 
However, in the work of Gregory et  al. (12) and Torres et  al. 
(13), the use of AuNPs in the formulation generated a different 
response, improving anti-LPS immunoglobulin G (IgG) response, 
decreasing bacterial burden, generating a more efficient humoral 
response, and improving animal survival, showing that AuNPs 
may influence immune response and protection.

Using protein Ag, Barhate et al. (22) formulated a vaccine using 
AuNPs and toxoid Ag and demonstrated that their formulation 
could induce a mucosal and systemic IgG and IgA response. When 
co-administered with Asparagus racemosus extract, a botani-
cally derived adjuvant, the response was further enhanced (22). 
Dakterzada et al. (24) developed a vaccine against Pseudomonas 
aeruginosa using the flagellin subunit and AuNPs that elicited an 
IgG response comparable to that induced by Freund Adjuvant. 
Flagellin is a TLR5 agonist but the recognition and signaling is 
structure dependent. This study, however, used only the 1–161aa 
from flagellin and its ability to activated TLR5 could not be 
maintained (24). Gregory et al. (12) used an F1 Yersinia pestis Ag 
conjugated to AuNPs that induced an Ab response with higher 
IgG2a associated with higher levels of interferon gamma (IFNγ), 
suggesting activation of Th1 cells.

Among the studies that used MeNPs in vaccine formulation, 
only one targeted intracellular bacteria (Listeria monocytogenes). 
The protective immune response against intracellular bacterial 
infections requires Th1 activation and, therefore, APCs activation 
and Ag presentation through major histocompatibility complex 
II (MHC II). To generate a Th1 response, an AuNP and Listeria 
Ag formulation were used in different strategies. Although the 
authors tested direct vaccination, when dendritic cells (DC), 
in  vitro loaded with AuNP plus Listeria Ag, were adoptively 
transferred to a naïve animal, they induced Th1, CD8+, and 
natural killer (NK) cells that provided better protection against 
L. monocytogenes than the traditional vaccine approach (23).

In evaluating vaccines developed with MeNPs against viral 
infections, Niikura et al. (20) used West Nile virus (WNV); Tao 
et al. (21) used the extracellular portion of Matrix 2 protein (M2) 
of the influenza virus; Chen et al. (15) conjugated AuNPs with 
a 28 amino acid VP1-foot-and-mouth virus protein (pFMDV); 
and Staroverov et al. (17) co-administered AuNPs and partially 
purified enteropathogenic swine-transmissible gastroenteritis 
virus. All the above studies evaluated the Ab immune responses 
and all formulations demonstrated efficient humoral response 
induction. Tao et al. (21) also evaluated the addition of cytosine 
and guanine linked by phosphodiester unmethylated (CpG/
DNA) and found that it improved Ab levels and animals’ survival 
rates. Another important feature of studies by Niikura et al. (20) 
and Chen et al. (15) was the use of various NP sizes and the dem-
onstration that all different NP shapes were capable of inducing a 
humoral response. The levels of Ab were size dependent, but the 
results were inconsistent: the first study found that a 40 nm sphere 
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TABLE 1 | Studies describing immune responses to vaccination with metallic nanoparticles, listed by NPs material and year of publication (n = 18 studies).

NP 
material

Complementary 
adjuvant

Animal model (route of vaccination) Evaluation of immunogenicity Reference

Gold C57BL/6 (H-2b) and BALB/c (H-2d) mice used for 
protection experiments (intraperitoneal)

CD4+, IL-2+, and duration and avidity of total 
immunoglobulin G (IgG) (IgG1, IgG2a, IgG2b, and IgG2c)

Kaba et al. (14)

BALB/c mice (intraperitoneal and subcutaneous) IgG (total) Chen et al. (15)

Alum, CFA/IFA BALB/c mice (subcutaneous) IgG1, IgG2a, IgG2b, and IgG3 Parween et al. (16)

Albino mice and rabbits (intraperitoneal) IgG, circulant IFN-γ, and ROS in vivo generation by 
peritoneal macrophages

Staroverov et al. (17)

Alhydrogel BALB/c mice (intramuscular) IgG1 and IgG2a titer, CD4 and CD8 activation, and IFN-γ 
release

Gregory et al. (12)

C57BL/6 (H-2b) and BALB/c (H-2d) mice used 
for protection experiments (intramuscular/
intraperitoneal)

Total IgG, IgM and IgA titer and avidity, and CD8+ memory 
population (effector, central, and long-term central)

Kaba et al. (18)

C57BL/6 mice (intramuscular/intraperitoneal) IgG1, IgG2c, IgG3, and IgE titers Mccoy et al. (19)

C3H/HeNJc1 mice (intraperitoneal) IgG Niikura et al. (20)

CpG/DNA (TLR9 
agonist)

BALB/c mice (intranasal) IgG1 and IgG2a Tao et al. (21)

Asparagus 
racemosus extract

Swiss albino mice (oral) Serum IgG, serum IgA, intestinal IgA, and fecal IgA Barhate et al. (22)

LPS (TLR4 agonist) BALB/c mice (intranasal) IgG1 and IgG2a Gregory et al. (12)

LPS (TRL4 agonist) Rhesus macaques (subcutaneous) IgG Torres et al. (13)

Advax™ adjuvant BALB/c mice (intraperitoneal and intravenous) T-helper 1, CD8+, and NK cells Rodriguez-Del Rio 
et al. (23)

BALB/c mice (subcutaneous) IgG (total) Dakterzada et al. (24)

Iron SW mice (intraperitoneal, intramuscular, and 
subcutaneous), Aotus lemurinus trivirgatus 
monkeys (intramuscular)

Total Ab response, IFN-γ, and IL-4 (mice) and total Ab 
response (monkeys)

Pusic et al. (25)

Nickel BALB/c mice (subcutaneous) IgG response Fischer et al. (26)

BALB/c mice (subcutaneous) IgG1 and IgG2a serum titer and IL-12/p40 and RANTES/
CCL5 serum concentration

Wadhwa et al. (27)

BALB/c mice (subcutaneous) Specific serum IgG, IgG1 and IgG2a Ab titers and IFN-γ 
(splenocytes)

Yan et al. (28)

Ab, antibody; Alum, aluminum salts; CFA, complete Freund adjuvant; IFA, incomplete Freund adjuvant; IFN, interferon; Ig, immunoglobulin; IL, interleukin; LPS, lipopolysaccharide; 
NK, natural killer; NP, nanoparticle; ROS, reactive oxygen species; SW, Swiss Webster mouse; Th, T-helper; TLR, Toll-like receptor.
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was the most efficient Ab inducer and the second study found that 
the 8 nm and 12 nm spheres performed best.

A special case of the use of MeNPs was the use of nickel-
functionalized nanolipoprotein particles (NiNLPs) by Yan 
et  al. (28) and Wadhwa et  al. (27) in combination with HIV 
Ag. NiNLPs are nanometer-sized nanolipoprotein particles 
with nickel incorporation into their surface in order to induce 
polyhistidine tagged proteins adsorption (29). They demon-
strated that specific IgG (IgG1 and IgG2a) levels were greater 
than those obtained when alum was used in the formulation. 
Fischer et  al. (26) used truncated WNV envelope protein Ag 
and found that a single dose vaccination induced a superior 
anti-WNV IgG response and improved protection against a 
WNV challenge (26). These responses were associated with 
nickel functionalization, described as a hapten, and triggered 
responses through activation of human TLR4 and intracellular 
transduction signals through myeloid differentiation primary 
response (MyD-88), nuclear factor-κB (NF-κB), and mitogen-
activated protein kinase (MAPK), inducing pro-inflammatory 
responses [tumor necrosis factor (TNF)-α and interleukin 
(IL)-8] (30, 31).

For protozoan infections, Parween et  al. (16), using 
Plasmodium falciparum merozoite surface protein subunit 
and AuNPs, evaluated the humoral immune response (IgG1, 
IgG2a, IgG2b, and IgG3) and found an intense IgG1 response 
compared with the alum formulation (16). Kaba et  al. (14), 
using P. berghei circumsporozoite protein and AuNPs, gener-
ated long-lasting protective immunity with Th that produced 
IL-2 and mixed high avidity IgG1/IgG2a (Th2/Th1) (14). In 
other studies, these authors replaced Ag with P. falciparum 
circumsporozoite protein; vaccination was shown to induce 
protective cytotoxic (CD8+) cells, high avidity Ab titers, and 
specific effector memory, central memory, and long-term 
central memory CD8+ T  cells in draining lymph nodes, 
spleen, and liver (18). This response was shown to be gener-
ated by DC cross-presentation, which had delayed fusion and 
interaction of endosomes with lysosomes caused by the AuNP 
formulation (19). Finally, PfMSP was used with dextran-
coated iron oxide NPs (IONPs) and was capable of inducing 
a humoral response in two animal models (mouse and mon-
key). This response was also shown to inhibit parasite growth  
by 55–100% (25).
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FIGURE 1 | Important nanoparticle characteristics for adjuvanticity. To be recognized and to stimulate innate immunity, metallic nanoparticles (MeNPs) must 
have some physicochemical traits that allow for interactions with host cells and lead to the generation of a response. APCs, antigen-presenting cells; MeNPs, 
metallic nanoparticles; Th, T-helper cell.
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Most studies evaluated immunogenicity through measure-
ment of the humoral immune response. According to their 
findings, the use of NPs was efficient in inducing an Ab-based 
response. Based on heavy chain structure, there are five types of 
Ab, each with a different role: IgG, IgM, IgA, IgD, and IgE. IgG 
and IgA can be subdivided as IgG1, IgG2, IgG3, IgG4, IgA1, and 
IgA2 based on additional small differences in their heavy chain. 
With regard to vaccination, humoral immunity is especially 
important in responding to infection by extracellular pathogens, 
toxins, protozoa, and viruses. Its importance is associated with the 
biological activities of immunoglobulins, including microorgan-
ism opsonization and phagocytosis; complement activation (32); 
toxins and microorganism neutralization (33); and mast cells and 
basophil activation (32, 34). In addition, immunoglobulins can 
help target cytotoxicity against infected cells (Ab-dependent cell 
cytotoxicity of CD8 T cells and NK). In some cases, however, the 
pathogens have the ability to evade the humoral system or can 
even use immunoglobulins as a way to facilitate cell invasion, as 
in the cases of Mycobacterium tuberculosis and Leishmania spp. 
(35, 36).

The studies described above clearly show that MeNPs 
(gold, iron, and nickel) can be used for vaccine development. 
Different MeNPs were used in conjunction with several Ag for 
distinct microorganisms and showed the ability to generate 
humoral and cytotoxic responses. Although the generation of 
IgG2a and IFN-γ shown in some studies are indicators of Th1 
responses using MeNPs as adjuvant, further research is needed 
to specifically assess the role of different MeNP vaccines in Th1 
induction.

IMPORTANT PHYSICOCHEMICAL 
CHARACTERISTICS OF MeNPS AS 
ACTIVATORS OF IMMUNE RESPONSES

To understand the possible uses of MeNPs as platforms for 
vaccines against infectious diseases, analysis is needed of the 
impact of different physicochemical characteristics of NPs on 
the innate immune response (Figure 1). Several strategies have 
included MeNPs as vaccine platforms, involving MeNPs of dif-
ferent materials (including gold, iron oxide, and nickel); shapes 
(including spheres, cubes, rods, and disks); sizes (from 2 nm to 
over 200 nm); and types of coating [e.g., citrate, chitosan, dextran, 
or cetyltrimethylammonium bromide/4-styrenesulfonic acid-co-
maleic acid (CTAB/PSS-MA)].

The material from which an NP is made has a direct influ-
ence on the functions of APCs; gold NPs (AuNPs) have been 
most commonly used in vaccinology (Table 2). The most recent 
studies involving AuNPs demonstrate the effects of gold sodium 
thiomalate on macrophage function, showing lysosomal enzyme 
inhibition and reducing phagocytosis (37). Similar effects were 
seen in macrophages of several origins, which, when stimulated 
with AuNPs, showed diminished bactericidal activity against 
Staphylococcus aureus (38) and low or absent cytokine produc-
tion IL-6, IL-10, and TNF-α (39, 40). Moreover, when splenocytes 
were stimulated with LPS, the addition of AuNP reduced IL-17 
and TNF-α release (40). Some of these results raise the concern on 
the use of AuNPs as adjuvants, since these immunomodulatory 
properties can act inhibiting the generation of Th1. However, the 
response to AuNPs is also correlated with other physicochemical 
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TABLE 2 | Studies describing NPs and antigens used as vaccines against infectious diseases, listed by NPs material and year of publication (n = 18 
studies).

NP material Size in nm (shape) Functionalization Antigen (microorganism) Reference

Gold 25 (sphere) P. berghei circumsporozoite protein (Plasmodium berghei) Kaba et al. (14)

2, 5, 8, 12, 17, 27, 32, and 50 
(sphere)

Citrate pFMDV (foot-and-mouth virus) Chen et al. (15)

17 (sphere) Citrate PfMSP-119 (P. falciparum) Parween et al. (16)

15 (sphere) Citrate Partially purified enteropathogenic STG coronavirus Staroverov et al. (17)

15.6 (sphere) Citrate F1-antigen (Yersinia pestis) Gregory et al. (12)

40 (sphere) Pf CSP (P. falciparum) Kaba et al. (18)

35–40 (sphere) Citrate Pf CSP (P. falciparum) Mccoy et al. (19)

20 and 40 (sphere), 40 × 10 
(rod), and 40 × 40 × 40 (cubic)

CTAB and PSS-MA WNVE protein (WNV) Niikura et al. (20)

12 (sphere) Citrate Extracellular portion of M2 protein (influenza virus) Tao et al. (21)

40 (sphere) Chitosan Tetanus toxoid bulk from Clostridium tetani Barhate et al. (22)

15 (sphere) Citrate TetHC and modified LPS from Clostridium tetani Gregory et al. (12)

15 (sphere) Citrate LPS conjugated to FliC as glycoantigen (Burkholderia thailandensis) Torres et al. (13)

1.5 (sphere) T cell epitopes, LLO91–99, and LLO189–201 (Listeria monocytogenes) Rodriguez-Del Rio et al. (23)

15 (sphere) Citrate Flagellin1-161 (Pseudomonas aeruginosa) Dakterzada et al. (24)

Iron 20 (sphere) Dextran PfMSP-11-42 (P. falciparum) Pusic et al. (25)

Nickel 23 (discoidal) Truncated WNVE protein (WNV) Fischer et al. (26)

199, 214, and 270 (capsule) Gag p41 (HIV) Wadhwa et al. (27)

100 (capsule) Gag p41 or p24/his-Nef (HIV) Yan et al. (28)

CTAB, cetyltrimethylammonium bromide; HIV, human immunodeficiency virus; LPS, lipopolysaccharide; NP, nanoparticle; Pf CSP, P. falciparum circumsporozoite protein; pFMDV:; 
PfMSP, P. falciparum merozoite surface protein; PSS-MA, poly(4-styrenesulfonic acid- comaleic acid); STG, swine-transmissible gastroenteritis; TetHC, Hc fragment (TetHc) of 
tetanus toxin; WNV, West Nile virus; WNVE, WNV envelope.
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characteristics that will be discussed below, which may be tailored 
to improve immunostimulatory or immunomodulatory capacity.

Iron oxide nanoparticles have also been used as adjuvants. 
Iron is an important ion in the homeostasis of all cells and in gen-
erating immune responses to several microorganisms. The effect 
of IONPs phagocytosis have been explored in several studies, 
for example, M2 macrophages after exposure to IONPs induced 
reactive oxygen species (ROS), but after 24 h induced IL-10 pro-
duction (41). The use of IONPs in BALB/c mice demonstrated 
the immunomodulatory capacity of this NP by diminishing 
splenocyte cytokine production (IL-4 and IFN-γ) (42) as well as 
suppressing the response to pancreatic Ag in diabetic mice (43). 
Sindrilaru et al. (44), however, showed that macrophages, under 
iron overloaded conditions, became unrestrained M1 (with an 
incomplete switch to M2 macrophages) and produced more 
TNF-α, which impaired wound healing and had an important 
role in the immunopathology of chronic venous leg ulcers. 
Consequently, IONP response seems to have direct correlation 
with time and dose, once iron overload seems to be a requisite to 
developed pro-inflammatory response and this aspect must be 
evaluated to avoid the inhibition of the desired immune response.

Other critical characteristics are the shape and size of NPs, 
which have a direct impact on vaccine efficiency, Ag load capacity, 
and interaction with cells (phagocytes and APCs). These character-
istics have been studied in different NPs; Shah et al. (45) published 
a review focusing on the impact of size for alum, oil-in-water, 
emulsion, polymeric particles, and liposome adjuvanticity, but did 
not evaluated MeNPs. In the studies reviewed here, NP sizes range 
from 2 nm nanospheres to 270 nm nanocapsules. Two authors 

have evaluated the impact of size and shape for MeNPs (Table 2): 
Chen et al. (15) evaluated differences in immune response based 
on AuNP sizes (ranging from 2 to 50 nm nanospheres) and found 
that 8 and 12 nm were the most drained NP (15); Niikura et al. 
(20) went further and, using four different shapes of NP (20 nm 
sphere, 40 nm sphere, cube, and rod), showed that Ab responses 
and TNF-α were directly correlated with the specific NP surface 
area (the ratio of the total surface area per single NP volume). 
Furthermore, 40  nm spheres appear to be the most efficient in 
generating immune responses (IL-6 and IL-12) and granulocyte 
macrophage colony-stimulating factor production.

Surface charge and hydrophobicity are additional important 
NP characteristics for immune response induction and are 
directly influenced by NP functionalization (chemical modifica-
tion of NPs surface by adding or replacing functional groups) 
and coating (Ag) (46). Most studies used citrate-coated NPs, but 
dextran and CTAB/PSS-MA have also been used; all three result 
in negatively charged (anionic) particles. Only one NP, revised 
here, used positive charged (cationic) functionalization [(22); 
Table 2]. The higher hydrophobicity of AuNP was shown to acti-
vate the innate immune system (TNF-α secretion) (47). Although 
the surface charge of other non-metallic NPs has been studied 
(48), to our knowledge the studies using MeNPs did not address 
the other characteristics associated with immune response induc-
tion. For non-metallic NPs, it appears that a positive charge signi-
fied a greater ability to induce immune responses than a negative 
charge. Interestingly, negatively charged non-metallic NPs were 
associated with Ag-specific tolerance (48). Further studies are 
needed to investigate whether or not the charge imputed by NP 
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coating influences the immune response. Though the size and 
shape of MeNPs had little to no impact on the innate response 
elicited, coating modifications may improve the capacity of these 
molecules to influence immune responses. Finally, it is important 
to note that the majority of adjuvant characteristics were evalu-
ated using non-metallic NPs.

NPs AS ADJUVANTS TO GENERATE Th1 
and Th17 RESPONSES

T-helper 1 cells are associated with immunity against intracel-
lular pathogens and the secretion of IFN-γ, which, in turn, is 
essential for the activation of mononuclear phagocytes, includ-
ing macrophages, resulting in enhanced phagocytic activity (49). 
Th17  cells (IL-17A and IL-17F producer cells) are associated 
mainly with stimulation and chemotaxis of neutrophils to the 
site of inflammation. However, their function goes beyond this 
and includes the targeting of various cells types, including non-
lymphoid cells and the stimulation of cytokine, chemokine, and 
prostaglandin production. Another characteristic of these cells 
is their memory effector subset, which is maintained in mucosal 
tissues for extended periods. This subset has high plasticity and 
is able to transform into Th1 or Th2 phenotypes depending on 
the cytokine milieu at mucosal sites. This diversity of function 
and actuation make Th17 cells very important in defense against 
several microorganisms, mainly those acquired through mucosal 
routes (49, 50).

T-helper 1 and Th17 cells have their own distinct sets of func-
tions and differentiation factors. Both cell types require T  cell 
receptor downstream activation by Ag presentation cells through 
MHC II and co-stimulatory molecules (6). Consequently, 
cytokine release during Ag presentation is correlated with the 
type of adaptive immune response generated. While Th1 differ-
entiation requires stimulation by IL-12, Th17 generation requires 
transforming growth factor-β and IL-6. However, this generation 
is influenced by other factors and how MeNP are involved in the 
possible induction of Th1 or Th17 will be discussed below.

In this review, only one study investigated the development of 
the direct Th1 (type 1 T helper cell) and Th17 response. Using a 
Listeria Ag, Rodriguez-Del Rio et al. (23) showed that in contrast 
to Advax™ adjuvant alone, a combination of 25 nm AuNPs and 
Advax™ was capable of inducing the highest Th1 response. Pusic 
et al. (25) immunized mice with IONPs covered with rMSP1, a 
P. falciparum merozoite Ag, and showed that after immunization 
(intramuscular, subcutaneous, or intraperitoneal), production of 
IL-4 was greater than that of IFN-γ, suggesting a predominant 
Th2 response (although the cellular immune response was not 
directly evaluated).

The first major determinant in generating Th1 and Th17 
populations is the route of vaccine administration, which dictates 
the cell dynamic and initial response to the vaccine. For example, 
Mohanan et al. (51), in a cross-sectional study using a liposome 
plus Ag (OVA) vaccine formulation, compared intradermal (high 
IgG1; intermediate IgG2; and IFN-γ), intralymphatic (high IgG1, 
IgG2, and IFN-γ), intramuscular (high IgG1; intermediate IgG2 
and IFN-γ), and subcutaneous (high IgG1; low IgG2 and IFN-γ) 
routes of administration (51). The predominant Th1 response to 

administration through the intradermal route was most likely due 
to the cooperation between Langerhans cells, the primary innate 
immune response cells and keratinocytes that may also be stimu-
lated by the formulation. These elicited the production of cytokines 
and chemokines that helped in the activation of other APCs (52).

The early phase of vaccination is characterized by recruit-
ment of neutrophils and monocytes to the site of inoculation. 
Both cell types can also act as APCs, delivering Ag-specific and 
co-stimulatory signals to T  cells. Their collaborative endeavors 
have been found to modulate (positively or negatively) the activ-
ity of different effector T  cell subsets (53, 54). Neutrophils are 
the first cell lineage to migrate to inflammation sites and, when 
stimulated, they produce cytokines and chemokines that will 
attract and activate other cell types. For example, neutrophils 
were shown to be an important inducer of Th1 and Th17 cells 
(55), but their role in cytokine secretion is much broader (56). 
Moreover, signals may elicit different function in neutrophils and 
therefore, influence the quality of T cell responses. For example, 
AuNPs have been described as capable of inducing neutrophil 
extracellular traps, which act as damage-associated molecular 
patterns and stimulate immune system through DNA receptors 
such as TLR9 (57). Upon stimulation by NPs (TiO2—titanium 
dioxide—and alum), Duffin et al. (58) demonstrated neutrophil 
influx to the lungs and also induced production of IL-18. Silver 
NPs were also shown to be capable of interacting with neutro-
phils, inducing apoptosis of these cells, and inducing caspase-1\
caspase-4 partially dependent IL-1β secretion (59). In another 
study, cobalt and nickel NPs were shown to induce higher nitric 
oxide, TNF-α, and CXCL2 chemokine production, by human 
peripheral blood neutrophils, than titanium NPs (TiO2NP) (60). 
Nonetheless, TiO2NPs also induced polymorphonuclear cell 
activation through phosphorylation of several proteins, including 
p38 MAPK and extracellular signal-regulated kinases-1/2 (Erk-
1/2), which were associated with increased neutrophil life-span 
and production of several cytokines and chemokines (61).

Classically, APCs, macrophages, and DCs act at the site of 
vaccine inoculation by sensing foreign agents, through TLRs and 
other receptors, and triggering inflammation. APCs play a key 
role in the initiation, maintenance, and selectivity of inflamma-
tion, through their three major functions: endocytosis, Ag pres-
entation, and production of various cytokines and growth factors 
(1). The main family of pattern recognition receptors in microbial 
recognition is the TLRs, part of the family of transmembrane 
proteins, which affect the transcription of genes involved in 
inflammatory and immune response-enhancing cellular activi-
ties such as phagocytosis, endocytosis, cytotoxic functions, and 
cytokine production (62, 63).

The adjuvants most frequently used for the induction of 
Th1 and Th17 responses are TLR agonists, such as AS04, CPG/
DNA, and others. MeNPs seems to have capacity to induce the 
expression of Toll-like receptors, such as TiO2NPs and zirconium 
oxide NPs that have been described to enhance TLR3, TLR7, and 
TLR10 expression in macrophages (64) and TLR2 and TLR4 in 
mouse liver cells (65). Zinc oxide NPs (plus OVA) generated an 
inflammatory response in BALB/c mice and also improve TLR-2, 
-4 and -6 expression, followed by activation of Src family kinases 
(66). Consequently, TiO2NPs and IONPs were shown to induce 
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DC upregulation of co-stimulatory molecules (MHC II, CD80) 
(25, 67, 68), which can also be related to TLR stimuli pathways. 
However, none of these works demonstrate the direct interaction 
of NPs with TLR (using Knock-out mice, agonists, or antagonist 
molecules) thus, this interaction must be further studied.

The next step in the generation of adaptive responses is the tai-
loring of cytokine secretion by APCs at immunological synapses, 
which will guide the development of the response. Several NPs 
have been reported to trigger cytokine and chemokine produc-
tion, which may be used as biomarkers for immunotoxicity (69). 
Among those described, TiO2NPs were used in mimetic systems 
composed of blood vein endothelial component (including 
PBMC) and was reported to trigger pro-inflammatory cytokines 
(IL-6, IFN-γ, and TNFα) (67); Zinc oxide NPs were shown to 
be preferentially associated with monocytes and, when used in 
PBMC, induced IFN-γ, TNF-α, and IL-12 cytokine production 
(70); AuNP-stimulated bone marrow-derived DC produced IL-6, 
TNF-α, and IFN-γ (20); and IONPs were shown to induce the acti-
vation of APCs with an increase of IL-6, TNF-α, IFN-γ, and IL-12, 
as well as chemokines. The response generated by IONPs, however, 
was weaker than that generated by the positive control LPS which 
may be beneficial in controlling possible side effects (25).

The generation of a cellular response associated with protection 
against intracellular pathogens is the ultimate goal of vaccination. 

However, the direct effects of NPs on cellular responses have 
been evaluated in only a few studies. TiO2NPs were shown to 
activate and induce proliferation of naïve CD4+ T cells and to 
generate a pronounced Th1 response with IFN-γ and TNF-α 
production, associated with pro-inflammatory cytokine produc-
tion (IL-6, IL-1a, IL-1b) and DC maturation (CD86+ and CD83+ 
expressions increase). Schanen et al. (71) hypothesized that the 
oxidative capacity of an NP could impact the response and trigger 
pro-inflammatory (oxidant capacity) or anti-inflammatory (anti-
oxidant capacity) responses. This oxidant effect could control 
ROS generation and thus control downstream pro-inflammatory 
effects while antioxidants prevent the initiation of the innate 
immunity in LPS-stimulated macrophages (71). This study was, 
however, conducted with mitogens (non-specific stimuli) and not 
with vaccine stimuli, but nevertheless serves as a warning about 
the direct action of NPs, not only on the innate immune system 
but specifically on T cells.

CONCLUSION

There is enough evidence to suggest that MeNPs are not only 
particulate formulations but also immunostimulatory mol-
ecules with several studies demonstrating their capacity to 
generate humoral and cytotoxic responses. MeNPs clearly have 

FIGURE 2 | Metallic nanoparticles adjuvanticity and its prediction capacity to generate T-helper 1 (Th1) and Th17 responses. To generate a cellular 
immune response, the NP must be able to be recognized by the host innate immune response and stimulate a sequence of events that will lead to the release of a 
specific milieu of cytokines and better antigen presentation (bottom arrow). In the top arrow is the immune response elicited by metallic nanoparticles to aid Th1 and 
Th17 generation. NF-κB, nuclear factor kappa B; CCL, chemokine ligand; CXCL, chemokine (C-X-C motif) ligand; GM-CSF, granulocyte macrophage colony-
stimulating factor; IFN, interferon; IL, interleukin; M-CSF, macrophage colony-stimulating factor; MYD, myeloid differentiation factor; TCR, T cell receptor; Th, 
T-helper cell; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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Strategies to design delivery vehicles are critical in modern vaccine-adjuvant devel-
opment. Nanoparticles (NPs) encapsulating antigen(s) and adjuvant(s) are promising 
vehicles to deliver antigen(s) and adjuvant(s) to antigen-presenting cells (APCs), allowing 
optimal immune responses against a specific pathogen. In this study, we developed a 
novel adjuvant delivery approach for induction of efficient in  vivo immune responses. 
Polyethylenimine (PEI) was physically conjugated to poly(lactic-co-glycolic) acid (PLGA) 
to form PLGA/PEI NPs. This complex was encapsulated with resiquimod (R848) as 
toll-like receptor (TLR) 7/8 agonist, or monophosphoryl lipid A (MPLA) as TLR4 agonist 
and co-assembled with cytosine–phosphorothioate–guanine oligodeoxynucleotide 
(CpG ODN) as TLR9 agonist to form a tripartite formulation [two TLR agonists (inside 
and outside NPs) and PLGA/PEI NPs as delivery system].  The physicochemical 
characteristics, cytotoxicity and cellular uptake of these synthesized delivery vehicles 
were investigated. Cellular viability test revealed no pronounced cytotoxicity as well as 
increased cellular uptake compared to control groups in murine macrophage cells (J774 
cell line). In the next step, PLGA (MPLA or R848)/PEI (CpG ODN) were co-delivered 
with ovalbumin (OVA) encapsulated into PLGA NPs to enhance the induction of immune 
responses. The immunogenicity properties of these co-delivery formulations were 
examined in vivo by evaluating the cytokine (IFN-γ, IL-4, and IL-1β) secretion and anti-
body (IgG1, IgG2a) production. Robust and efficient immune responses were achieved 
after in  vivo administration of PLGA (MPLA or R848)/PEI (CpG ODN) co-delivered  
with OVA encapsulated in PLGA NPs in BALB/c mice. Our results demonstrate a rational 
design of using dual TLR agonists in a context-dependent manner for efficient nanopar-
ticulate adjuvant-vaccine development.

Keywords: adjuvants, CpG ODN, monophosphoryl lipid A, poly(lactic-co-glycolic) acid nanoparticles, 
polyethylenimine, resiquimod, toll-like receptor agonist, vaccine
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GRAPHICAL ABSTRACT | PEI was physically conjugated to PLGA NPs to form PLGA/PEI NPs. This complex was encapsulated with R848 or MPLA and 
co-assembled with CpG ODN on the surface of NPs to form a tripartite complex [two TLR agonists (inside and outside NPs) and PLGA/PEI NPs as delivery system]. 
The immunogenicity properties of these co-delivery formulations were examined in vivo by evaluating the cytokines secretion and antibody production.
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INTRODUCTION

The recent advances in vaccine development have moved the area 
from traditional vaccines using whole microorganisms to subunit 
vaccines containing only purified or modified antigenic proteins. 
Low immunogenic potential of such vaccines compared to live 
attenuated pathogens has motivated the research toward develop-
ing new adjuvants with biomimetic potentials to promote robust 
and effective innate and adaptive immune responses. Pattern rec-
ognition receptors (PRRs) are the main class of innate immunity 
sensors, recognizing diverse sets of pathogen-associated molecu-
lar patterns (PAMPs) and considered to be the target of novel 
molecular adjuvant developments. One of the major families of 
PRRs, Toll-like receptors (TLRs) are expressed by a variety of cells 
and capable of inducing innate immune responses and initiate the 

pathways toward effective adaptive immune responses. During 
natural infection, most pathogens encounter with the immune 
system through multiple danger signals including PAMPs to 
stimulate multiple PRRs, resulting in a synergistic upregulation 
of pro-inflammatory cytokines and chemokines and subsequent 
activation of antigen-presenting cells (APCs). Therefore, the 
combination of multiple PRRs agonists and proper delivery sys-
tems may be a promising strategy in any artificial immunization 
approach to induce effective immune responses in the context of 
vaccine-adjuvant development (1–4).

There is strong evidence suggesting that engagement of TLRs 
with PAMPs results in the skewing of T helper (Th) immune 
responses toward either Th1 or Th2 cytokine profiles (5–7).

Optimal vaccine design requires antigen(s), adjuvant(s), and a 
vehicle, in which co-administration of antigen and adjuvant will 
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be delivered by a biocompatible vehicle to sentinel dendritic cells 
(DCs) in draining lymph nodes, promoting the development of 
effective immune responses (8). Recently, nanoparticles (NPs) 
have emerged as an attractive vehicle for synchronized targeted 
delivery of antigens and adjuvants to the immune system. NPs 
prepared from the biodegradable and biocompatible polymer, 
poly (lactic-co-glycolic acid) (PLGA), have extensively been used 
in clinical settings for drug delivery and are currently the subject 
of intensive investigation as antigen and adjuvant delivery system 
for vaccine purposes (9, 10). Synergistic activation of cytokine 
production in human and mouse DCs by combinations of TLRs 
ligands has been demonstrated in vitro (11). Such synergies may 
also be relevant for in vivo responses to vaccination. For instance, 
in non-human primates, combinations of TLR7/8 and TLR9 
agonists enhanced the induction of neutralizing antibody titers 
against a human immunodeficiency virus envelope glycoprotein 
(12). When Rhesus macaques were immunized with PLGA NPs 
encapsulating TLR4 and TLR7/8 agonists mixed with two soluble 
recombinant antigens of simian immunodeficiency virus, vaccine 
containing PLGA NPs delivering dual TLRs agonists (TLR4 
and TLR7/8) induced robust innate as well as antigen-specific 
antibody immune responses, which was greater in magnitude 
and persistence, and enhanced plasmablast responses compared 
to those achieved with aluminum hydroxide (alum)-adjuvanted 
vaccine (13). Encapsulating TLR4 and TLR7 agonists in PLGA 
NPs was found to induce a synergistically high antibody titers 
and increase the number of germinal centers in lymph nodes 
following vaccination in mice, while preventing the toxic side 
effects of the free adjuvant compounds (14). Further studies have 
shown that the delivery of TLRs agonists by PLGA NPs promotes 
the induction of protective and therapeutic immune responses 
against diseases such as leishmaniasis (15), hepatitis B (16), West 
Nile Encephalitis (17), avian influenza (18), and cancer (19–21). 
These studies highlight the potential of PLGA NP-encapsulated 
TLR ligands as vaccine adjuvants.

Therefore, in the present study we sought to construct and 
evaluate a PLGA NP-based adjuvant delivery platform using 
unmethylated cytosine–phosphorothioate–guanine oligode-
oxynucleotide (CpG ODN) as TLR9 agonist, monophosphoryl 
lipid A (MPLA), a TLR4 agonist, and clinically approved Th1 
polarizing adjuvant which is 100–10,000 times less toxic than 
lipopolysaccharide (LPS) (22) and resiquimod (R848) as TLR7/8 
agonist. Additionally, we sought to enhance the co-delivery 
of MPLA or R848-encapsulated PLGA NPs along with CpG 
ODN in one platform using polyethylenimine (PEI), a cationic 
polymer which has previously been shown to increase the mag-
nitude of the adaptive immune response with a shift toward Th1 
response (23, 24).

Polyethylenimine was physically conjugated to PLGA NPs to 
form PLGA/PEI NPs. This complex was encapsulated with R848 
or MPLA and co-assembled with CpG ODN on the surface of 
NPs to form a tripartite complex [two TLR agonists (inside and 
outside NPs) and PLGA/PEI NPs as delivery system]. Cellular 
toxicity assay was performed with murine macrophage cells 
(J774 cell line) for evaluating the cytotoxicity of cationic PLGA/
PEI NPs. The uptake capacity of cationic NPs containing dual 

adjuvant CpG ODN and either MPLA or R848 was evaluated 
using FITC-labeled PEIs. Ovalbumin (OVA)-encapsulated 
PLGA NPs as model antigen and alum as standard adjuvant 
were used as control immunization. The immunogenic poten-
tials of these multiple NP adjuvant formulations were examined 
in vivo by evaluating the cytokine secretion (IFN-γ, IL-4, and 
IL-1β) and antibody production (IgG1 and IgG2a). The results 
demonstrated enhanced and robust Th1/Th2 immune responses 
elicited by co-delivery of dual TLRs agonist in PLGA/PEI NPs.

MATERIALS AND METHODS

Materials
Poly (lactic-co-glycolic acid) (50:50, Resomer® RG 502H), 
polyvinyl alcohol (PVA; MW 31,000–50,000), and albumin 
from chicken egg white (OVA) grade VI were purchased 
from Sigma-Aldrich (Munich, Germany). Type C CpG ODN 
2395 as TLR9 agonist was purchased from Bioneer (Daejeon, 
Korea). Synthetic MPLA as TLR4 ligand and imidazoquinoline 
compound (R848) as TLR7/8 ligand were purchased from 
InvivoGen (San Diego, CA, USA). Branched PEI (average MW 
10  kDa) was purchased from Polyscience, Inc. (Warrington, 
FL, USA). Ethidium bromide was obtained from Cinnagen 
(Tehran, Iran). Spectra/Por dialysis membranes were purchased 
from Spectrum Laboratories (Houston, TX, USA). Cell Titer 
961 aqueous one solution cell proliferation assay (MTT) was 
obtained from Promega (Madison, WI, USA). All other reagents 
were of analytical grade and received from commercial sources.

Cell Culture
J774 (murine macrophage) cell line was purchased from Pasteur 
Institute of Iran and cultured at 37°C, 95% humidity, and 5% CO2 
atmosphere in DMEM high glucose medium supplemented with 
1% l-glutamine (2 mM), 100 µg/ml streptomycin, 100 units/ml 
penicillin, and 10% fetal bovine serum (FBS; Gibco, NY, USA).

Synthesis of NPs
Preparation of OVA, R848, and MPLA-Loaded  
PLGA NPs
Poly(lactic-co-glycolic) acid nanoparticles containing OVA were 
prepared by double emulsion-solvent evaporation technique 
(w/o/w) with some modifications. Briefly, 200 µl OVA (20 mg/
ml) was added to 8% w/v PLGA in 1  ml of dichloromethane/
acetone mixture (ratio 1:4) under stirring at 1,300 rpm and then 
the mixture was sonicated (Ultrasonic processor 200H) at 80% 
amplitude for 1  min on ice. Next, first emulsion was added to 
4 ml of an aqueous solution of PVA (5%) under sonication for 
10 min on ice to form w/o/w double emulsion. Subsequently, the 
resulting emulsion (w/o/w) was added to 30 ml of an aqueous 
solution of 0.1% PVA and vigorously stirred overnight at room 
temperature to evaporate organic solvent. The PLGA NPs were 
then centrifuged at 20,000  rpm at 4°C for 20  min and washed 
three times with deionized water followed by lyophilization 
(TAITEC Corporation, Japan). NPs were stored at 4°C for later 
uses. PLGA NPs containing R848 and MPLA were also prepared 
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as above except that 5% w/v PLGA in organic solvent along with 
200 and 70  µg of TLR ligands were used, respectively. Empty 
PLGA NPs were also prepared as control.

Preparation of PLGA/PEI10k Tripartite Formulation
Polyethylenimine aqueous solution (1 mg/ml) was added to the 
aforementioned PLGA NPs suspension containing either R848 
or MPLA and incubated 30 min at room temperature. After this 
period, CpG ODN was added and incubated for 20 min at room 
temperature in order to form the cationic NPs (polyplexes).

NP Characterization
Particle Size and Zeta Potential
The hydrodynamic diameter of synthetized NPs was assessed by 
DLS on a Zetasizer Nano ZS (Malvern Instruments, Malvern, 
UK). Three independent measurements were performed to 
generate the intensity-based size distribution profile.

Polyplex Formation between CpG ODN and Cationic 
Co-polymer
Polyplexes were prepared by adding various concentrations of 
PEI in PLGA NP formulations in N-(2-hydroxyethyl) pipera-
zine-N-(2-ethanesulfonic acid) (HEPES) buffer to equal volume 
of buffer containing constant amount of 400 ng CpG ODN. After 
incubating for 20  min at room temperature, polyplexes were 
formed at a range of carrier/CpG ODN ratios (C/P).

Agarose Gel Retardation Assay
Retardation of CpG ODN mobility by cationic NPs was evaluated 
by agarose gel retardation assay. The polyplex solution was first 
prepared under a predetermined C/P ratio with 400 ng CpG ODN 
in HEPES buffer. Then, the polyplex solution was loaded onto 1% 
agarose gel (w/v) containing ethidium bromide (0.5 µg/ml) in TAE 
buffer (pH 7.4). The naked CpG ODN was used as control. The 
gel was run under 80 V for 30 min, and CpG ODN migration was 
recorded on a UV transilluminator system (Uvidoc, Cambridge, 
UK). DNA ladder (ThermoFisher Scientific, Carlsbad, CA, USA) 
was used as DNA size marker.

Determination of Encapsulation Efficiency (EE%)  
of OVA, R848, and MPLA in PLGA NPs
To determine the amount of encapsulated agents (OVA, MPLA, 
and R848) in PLGA, PLGA NPs (5  mg) were treated with 
0.1 M NaOH solution overnight to break the NPs, followed by 
neutralizing with 1 M HCL and spinning down at 14,000  rpm 
for 2 min. After that, supernatant was collected and each sample 
was assessed in triplicate using BCA assay (562  nm), UV-VIS 
spectrophotometry (327 nm) and fluorimetry (551–567 nm) for 
OVA, R848, and MPLA, respectively. EE% and loading content 
(LC%) of PLGA NPs were calculated by the following equations:

	
EE % Amount  of  cargo  in NPs

Amount of cargo  used for enca
( ) =

ppsulation
×100

	

	
LC % =

Mass of cargo in NPs
Mass of NPs

100.( ) ×
	

Structural Characterization
Morphology of PLGA/PEI NPs was examined by field emission 
scanning electron microscopy (SEM) (FE-SEM, Mira IIIFEG, 
TESCAN-UK, Ltd). The sample solution in deionized water  
(1 mg/ml) was dehydrated on a metal stub for FE-SEM analysis. The 
morphology and bilayer configuration of PLGA/PEI co-polymer  
were also investigated by transmission electron microscopy 
(TEM) (Leo 912 AB, Carl Zeiss, Germany).

In Vitro Study
In Vitro Release Profile of OVA, R848, and MPLA from 
PLGA NPs
In vitro release of OVA, R848, and MPLA from PLGA NPs in 
PBS at 37°C was evaluated over a period of 10 days. NPs contain-
ing OVA, R848, and/or MPLA (5 mg) were dispersed in 5 ml of 
PBS (pH 7.4). The samples were incubated at 37°C on shaker 
(90 rpm) and at predetermined intervals (1, 2, 3, 4, and 5 h and 
1, 2, 3, 4, till 10 days), tubes were centrifuged at 3,000 × g for 
10  min. In the supernatants, the amount of OVA, R848, and 
MPLA released from the particles were determined by BCA 
assay, UV-VIS spectrophotometry, and fluorimetry, respectively. 
Meanwhile, removed supernatants were replaced with the same 
amount of fresh PBS to keep the medium volume constant. 
Release data were expressed as the cumulative percentage of 
OVA, R848, and MPLA in comparison with the initial content 
of these molecules in the NPs versus time. Each independent 
experiment was done in triplicates for each formulation, and 
experiments were repeated at least thrice.

Assessment of Vector-CpG ODN Complex Stability
To assess the stability of the vector–oligonucleotide complex, we 
studied the release of the CpG ODN from the complex for 7 days 
at 37°C using gel electrophoresis as described in previous step.

Cytotoxicity Assay
MTT assay was performed with J774 cells for evaluating the 
cytotoxicity of cationic PLGA/PEI NPs. J774 cells were seeded 
into a 96-well microplate at 104 cells per well, cultured in 37°C, 
95% humidity, and 5% CO2 for 24 h in 100 µl DMEM medium 
containing high glucose and 10% FBS. Thereafter, PLGA/PEI 
polyplexes (C/P ratio 2–6) were individually placed into the 
wells and further incubated for another 48 h. Subsequently, 20 µl 
of MTT reagent (0.5 mg/ml in phosphate buffer 0.1 M pH 7.4) 
was added into each well and incubated for 4 h. After removing 
the medium, DMSO (100  μl/well) was added and shaken for 
10 min to dissolve formazan. Each sample with three replicates 
was analyzed on a microplate reader at wavelengths of A570 
and A630 (Infinite NanoQuant M200, Tecan, Switzerland). 
PEI 25 kDa at C/P 0.8 was used as the reference for the MTT 
cytotoxicity assay.

Uptake Study
Uptake Study on J774 Cells Treated with Cationic 
NPs Containing CpG ODN
To evaluate the uptake capacity of cationic NPs containing dual 
adjuvant CpG ODN and either MPLA or R848, the FITC-labeled 
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TABLE 1 | In vivo immunization of mice by core–shell PLGA/PEI NPs containing 
either single or dual TLR agonists.

Group Delivery 
systems

Antigen 
(μg) (OVA)

Adjuvant (μg)

CpG ODN MPLA R848 Alum

1 PEI, PLGA 10 10 – – –
2 PEI, PLGA 10 10 3 – –
3 PEI, PLGA 10 10 – 4 –
4 PLGA – – 3 – –
5 PLGA – – – 4 –
6 PEI – 10 – – –
7 – – 10 – – –
8 – 10 – – – –
9 – 10 – – – 100

10 – – – – – –
11 PLGA – – – – –
12 PLGA 10 – – – –
13 – – – 3 – –
14 – – – – 4 –

Alum, aluminum hydroxide; CpG ODN, cytosine–phosphorothioate–guanine 
oligodeoxynucleotide; MPLA, monophosphoryl lipid A; NPs, nanoparticles; OVA, 
ovalbumin; PEI, polyethylenimine; PLGA, poly(lactic-co-glycolic) acid; TLR, toll-like 
receptor.
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PEIs were used. J774 macrophage cells were seeded in 24-well 
plates at 4  ×  104 cells/well and cultured overnight. 100  µg of 
either unmodified PEI/CpG ODN or PLGA/FITC-PEI/CpG 
ODN NPs were added to each wells containing fresh medium. 
FITC-PEI 25 kDa at C/P 0.8 and untreated cells were used as 
positive and negative controls, respectively. Cells were incu-
bated for 48 h and then evaluated by FACS analysis. Propidium 
iodide gating was used to eliminate dead cells, and 10,000 total 
events were collected for analysis.

In Vivo Study
Immunization of Mice
Female BALB/c mice (8–12  weeks) were purchased from 
Pasteur Institute (Tehran, Iran) and kept according to the 
ethical statement. Groups of 14 mice (N =  3) (Table 1) were 
immunized twice (days 0 and 21) by the subcutaneous (S.C.) 
injection at tail base. For each injection, mice received 200 µl 
of either sample or physiological saline (as control group). One 
week after the second vaccination, spleens were taken from 
mice and splenocytes were isolated and used in ELISpot assay 
for cytokine detection. The collected sera were kept in −80°C 
for enzyme-linked immunosorbent assay (ELISA) assay.

Measurement of Antibody Isotypes Titers in Serum
Serum obtained from mice was analyzed for IgG1 and IgG2a 
antibody titers. All samples were tested by ELISA kits (e-Bio-
science, Vienna, Austria) according to the manufacturer’s 
instructions, using 96-well polystyrene plates (Corning costar 
9018, flat bottom). Briefly, plates were filled with 100 µl capture 
antibody diluted in coating buffer at 4°C overnight and washed 
twice with Tween 20 (0.05% v/v) containing PBS (pH 7.4). To 
prevent non-specific binding to the antibody, a blocking step 
was performed using blocking buffer. The samples diluted 
in PBS (1/10,000) and added to the plates which were then 

incubated for 2 h at room temperature and washed thoroughly 
as before. HRP-conjugated anti-mouse IgG (subtypes IgG1 
and IgG2a) (100  µl) was then added to each well, and the 
plates were again incubated for 3  h at room temperature on 
microplate shaker at 400 rpm, followed by washing as before. 
Enzyme substrate, tetramethylbenzidine (100 µl) was added to 
each well and the reaction was stopped after 15 min with 50 µl 
2 N H2SO4. The optical density at 450 nm using 570 nm filter as 
a reference wavelength was read in a microplate reader (Infinite 
NanoQuant M200, Tecan, Switzerland).

Detection of Cytokines by ELISpot and ELISA
Naive and immunized mice were sacrificed by cervical disloca-
tion at day 7 after secondary immunization. The spleens were 
removed and placed in RPMI 1640 media (Gibco-BRL, UK) 
under sterile conditions. Each spleen was chopped, and cells 
within empirical groups were pooled in one tube. The cellular 
suspension was centrifuged at 800 × g for 10 min, supernatant 
was discarded, and the pellet was washed twice with PBS. Then, 
the splenocytes were suspended in ACK lysis buffer for 2 min and 
replenished with RPMI 1640 to stop the erythrocyte elimination 
reactions. This suspension was centrifuged (800 × g, 5 min), and 
the pellet was resuspended in fresh complete RPMI medium. 
5 × 104 cells were added to 96-well MultiScreen-IP, clear styrene 
plates (MAIPS 4510, Millipore, Ireland) along with antigen 
(10 µg) added in a final volume 200 µl per well. Negative (wells 
without antigen) and positive [wells containing ConA (2 µg/ml)] 
wells were used as controls. Plates were incubated at 37°C, 95% 
humidity, and 5% CO2 for 24 h, and IFN-γ- and IL-4-producing 
splenocytes were determined using a commercial ELISpot 
Ready-SET-Go kit according to the manufacturer’s instruction 
(eBioscience, Vienna, Austria). When spots appeared, counting 
was done by Kodak 1D image analysis software Version 3.5 
(Eastman Kodak, Rochester, NY, USA). IL-1β cytokine titers 
were measured in the serum by ELISA procedure as described 
in previous section.

Statistical Analysis
Statistical analysis was performed with Prism 6.01 (Graphpad, 
La Jolla, CA, USA) software. Statistical significance was deter-
mined using one-way analysis of variance followed by Tukey’s 
and Bunnett’s multiple comparison test. The P-values ≤0.05 were 
considered statistically significant.

RESULTS

Characterization of NP Formulations
The mean diameters of OVA-loaded, MPLA-loaded, and R848-
loaded NPs were 208, 225, and 221 nm, respectively. The zeta 
potential was negative for NPs varying from ~−13 to −15 mV. 
All cationic PLGA-PEI/ODN polyplexes, at all C/P ratios, had 
effective diameters of less than 180 nm. Zeta potential was in the 
range of 22–25 mV for all polyplexes (Table 2). The SEM image 
of PLGA(MPLA)-PEI/ODN polyplex showed smooth surface 
and spherical shape (Figure 1). Moreover, a core–shell particle 
structure is envisaged with a PLGA core containing MPLA and a 
PEI coating. The core–shell structure of the PLGA/PEI NPs was 
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FIGURE 3 | Agarose gel retardation assay of cationic poly(lactic-co-glycolic) 
acid (PLGA)/polyethylenimine (PEI) nanoparticles. A: Ladder, B–D: PLGA/PEI 
CP 2-4-6, E–G: PEI CP 2-4-6, H: cytosine–phosphorothioate–guanine 
oligodeoxynucleotide alone.

TABLE 2 | Characterization of MPLA-loaded, R848-loaded, and OVA-loaded 
PLGA/PEI core–shell co-polymer formulations containing CpG ODN.

Formulation C/P ratio Size (nm) Zeta potential 
(mV)

PLGA (MPLA) NPs – 225 ± 15 −15 ± 0.7 
PLGA(MPLA)-PEI/ODN polyplex 2 180 ± 5 23 ± 0.7
PLGA(MPLA)-PEI/ODN polyplex 4 140 ± 5 25 ± 0.6
PLGA(MPLA)-PEI/ODN polyplex 6 128 ± 2 22 ± 0.2
PLGA (R848) NPs – 221 ± 2 −15 ± 0.7
PLGA(R848)-PEI/ODN polyplex 2 135 ± 7 20 ± 0.3
PLGA(R848)-PEI/ODN polyplex 4 130 ± 15 25 ± 0.8
PLGA(R848)-PEI/ODN polyplex 6 125 ± 4 26 ± 0.5
PLGA (OVA) NPs – 208 ± 7 −12.9 ± 2.2

CpG ODN, cytosine–phosphorothioate–guanine oligodeoxynucleotide; MPLA, 
monophosphoryl lipid A; NPs, nanoparticles; OVA, ovalbumin; PEI, polyethylenimine; 
PLGA, poly(lactic-co-glycolic) acid; R848, resiquimod.

FIGURE 1 | Scanning electron microscopy image of poly(lactic-co-glycolic) 
acid/polyethylenimine structure.

FIGURE 2 | Transmission electron microscopy image of poly(lactic-co-
glycolic) acid/polyethylenimine core–shell structure.
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confirmed by TEM analysis (Figure 2). Slight size changes were 
observed following complexes of the PLGA/PEI NPs with ODN 
as reported in other studies (25).

Agarose Gel Retardation Assay
Condensation of CpG ODN into nano-sized particles is an 
essential requirement for efficient delivery of ODN to the cells. 
Condensation of CpG ODN by PLGA/PEI was evaluated by 
agarose gel retardation assay. Results indicated that the complex 
was able to efficiently condense ODN at all C/P ratios (Figure 3).

In Vitro Release Study
In vitro release of OVA, R848, and MPLA from PLGA NPs in 
PBS at 37°C was evaluated over a period of 10 days. As shown 
in Figure 5, about 23% of the total amount of OVA is released 

from the NPs during the first 5 h. This initial release of OVA 
is attributed to antigen located near the NPs external surface. 
This phenomenon is consistent with high amount of OVA 
reported to reside on the external surface and/or in the pores 
connected to the surface of PLGA particles. The release profile 
of the MPLA and R848 was found to be similar to that of OVA 
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FIGURE 6 | Comparison of cellular viability of polyethylenimine (PEI) 
25 kDa (C/P 0.8) as control with PEI and cationic poly(lactic-co-glycolic) 
acid /PEI complexed with cytosine–phosphorothioate–guanine 
oligodeoxynucleotide up to C/P 6 in J774 cells. Cells were treated for 
48 h under the condition used in uptake assay, and then cell viability 
was assessed using MTT. The results are reported as mean ± SD, 
n = 3.

TABLE 3 | The encapsulation efficiency of different formulations.

Formulation Encapsulation efficiency (%)

R848, OVA (UV–Vis) MPLA (fluorimetry)

PLGA (OVA) 96 ± 3 –
PLGA (R848) 98 ± 2 –
PLGA (MPLA) – 60 ± 2.2

MPLA, monophosphoryl lipid A; OVA, ovalbumin; PLGA, poly(lactic-co-glycolic) acid; 
R848, resiquimod.

FIGURE 5 | Stability of vector–cytosine–phosphorothioate–guanine 
oligodeoxynucleotide conjugation by gel electrophoresis after 7 days. L: 
Ladder 100k, ODN: CpG ODN, D1–7: Days 1–7.

FIGURE 4 | In vitro release profile of monophosphoryl lipid A, resiquimod, 
and ovalbumin from poly(lactic-co-glycolic) acid nanoparticles over the time. 
The experiment was performed in PBS in 37°C. Indicated values are mean 
(±SD) of at least three experiments.
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(Figure 4). Only a small amount of MPLA (6%) and R848 (9%) 
was released from the PLGA NPs after 10 days of incubation 
in PBS at 37°C, and after 7 days, a plateau in release of these 
adjuvants was reached. Also as shown in Figure 5, stable con-
jugation between the CpG ODN and vector formed as after 
7 days it remained condensed in agarose gel electrophoresis.

EE% of PLGA (OVA), PLGA (R848), and 
PLGA (MPLA) NPs
The EE% of NPs loaded with OVA, R848, or MPLA were 96 ± 3, 
98 ± 2, and 60 ± 2.2%, respectively (Table 3).

Evaluation of Cytotoxicity Using MTT 
Assay
In vitro cytotoxicity of PEI and PLGA/PEI at C/P 2, 4, and 6 
were evaluated in J774 cells. PEI 25  kDa at C/P 0.8 was used 
as positive control. PEI and PLGA/PEI at C/P 2 and 4 did not 
exhibit pronounced cytotoxicity and only PEI and PLGA/PEI 
at C/P 6 showed moderate cytotoxicity in comparison with PEI 
25 kDa. However, the results indicated a viability of more than 
95% at all C/P ratios tested (Figure  6). We should point out 
that the only material for which cytotoxicity was expected was 
PEI. As reported, no cytotoxicity test was performed for either 
MPLA or R848 as these adjuvants were used at very low doses 
in our study (14, 26).

Uptake Study on J774 Cells Treated with 
CpG ODN Complexed Cationic NPs
The uptake efficiency of FITC-labeled NPs prepared from 
PLGA (MPLA or R848)/PEI complexed with CpG ODN 
was determined in J774 cells by flow cytometry. As shown 
in Figure 7, PLGA (MPLA or R848)/PEI NPs exhibited sig-
nificantly more uptake than PEI10-CpG ODN and PEI25-CpG 
ODN as positive control groups at mass ratio tested (C/P 2).
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FIGURE 7 | Flow cytometry histogram showing the uptake of polyethylenimine (PEI) 10/cytosine–phosphorothioate–guanine oligodeoxynucleotide (CpG ODN, blue 
line) and PEI25/CpG ODN (green line) as positive control groups and poly(lactic-co-glycolic) acid (R or M)/PEI10/CpG ODN (black line) in J774 cells after 48 h 
incubation. J774 cells were used as negative control group. The R or M stands for either R848 or monophosphoryl lipid A.
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In Vivo Induction of Immune Responses  
by Various NP Formulations
To investigate how immune responses is influenced by admin-
istration of different tripartite NPs formulation in vivo, we used 
OVA as a model antigen for encapsulation into PLGA NPs along 
with either PLGA (MPLA)-PEI/(CpG ODN) or PLGA (R848)-
PEI/(CpG ODN) NPs. These formulations were injected S.C. 
either alone or in combination with PEI/CpG ODN into the 
base of tail of BALB/c mice. Single TLR agonists, either encap-
sulated in PLGA or in soluble forms, were also used as control. 
One week after the second immunization, splenocytes were 
removed and after 24 h of in vitro restimulation with antigen, 
spleen cells were assessed for IL-4 and IFN-γ secretion by 
ELISpot assay. As shown in Figure 8, in immunized animals 
with PLGA (R848)-PEI/(CpG ODN) NPs, IL-4 production 
significantly diminished while IFN-γ production increased to 
a level higher than the control group (OVA  +  Alum). Also, 
there was a significant different (P < 0.05) in secretion of IFN-γ  
between immunized animals with PLGA (MPLA)-PEI/(CpG 
ODN) and control group (OVA + Alum). We also observed 
significant differences in IFN-γ secretion between animal 
immunized with dual TLR agonist compared to single TLR 
agonists. In other words, when MPLA as TLR4 ligand or R848 
as TLR7/8 agonist is co-delivered with CpG ODN as TLR9 
ligand using PLGA/PEI NPs, a significant increase in IFN-γ 
secretion can be observed in comparison to single TLR ligands 

(encapsulated in PLGA) and alum-adjuvanted OVA group. As 
for the IL-4 secretion, while a significant effect of using dual 
TLR ligands (MPLA + CpG ODN) is observed as compared 
to PLGA (R848)-PEI/(CpG ODN) NPs as well as PLGA-PEI/
(CpG ODN) group, no significant differences in IL-4 secre-
tion can be observed in comparison to alum-adjuvanted OVA 
group.

To further characterize the immune response generated after 
immunization of mice with various nanoparticulate adjuvant 
formulations, we measured IgG1 and IgG2a antibody isotype 
titers in the serum of immunized animals by ELISA one week 
after the second immunization. As indicated in Figure  9, a 
strong antibody response in terms of IgG1 and IgG2a isotypes 
was detected after in  vivo administration of dual TLR agonist 
formulations (MPLA or R848 inside and CpG ODN outside 
PLGA/PEI NPs). Like cytokine detection, a high level of both 
IgG1 and IgG2a was observed after immunization of animals 
with dual TLR agonists containing PLGA (MPLA)-PEI/(CpG 
ODN) (Figure 9). A high titer of IgG2a, which correspond to 
Th1 immune response, was also observed when dual TLR7/8 
and TLR9 agonists (R848  +  CpG ODN) were delivered by 
PLGA/PEI NPs. The highest level of IgG1 which correspond to 
Th2 immune response was achieved after in  vivo administra-
tion of dual TLR4 and TLR9 agonists (MPLA  +  CpG ODN) 
co-delivered by PLGA/PEI NPs. This response was comparable 
to positive control group (alum-adjuvanted OVA).
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FIGURE 9 | The effect of co-administration of poly(lactic-co-glycolic) acid (PLG)A [ovalbumin (OVA)] nanoparticles along with PLGA [monophosphoryl lipid A (MPLA) 
or resiquimod (R848)]/polyethylenimine core–shell complexed with cytosine–phosphorothioate–guanine oligodeoxynucleotide (CpG ODN) on IgG1 and IgG2a isotype 
responses in immunized BALB/c mice. The IgG1 and IgG2a antibody titers in the serum samples were measured by enzyme-linked immunosorbent assay. IgG1 (A) 
and IgG2a (B) isotype antibody titers 4 weeks after primary immunization (mean ± SD with three mice per treatment group). ***P < 0.001, **P < 0.01, and *P < 0.05 
(one-way analysis of variance). The asterisks located on top of error bars showed comparison of significance between the main [dual toll-like receptor (TLR) agonist] 
and control (OVA + aluminum hydroxide) group and the asterisks located on top of the lines showed comparison between the main (dual TLR agonist) groups.

FIGURE 8 | The effect of different poly(lactic-co-glycolic) acid (PLGA)/polyethylenimine (PEI) formulations harboring dual toll-like receptor (TLR) agonists as adjuvant 
in inducing cellular immune responses evaluated by measuring the number of IFN-γ and IL-4 producing splenocytes using ELISpot assay. BALB/c mice (three mice 
per group) were immunized twice (at days 0 and 21) with different dual core–shell adjuvant and PLGA [ovalbumin (OVA)] NP formulations. On day 7 post booster, 
mice from each group were sacrificed, and their splenocytes were stimulated with OVA protein for 24 h. IFN-γ and IL-4 release from splenocytes induced by different 
PLGA/PEI adjuvant formulations were determined using ELISpot assay. The data indicate the mean ± SEM (n = 3) **P ≤ 0.01, ***P ≤ 0.001 (one-way analysis of 
variance). The asterisks located on top of the lines showed comparison of significance between the main (dual TLRs agonist) and control (OVA + aluminum 
hydroxide) group.
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We also measured the level of IL-1β as a main pro-
inflammatory cytokine important in initiating the innate 
immune responses, in the serum of immunized animals by 
ELISA one week after the second immunization. As indicated 
in Figure 10. A steady state increased level of IL-1β detected in 
all adjuvant immunized animals as compared to naive animals 
(untreated mice) points to the activation of innate responses, 
which is a pre-requisite of any effective acquired immune 
responses generated by infection or vaccination.

The relative order of effectiveness of various adjuvant formula-
tions used in this study in inducing IFN-γ, IL-4, IgG1, and IgG2a 
secretion is summarized in Table 4.

DISCUSSION

Recently, we have described a novel delivery vehicle for TLR9 
ligand (CpG ODN) based on single-walled carbon nanotube 
functionalized with PEI and demonstrated its efficacy in 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FIGURE 10 | Detection of IL-1β level in the serum in BALB/c mice immunized 
with various toll-like receptor (TLR) agonists adjuvant formulations along with 
poly(lactic-co-glycolic) acid (PLGA) [ovalbumin (OVA)] NPs. Serum IL-1β level 
was determined using enzyme-linked immunosorbent assay. There was no 
significant difference in IL-1β secretion between different adjuvant 
formulations in comparison with positive control (OVA + aluminum hydroxide). 
The asterisks located on top of the lines showed comparison of significance 
between the main (dual TLRs agonist) and naive (untreated mice) as well as 
mice immunized with empty PLGA and PLGA (OVA). The data are indicated 
the mean ± SD (n = 3).
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TABLE 4 | Summary of in vivo antibody isotype as well as cytokine secretions elicited by various PLGA/PEI adjuvant formulations.

Group Delivery systems Alum (μg) OVA (μg) R848 (μg) MPLA (μg) CpG ODN (μg) IgG1 IgG2a IFN-γ IL-4

1 PEI, PLGA – 10 – – 10 +++ ++ ++ ++
2 PEI, PLGA – 10 – 3 10 ++++ +++ +++ ++++
3 PEI, PLGA – 10 4 – 10 ++ ++++ ++++ ++
4 PLGA – – – 3 – ++ + + ++
5 PLGA – – 4 – – ++ + + ++
6 PEI – – – – 10 ++ + + ++
7 – – – – – 10 + + + +
8 – – 10 – – – + + + +
9 – 100 10 ++++ + ++ +++

10 – – – – – – + + + +
11 PLGA – – – – – + + + ++
12 PLGA – 10 – – – + + + +
13 – – – – 3 – + + + +
14 – – – 4 – – + + + +

The level of IgG isotypes or cytokine levels in descending order is indicated by ++++ , +++ , ++, and +. Highest level illustrated by ++++ and lowest level +.
Alum, aluminum hydroxide; CpG ODN, cytosine–phosphorothioate–guanine oligodeoxynucleotide; MPLA, monophosphoryl lipid A; OVA, ovalbumin; PEI, polyethylenimine; PLGA, 
poly(lactic-co-glycolic) acid.

induction of Th1/Th2 immune responses in mice (27). Given 
the pivotal role of PRRs and specially TLRs in initiating and 
tuning of immune responses in the context of vaccine-adjuvant 
development, the present study was conducted to synthesize and 
evaluate a PLGA NP-based adjuvant delivery platform using 
multiple TLRs (TLR4, TLR7/8, and TLR9) agonists. MPLA as 

TLR4 agonist and R848 as TLR7/8 agonist were encapsulated 
in PLGA NPs. Subsequently, CpG ODN as TLR9 agonist was 
physically linked to the core–shell of PLGA (MPLA) or PLGA 
(R848) using PEI to form a hybrid PLGA NPs containing dual 
TLR agonists (MPLA + CpG ODN or R848 + CpG ODN). In vivo 
immunization of these dual adjuvant formulations along with 
OVA-encapsulated PLGA NPs as antigen in mice elicited efficient 
Th1-skewed cytokine (IFN-γ) and antibody (IgG2a)-mediated 
responses compared to single TLR agonist (encapsulated in 
PLGA) and OVA encapsulated PLGA, or OVA with or without 
alum. Targeting antigens along with TLR agonists encapsulated 
in PLGA NPs to APCs is a promising approach for generating 
potent Th1 polarizing immune responses that can be potentially 
useful in immunotherapy of cancer and intracellular pathogens 
(28). In this respect, activation of TLR4 by LPS and TLR9 by 
CpG ODN induces strong Th1 immune responses through the 
secretion of IL-12p70 (29). Furthermore, it has been reported 
that, stimulation of IFN-α secretion by TLR3, TLR4, TLR7, 
and TLR9 is an important driving force of TLR-mediated Th1 
immune responses (30). Also, it was shown that multiple TLR 
activation (TLR3, TLR4, TLR7, TLR8, and TLR9) improved and 
sustained Th1 immune responses, through the enhancement of 
IL-12 and IL-23 production in both human and mouse DCs (11). 
Additionally, we observed a significant Th2 skewing cytokine 
(IL-4) and antibody (IgG1) responses when the combination of 
TLR4 and TLR9 agonists along with OVA was delivered by PLGA 
NPs, suggesting the effects of these TLR agonists on activation of 
both Th1 and Th2 mediated immune responses. The observed 
Th2 responses seen in our study were significantly higher than 
OVA with or without encapsulation in PLGA and comparable 
to immunization with combination of OVA plus alum, both of 
them considered to be potent Th2 inducers (1). PEI used in the 
construction of hybrid PLGA NPs in our study forms a polyplex 
with CpG ODN (as a shell) on the core of PLGA NPs resulting 
in enhanced immunogenicity of the polyplexes due to increased 
antigen uptake by APCs, improved trafficking of DCs to draining 
lymph nodes, and induction of Th1/Th2 cytokine profiles (31). 
Potential weakness of PEI is that high molecular PEI is toxic to 
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The application of nanotechnology in the health care setting has many potential benefits; 
however, our understanding of the interactions between nanoparticles and our immune 
system remains incomplete. Although many of the biological effects of nanoparticles 
are negatively correlated with particle size, some are clearly size specific and the 
mechanisms underlying these size-specific biological effects remain unknown. Here, we 
examined the pro-inflammatory effects of silica particles in THP-1 cells with respect to 
particle size; a large overall size range with narrow intervals between particle diameters 
(particle diameter: 10, 30, 50, 70, 100, 300, and 1,000 nm) was used. Secretion of the 
pro-inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α induced 
by exposure to the silica particles had a bell-shaped distribution, where the maximal 
secretion was induced by silica nanoparticles with a diameter of 50 nm and particles 
with smaller or larger diameters had progressively less effect. We found that blockade 
of IL-1β secretion markedly inhibited TNF-α secretion, suggesting that IL-1β is upstream 
of TNF-α in the inflammatory cascade induced by exposure to silica particles, and that 
the induction of IL-1β secretion was dependent on both the NLRP3 inflammasome and 
on uptake of the silica particles into the cells via endocytosis. However, a quantitative 
analysis of silica particle uptake showed that IL-1β secretion was not correlated with 
the amount of silica particles taken up by the cells. Further investigation revealed that 
the induction of IL-1β secretion and uptake of silica nanoparticles with diameters of 50 
or 100 nm, but not of 10 or 1,000 nm, was dependent on scavenger receptor (SR) A1. 
In addition, of the silica particles examined, only those with a diameter of 50 nm induced 

Abbreviations: nSP10, nSP30, nSP50, nSP70, nSP100, mSP300, and mSP1000, amorphous silica particles with diameters of 10, 
30, 50, 70, 100, 300, and 1,000 nm, respectively; silica particles, amorphous silica particles; crystalline silica, crystalline silica 
particles; PMA, phorbol 12-myristate 13-acetate; poly I, polyinosinic acid potassium salt; ATP, adenosine 5′-triphosphate diso-
dium salt hydrate; ICP-AES, inductively coupled plasma atomic emission spectrometry; FLICA, fluorescent-coupled YVAD 
inhibitor to the activated form of caspase-1; SR, scavenger receptor; MARCO, macrophage receptor with collagenous structure.
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INTRODUCTION

The application of nanotechnology is a promising means of 
developing novel diagnostic and imaging technologies, photo-
thermal therapies, vaccines, and drug delivery systems (1–3). 
However, various immune toxicities associated with exposure to 
nanoparticles have been reported, including inflammation (4), 
immune suppression (5), IgE-biased immune responses (6), and 
the induction of metal allergies (7). Therefore, improving our 
understanding of the interactions between nanoparticles and our 
immune system is essential to ensure the safe use of nanotechnol-
ogy in the health care setting.

There are two main factors that make nanoparticles not only 
more effective but also more hazardous than the bulk material. 
The first is their ability to cross biological barriers [e.g., blood–
brain barrier (8), placental barrier (9), blood–milk barrier (10), 
and nuclear barrier (11)]. The second is their large surface area 
per unit mass due to their small particle size. Since biological 
interactions occur on the surface of nanoparticles, the biological 
activity of nanoparticles per unit mass increases as particle size 
decreases (12). Indeed, many studies, both in vitro and in vivo, 
have demonstrated that smaller nanoparticles have biological 
activities of greater strength compared with larger particles 
(13–16). However, several in vitro studies have also shown that 
nanoparticles with a diameter of 50 nm are more readily taken up 
by cells and/or have greater cytotoxicity than larger and smaller 
particles of the same material (17–20). Indeed, we recently identi-
fied a size-specific effect in mice, where silica nanoparticles with 
a diameter of 50 nm induced the most severe hypothermia in the 
10–1,000 nm size range (21). In addition, it has been reported 
that in a comparison of nanoparticle-based antitumor vaccines 
that differed only with respect to particle diameter (20, 40, 
100, 200, 500, 1,000, or 2,000  nm), the vaccine with a particle 
diameter of 40 nm was the most effective (22). Together, these 
studies demonstrate not only that size-specific biological effects 
of nanoparticles exist but also that particles with diameters of 
around 50  nm induce the strongest biological effects. Further 
studies are needed to elucidate the mechanisms underlying these 
size-specific effects.

The pro-inflammatory effects of nanoparticles are well 
described in the literature and are a major issue for the devel-
opment of safe nanomedicines (23). In particular, the NLRP3 
inflammasome-mediated pro-inflammatory effects of nanoparti-
cles have been reported (4, 24–26). However, the effect of particle 
size on the pro-inflammatory effects of nanoparticles is poorly 
understood, most likely because previous studies did not examine 
a particle size range that included fine enough intervals between 
particle sizes.

In the present study, we examined the effects of particle size 
on the pro-inflammatory response of THP-1 cells to exposure to 
silica particles within a large overall size range (10–1,000  nm) 
that included narrow intervals between the particle diameters. 
We also explored the mechanisms underlying this size-specific 
inflammatory response in our model, although it should be noted 
that the experimental conditions were not chosen to represent 
human exposure scenarios.

MATERIALS AND METHODS

Silica Particles
Amorphous silica particles (silica particles) with diameters of 10, 
30, 50, 70, 100, 300, or 1,000 nm (nSP10, nSP30, nSP50, nSP70, 
nSP100, mSP300, and mSP1000, respectively) were purchased 
from Micromod Partikeltechnologie (Rostock/Warnemünde, 
Germany). Crystalline silica particles (Min-U-Sil-5; crystalline 
silica in diameter of not bigger than 5 µm) were purchased from 
Pennsylvania Sand Glass Corporation (Pittsburgh, PA, USA). 
The endotoxin level of each size of silica particle (50 µg/mL in 
cell culture media) was 0.25, 0.15, 0.11, 14.88, 1.23, 0.01, and 
<0.01 endotoxin units/mL for nSP10, nSP30, nSP50, nSP70, 
nSP100, mSP300, and mSP1000, respectively, as determined 
by a Pyros Kinetix turbidity assay instrument with a limit of 
detection of 0.001 endotoxin units/mL. Endotoxin testing was 
performed on our behalf by nanoComposix (San Diego, CA, 
USA). Immediately prior to use, the dispersions of the particles 
were sonicated at 400 W for 5 min at 25°C and then vortexed 
for 1 min.

Reagents
Phorbol 12-myristate 13-acetate (PMA), polyinosinic acid potas-
sium salt (poly I), cytochalasin D, bafilomycin A1, BMS345541, 
and adenosine 5′-triphosphate disodium salt hydrate (ATP) were 
purchased from Sigma Aldrich (St. Louis, MO, USA). zYVAD-
fmk and UNC569 were purchased from Merck (Darmstadt, 
Germany).

THP-1 Cells
THP-1 cells (human acute monocytic leukemia cell line) were 
obtained from the American Type Culture Collection (Manassas, 
VA, USA) and cultured at 37°C (95% room air, 5% CO2) in 
RPMI1640 (Wako Pure Chemical Industries, Osaka, Japan) sup-
plemented with 10% fetal bovine serum, 1% antibiotic cocktail 
(10,000 U/mL penicillin, 10,000 µg/mL streptomycin, and 25 µg/
mL amphotericin B; Gibco, BRL, Bethesda, MD, USA), and 
2-mercaptoethanol (50 µM; Gibco).

strong IL-1β secretion via activation of Mer receptor tyrosine kinase, a signal mediator 
of SR A1. Together, our results suggest that the SR A1-mediated pro-inflammatory 
response is dependent on ligand size and that both SR A1-mediated endocytosis and 
receptor-mediated signaling are required to produce the maximal pro-inflammatory 
response to exposure to silica particles.

Keywords: inflammasome, Mer receptor tyrosine kinase, nanoparticles, nanotoxicity, scavenger receptor, size
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Evaluation of the Pro-inflammatory 
Activity of the Silica Particles
THP-1 cells (3.0  ×  104 cells/well) were seeded in flat-bottom 
96-well plates (Nunc, Rochester, NY, USA) and then differentiated 
into macrophages by incubation with 0.5 µM PMA at 37°C for 
24 h. After incubation, the cells were washed with the cell culture 
media and treated with the silica particles, crystalline silica, or ATP. 
After incubation for 6, 12, or 24 h, the supernatants were collected. 
To determine cell viability after exposure to the test materials, the 
concentration of lactate dehydrogenase in the supernatants was 
measured by using a Cytotoxicity LDH Assay Kit (Wako, Osaka, 
Japan) in accordance with the manufacturer’s instructions. To 
evaluate the pro-inflammatory response to exposure to the test 
materials, the concentrations of the pro-inflammatory cytokines 
interleukin (IL)-1β and tumor necrosis factor (TNF)-α, and of 
the receptor antagonist (RA) IL-1RA, in the supernatants were 
assessed by ELISA kits (IL-1β, BD Pharmingen, San Diego, CA, 
USA; TNF-α, eBioscience, San Diego, CA, USA; IL-1RA, R&D 
Systems, Minneapolis, MN, USA) in accordance with the manu-
facturers’ instructions. In inhibitory and neutralizing antibody 
assays, cytochalasin D, zYVAD-fmk, BMS345541, bafilomycin 
A1, anti-human scavenger receptor (SR) A1 monoclonal anti-
body (351620) (R&D Systems) or its mouse IgG1 isotype control 
(BioLegend, San Diego, CA, USA), anti-human macrophage 
receptor with collagenous structure (MARCO) antibody (PLK1) 
(Hycult Biotech, Uden, The Netherlands) (27) or its mouse IgG3 
isotype control (BioLegend), recombinant human IL-1RA (R&D 
systems), or anti-human IL-1β/IL-1F2 (2805) (R&D systems) 
were added to the wells containing the PMA-differentiated THP-1 
cells 30 min before stimulation with the test materials.

Western Blotting Analysis
THP-1 cells (9.0  ×  105 cells/well) were seeded in 6-well plates 
(Nunc) and then differentiated into macrophages by incubation 
with 0.5 µM PMA at 37°C for 24 h. After incubation, the cells 
were washed with the cell culture media and treated with the 
silica particles (50 µg/mL), crystalline silica (500 µg/mL), or ATP 
(3 mM). After incubation for 6, 12, or 24 h, the cells were washed 
twice with phosphate-buffered saline and lysed with Mammalian 
Protein Extraction Reagent (M-PER; Thermo Fisher Scientific, 
Rockford, IL, USA). Protein samples (1  µg) were loaded on a 
20% sodium dodecyl sulfate–polyacrylamide gel. After electro-
phoresis, proteins were transferred to polyvinylidene difluoride 
membranes (GE Healthcare, Buckinghamshire, UK). The blots 
were blocked with 1% BSA in phosphate-buffered saline with 
0.02% Tween 20 for 2  h at room temperature. The blots were 
incubated with monoclonal antibody to human IL-1β/IL-1F2 
(8516) (R&D systems) at 1 h. HRP-conjugated goat anti-mouse 
antibody (SouthernBiotech, Birmingham, AL, USA) was added 
to the membranes, which were then incubated for 1 h at room 
temperature. The protein bands on the membrane were visualized 
with SuperSignal West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific), and the images were captured by 
LAS4000 mini (GE Healthcare). The densities of the bands in 
the captured image were analyzed by using the ImageJ software 
(version 1.46r, National Institutes of Health).

Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES) Analysis
THP-1 cells (1.4 × 107 cells/dish) were seeded in 150-mm dishes 
and differentiated into macrophages by incubation with 0.5 µM 
PMA at 37°C for 24 h. After incubation, the cells were washed 
with phosphate-buffered saline and incubated with 50  µg/mL 
of each test material for 6, 12, or 24 h. In a neutralization assay, 
PMA-differentiated THP-1 cells were pre-incubated for 30 min 
with anti-human SR-A1 or its isotype control at a concentra-
tion of 0.4 µg/mL. After incubation with the test materials, the 
supernatant was removed and the cells were washed twice with 
phosphate-buffered saline. The cells were then detached from the 
dish surface using trypsin, washed with the cell culture media, 
and collected. After the cells were collected, samples from three 
dishes were pooled for analysis. The pooled cells were counted, 
suspended in 1  mL of MilliQ water, and sent to Japan Food 
Research Laboratories (Osaka, Japan), where the samples were 
prepared for ICP-AES analysis as follows: the cells were heated to 
500°C and ash melted with sodium carbonate. Water was added 
to the residue and the mixture was heated for 30 min before being 
passed through filter paper. The filtrates were then brought to a 
volume of 50 mL with ultrapure water. The mass of silicon in each 
sample was then measured with a Vista-MPX ICP-AES instru-
ment (Varian, Palo Alto, CA, USA) on our behalf by Kiyokawa 
Plating Industry Co., Ltd. (Fukui, Japan). Silicon uptake by the 
cells was calculated as the amount of silicon in silica particle-
treated cells minus the silicon level in non-silica-treated cells.

Statistical Analyses
Statistical analyses were performed by using the Ekuseru-Toukei 
2012 software (Social Survey Research Information Co., Ltd., 
Tokyo, Japan). Data are presented as mean  ±  SD. Significant 
differences between the control group and experimental group 
were assessed by using Student’s t-test. P < 0.05 was considered 
statistically significant.

Methods used in the Supplementary Figures are in the sup-
plementary figures file.

RESULTS

Effect of Particle Size on the Pro-
inflammatory Effect of Silica Particles in 
THP-1 Cells
The hydrodynamic diameters of the silica particles dispersed 
in the cell culture medium (5  mg/mL), as measured by means 
of dynamic light scattering, were 10.0, 24.3, 48.3, 64.7, 86.0, 
285.7, and 1,164.3 nm for nSP10, nSP30, nSP50, nSP70, nSP100, 
mSP300, and mSP1000, respectively (Table S1 in Supplementary 
Material). These hydrodynamic diameters suggest that the 
silica particles were well dispersed in the cell culture medium. 
Transmission electron microscopy images of the silica particles 
used in the present study are provided in our previous reports 
(6, 21, 28).

We first evaluated the cytotoxicity of the silica particles in 
THP-1 cells by means of a lactate dehydrogenase cytotoxicity 
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FIGURE 1 | Effects of silica particles on THP-1 cell viability and pro-inflammatory cytokine secretion. Phorbol 12-myristate 13-acetate-differentiated 
THP-1 cells were incubated with silica particles of various concentrations for 6, 12, or 24 h. After incubation, culture supernatants were collected. (A) Cell viability 
was determined by means of a lactate dehydrogenase assay. (B) Interleukin (IL)-1β and tumor necrosis factor (TNF)-α concentration in the culture supernatant was 
measured by ELISA. Data are presented as mean ± SD (n = 4 independent cultures/group). N.D., not detected.
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assay (Figure  1A). PMA-differentiated THP-1 cells were incu-
bated with the different silica particles (nSP10, nSP30, nSP50, 
nSP70, nSP100, mSP300, or mSP1000) for 6, 12, or 24  h. We 
hardly detected cytotoxicity in our dose range at 6 and 12 h. On 
the other hand, dose-dependent cytotoxicity was observed at a 
dose greater than 100 µg/mL in all of the silica particle-treated 
groups at 24 h and the data suggested that larger particles tended 

to induce stronger cytotoxicity. In the following assays, 50 µg/mL 
was the maximum dose of silica particles used to avoid inducing 
cytotoxicity.

To examine the effect of particle size on the pro-inflammatory 
effects of the silica particles in THP-1 cells, we measured the 
concentration of the pro-inflammatory cytokines IL-1β and 
TNF-α in the culture supernatant after incubation of the cells 
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with the silica particles for 6, 12, or 24 h (Figure 1B). Although 
incubation with the silica particles for 6 or 12 h had little effect 
on the secretion of IL-1β and TNF-α, incubation for 24 h resulted 
in a marked increase in the concentrations of IL-1β and TNF-α 
in the supernatant in several of the silica particle-treated groups. 
Furthermore, a bell-shaped size-specific effect was observed, 
where the silica particles with a diameter of 50 nm induced the 
greatest secretion of IL-1β and TNF-α and silica particles with 
smaller or larger diameters had progressively less effect (overall 
size range, 10–1,000  nm). In addition, the transcript levels of 
IL-1β and TNF-α were increased 24 h after incubation with nSP50 
compared with the control group (Figure S1 in Supplementary 
Material), which was consistent with the results regarding the 
secreted proteins. As a positive control, we also exposed the cells 
to crystalline silica and ATP, which has known pro-inflammatory 
effects, and found that with this exposure the secretion of IL-1β 
was increased at the 6, 12, and 24-h time points (Figure S2 in 
Supplementary Material), which is consistent with a previous 
report (29). Thus, the size-specific pro-inflammatory effects of 
silica particles had a relatively slow onset compared with that of 
crystalline silica as a control particle.

It has been reported that the induction of TNF-α production 
by crystalline silica is mediated by IL-1β (29), which implies that 
the observed increase in TNF-α secretion by exposure to the 
silica particles may also be meditated by IL-1β. We, therefore, 
examined the effect of inhibiting IL-1 signaling on the silica 
particle-induced secretion of TNF-α. Co-incubation of the cells 
with the silica particles (nSP10, nSP50, nSP100, and mSP1000 
as representatives of the size effect) and the RA IL-1RA resulted 
in a marked reduction in the amount of TNF-α secreted by cells 
incubated with nSP50 (Figure  2A, left). Similar results were 
obtained after co-incubation of the cells with the silica particles 
and anti-IL-1β (Figure 2B). Together, these results suggest that 
the induction of TNF-α by the silica particles was completely 
dependent on the production of IL-1β. Furthermore, co-incuba-
tion with IL-1RA was found to suppress the secretion of IL-1β in 
nSP50- or mSP1000-treated cells, but not in nSP10- or nSP100-
treated cells, suggesting that a positive feedback loop is created 
for IL-1β in nSP50- or mSP1000-treated cells (Figure 2A, right). 
We speculated that perhaps nSP50 inhibited endogenous IL-1RA 
production, which would enhance the effect of IL-1β. However, 
the concentration of IL-1RA in the culture supernatants of the 
cells exposed to the silica particles was comparable with that in 
the supernatants of unstimulated cells (Figure 2C).

Two processes are involved in the secretion of mature IL-1β: 
NF-κB-dependent pro-IL-1β synthesis and NLRP3 inflam-
masome (caspase-1)-dependent cleavage of pro-IL-1β (30). 
Therefore, next we evaluated the effect of exposure to the silica 
particles on these two processes. Blocking the maturation of 
IL-1β with zYVAD-fmk, a caspase-1 inhibitor, considerably 
reduced the concentration of IL-1β in the culture supernatants 
of the silica particle-treated cells and in the crystalline silica- or 
ATP-treated cells, which were positive controls for activation of 
the NLRP3 inflammasome (30) (Figure 3A). These results sug-
gest that induction of IL-1β by silica particles is dependent on the 
NLRP3 inflammasome. In addition, flow cytometric evaluation 
of the binding of a fluorescence-coupled YVAD inhibitor of 

caspase-1 activation showed that caspase-1 tended to be activated 
in cells treated with nSP10, nSP50, nSP100, or mSP1000 (Figure 
S3A in Supplementary Material).

Particulate matter such as crystalline silica and alum is known 
to activate the NLRP3 inflammasome via lysosomal destabiliza-
tion, and neutralization of lysosomal pH inhibits this activation 
pathway (30). In the present study, inhibiting lysosomal acidifica-
tion by co-incubation with bafilomycin A1, an inhibitor of vacuo-
lar-type H+-ATPase, reduced the induction of IL-1β by all of the 
silica particles or crystalline silica, but not that induced by ATP 
(Figure 3B), which is independent of lysosomal destabilization 
(31). Furthermore, we found that loss of the red acidity-dependent 
acridine orange signal, which is an index of lysosomal integrity, 
was significantly increased in nSP50- or crystalline silica-treated 
cells, but not in ATP-treated cells (Figure S2B in Supplementary 
Material). The loss of the red acidity-dependent acridine orange 
signal appeared to be enhanced in nSP10- or nSP100-treated cells 
(Figure S3B in Supplementary Material). These findings suggest 
that, like crystalline silica, silica particles activate the NLRP3 
inflammasome via lysosomal destabilization (32). Thus, the 
present results show that the silica particles induced the secretion 
of IL-1β via activation of the NLRP3 inflammasome. The results 
imply that nSP50 activated the NLRP3 inflammasome more than 
did the other sizes of silica particles via stronger induction of 
lysosomal destabilization (Figure S3 in Supplementary Material).

We next examined the effects of silica particle size on the induc-
tion of pro-IL-1β. Since we detected pro-IL-1β in untreated cells, 
PMA-differentiation has induced a certain amount of pro-IL-1β, 
which is consistent with a previous report (Figures 3C,D) (32). 
The expression of pro-IL-1β was increased in cells incubated with 
ATP for 12 or 24 h (Figures 3C,D). In addition, nSP50 induced 
more pro-IL-1β compared with the other silica particles after 
incubation for 24 h (Figures 3C,D). This induction of pro-IL-1β 
further confirms that a positive feedback loop for IL-1β is created 
in nSP50-treated cells (Figure 2A, 24 h).

Relationship between Cellular Uptake and 
the Size-Specific Pro-inflammatory Effect 
of Silica Particles
It is well known that endocytosis of particulate matter triggers the 
pro-inflammatory responses. We, therefore, evaluated whether 
the size-specific pro-inflammatory effect of silica particles was 
endocytosis dependent. Blocking actin-dependent endocytosis 
with cytochalasin D, a potent inhibitor of actin polymerization, 
completely suppressed the induction of IL-1β in the silica particle- 
or crystalline silica-treated cells (Figure 4A). This result suggests 
that the induction of IL-1β by the silica particles or crystalline 
silica was dependent on actin-dependent endocytosis. Therefore, 
we hypothesized that the size-specific pro-inflammatory effects 
of the silica particles were a result of greater uptake of nSP50 than 
of the other sizes of silica particles. We, therefore, quantitatively 
measured by means of ICP-AES the amount of silicon inside 
cells exposed to the silica particles. A time-dependent increase 
in the uptake of silica particles was observed in all of the silica 
particle-treated cells (Figure 4B). The greatest concentration of 
silicon was found in the cells treated with mSP1000, whereas 
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FIGURE 2 | Role of interleukin (IL)-1β in the pro-inflammatory effects of silica particles. Phorbol 12-myristate 13-acetate-differentiated THP-1 cells were 
incubated with IL-1 receptor antagonist (IL-1RA) (A) or anti-IL-1β (B) 30 min before the addition of silica particles (50 µg/mL). After incubation for 24 h, the 
concentration of IL-1β (A,B) and tumor necrosis factor (TNF)-α (A) in the culture supernatant was measured by ELISA. (C) Phorbol 12-myristate 13-acetate-
differentiated THP-1 cells were incubated with silica particles (50 µg/mL) for 6, 12, or 24 h. After incubation, IL-1RA concentration in the culture supernatants was 
determined by ELISA. Data are presented as mean ± SD (n = 4 independent cultures/group). N.D., not detected.
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the least was found in the cells treated with nSP50 (Figure 4B, 
left panel). By using the concentration of silicon in the cells to 
calculate the surface area and number of silica particles taken 
up, we found that nSP10-treated cells contained the greatest total 
particle surface area and number of silica particles (Figure 4B, 
center and right panels). Therefore, the induction of IL-1β by the 
silica particles was not correlated with the total mass of silicon, 
the total particle surface area, or the number of silica particles 
taken up by the cells, even though IL-1β secretion appeared to 
be completely dependent on the uptake of the silica particles via 
actin-dependent endocytosis. We, therefore, hypothesized that a 
specific mode of endocytosis that is only used for the uptake of 
silica particles in a specific size range was responsible for their 
observed size-specific pro-inflammatory effect.

Class A scavenging receptors (SR-A) are a group of receptors 
reported to be involved in the uptake into cells of environmental 
particles, including artificial nanoparticles such as amorphous 
silica nanoparticles (33, 34). Therefore, we examined the effect 
of poly I, a scavenging receptor antagonist, on the induction of 
IL-1β. Poly I treatment enhanced the induction of IL-1β secretion 
in nSP10-, mSP1000-, or crystalline silica-treated cells, but mark-
edly suppressed it in nSP50- or nSP100-treated cells (Figure 5A). 
Since poly I is reported to have inflammatory potential as a ligand 
of toll-like receptor 3 (35), one explanation for this observation 

in poly I-treated cells is that the uptake of nSP50 and nSP100 was 
blocked by poly I, the uptake of nSP10, mSP1000, and crystalline 
silica was completely independent of SR-A, and the inflamma-
tory potential of poly I enhanced IL-1β by nSP10, mSP1000, and 
crystalline silica. To confirm this hypothesis, we examined the 
effect of neutralizing SR-As, namely SR-A1 or MARCO, which is 
reported to be endocytic receptors for particulate matter, on the 
size-specific pro-inflammatory effects of the silica particles (33, 
34). Neutralization of SR-A1 suppressed the induction of IL-1β in 
nSP50- or nSP100-, but not in nSP10-, mSP1000-, or crystalline 
silica-treated cells (Figure  5B). Neutralization of MARCO did 
not affect the induction of IL-1β by the silica particles or crystal-
line silica (Figure 5C). Neutralization of SR-A1 also significantly 
reduced the uptake of nSP50 (P < 0.05) and nSP100 (P < 0.01), 
but not of nSP10, mSP1000, or crystalline silica (Figure  5D). 
Thus, it is likely that the size-specific pro-inflammatory effect of 
the silica particles was a result of SR-A1-mediated endocytosis of 
particles in a specific size range.

A remaining question is why exposure to nSP50 had a greater 
effect on the induction of IL-1β than exposure to nSP100 even 
though both appeared to be taken up via the same receptor. It 
is known that SR-A1 lacks enzymatic activity and intracellular 
signaling motifs, and that it induces Mer receptor tyrosine kinase 
(MerTK) signaling (36). Therefore, we evaluated the contribution 
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FIGURE 3 | Effect of silica particles on caspase-1 activation and pro-IL-1β synthesis. Phorbol 12-myristate 13-acetate-differentiated THP-1 cells were 
incubated with zYVAD-fmk (A) or bafilomycin A1 (B) 30 min before the addition of silica particles (50 µg/mL), crystalline silica (500 µg/mL), or adenosine 
5′-triphosphate disodium salt hydrate (ATP, 3 mM). Twenty-four hours after incubation, culture supernatants were collected and interleukin (IL)-1β secretion was 
determined by ELISA. Data are presented as mean ± SD (n = 4 independent cultures/group). N.D., not detected. (C) Phorbol 12-myristate 13-acetate-differentiated 
THP-1 cells were incubated with silica particles (50 µg/mL), crystalline silica (500 µg/mL), or ATP (3 mM) for 6, 12, or 24 h, and pro-IL-1β in the cells was analyzed 
by means of western blotting. (D) The densities of the bands of pro-IL-1β in (C) were quantified by using the ImageJ software (version 1.46r, National Institutes of 
Health). The values of pro-IL-1β were normalized to that of β-actin. Fold induction is relative to the cells only group.
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of MerTK to the induction of IL-1β by nSP50 or nSP100 by 
using UNC569, an inhibitor of the phosphorylation of MerTK 
(37). Inhibition of MerTK signaling markedly suppressed the 
induction of IL-1β by nSP50, but not by nSP100 (Figure  5E). 
Consistent with the effect of neutralizing SR-A1, the induction of 
IL-1β by nSP10-, mSP1000-, or crystalline silica was not blocked 
by UNC569. Together, these results suggest that although the 
uptake of both nSP50 and nSP100 was dependent on SR-A1, 
only nSP50 appeared to induce MerTK signaling, which in turn 
produced a greater induction of IL-1β.

DISCUSSION

The present results suggest that SR-A1-mediated endocytosis 
underlies silica particle-induced IL-1β secretion, and that the size-
specific pro-inflammatory effects of silica particles are a result of 
the ligand size specificity of this SR-A1-mediated endocytosis. The 

present results also suggest that silica particles with a diameter of 
50 nm induced the strongest pro-inflammatory response. SR-A1 
is known to mediate both pro- and anti-inflammatory responses 
due to its broad ligand specificity (38). However, it remains 
unknown how different ligands produce opposite responses 
via the same receptor. One report has demonstrated that SR-A-
mediated ligand endocytosis is mediated via clathrin-dependent 
and caveolae-dependent pathways, and that each endocytic mode 
has distinct functional consequences via different signaling 
cascades (39). Interestingly, clathrin-mediated and caveolae-
mediated endocytosis are known to be limited to ligands with 
sizes of about 120 and 60 nm, respectively (40). Given these size 
limitations, in the present study, only nSP100 or smaller particles 
could be taken up via clathrin-mediated endocytosis, and only 
nSP50 (or possibly nSP70) or smaller silica particles could be 
taken up by caveolae-mediated endocytosis. Therefore, it is pos-
sible that the ligand size limit of each endocytic mode contributed 
to the particle size-specific effects. Further studies are required to 
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FIGURE 4 | Relationship between uptake of silica particles and interleukin (IL)-1β secretion. (A) Phorbol 12-myristate 13-acetate-differentiated THP-1 cells 
were incubated with cytochalasin D 30 min before the addition of silica particles (50 µg/mL) or crystalline silica (500 µg/mL). Twenty-four hours after incubation, 
culture supernatants were collected and IL-1β secretion was determined by ELISA. (B) Phorbol 12-myristate 13-acetate-differentiated THP-1 cells were incubated 
with silica particles (50 µg/mL) for 6, 12, or 24 h. The amount of silicon in the cells was then determined by inductively coupled plasma atomic emission 
spectrometry. Silicon uptake by the cells was calculated as the amount of silicon in silica particle-treated cells minus the amount of silicon in non-treated cells. The 
total particle surface area and number of particles taken up by cells was calculated from information provided in the manufacturer’s data sheet for each type of silica 
particle. Data are presented as mean ± SD (n = 4 independent cultures/group). N.D., not detected.
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elucidate the relationship between each endocytic mode of SR-A 
and the activation of MerTK, which in turn produced the greater 
pro-inflammatory effects.

The results of the present study also suggest that the uptake 
of nSP10 is independent of SR-A1-mediated endocytosis 
(Figure 5D). Small nanoparticles are suggested to be difficult to 
promote multivalent binding by the receptors and thus smaller 
nanoparticles dissociate from the receptors before being taken up 
by cells due to low binding avidity (18). Therefore, it is possible 
that low avidity of nSP10 to SR-A1 cause the independency of 
SR-A1-mediated endocytosis. In addition, for silica particles to be 
ligands of SR-A1 they must be anionic in some extent; therefore, 
the number of silanol groups on the surface of silica particles will 
determine whether or not they are ligands of SR-A1. Since, the 
concentration of silanol groups on the surface of silica nanopar-
ticles increases as particle size decreases (41), the ability of the 
silica particles to bind to SR-A1 must be changed dependent on 
the size. Thus it is also possible that nSP10 is not a ligand of SR-A1 
due to the too much concentration of silanol groups.

The present results suggest that nSP50-mediated MerTK 
signaling increased the induction of IL-1β, although MerTK 
signaling itself is often discussed in an anti-inflammatory, immu-
nosuppressive context mainly due to its relationship to the uptake 
of apoptotic cells by macrophages (42, 43). It has been reported 
that MerTK activation leads to inhibition of the mTOR pathway 

and SR-A1-mediated activation of macrophages (44). Inhibition 
of the mTOR pathway enhances the effects of pro-inflammatory 
cytokines via NF-κB in phagocytic cells after bacterial stimulation 
(45) and of caspase-1 during endotoxin-mediated shock (46). In 
addition, phagocytosis of autophagic dying cells is reported to 
activate the NLRP3 inflammasome rather than inhibit immune 
reactions (47). Thus, in our model, MerTK signaling may induce 
pro-IL-1β and caspase-1 activation, which in turn increases silica 
particle-induced IL-1β secretion. Further studies are required to 
determine how MerTK signaling led to the inflammatory state in 
our model and what phenotype the size-specific effects of silica 
particles result in in vivo.

In previous studies, we observed greater induction of IL-1β 
in THP-1 cells treated with mSP1000 than in those treated 
with smaller particles (i.e., nSP30, nSP50, nSP70, mSP300, and 
mSP1000), although higher concentrations of silica particles were 
used than in the present study (i.e., 100 µg/mL; 6 h incubation) 
(48). However, under the present low-cytotoxic conditions, treat-
ment with mSP1000 induced little IL-1β, even after incubation for 
24 h (Figure 1). Furthermore, under the present conditions, IL-1β 
was detected only at 24 h, irrespective of which silica particle the 
cells were exposed to. Another group has reported that exposure 
to high concentrations (125–500 µg/mL) of silica nanoparticles 
with a diameter of 15  nm induced IL-1β after incubation for 
6 h, and that active ATP release was the underlying mechanism 
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FIGURE 5 | Role of scavenger receptor (SR)-A1 and Mer receptor tyrosine kinase (MerTK) in the size-specific pro-inflammatory effects of silica 
particles. Phorbol 12-myristate 13-acetate-differentiated THP-1 cells were incubated with poly I (A), anti-SR-A1 or its isotype control (mouse IgG1) (B,D), 
anti-MARCO antibody or its isotype control (mouse IgG3) (C), or UNC569 (a specific inhibitor of MerTK) (E) 30 min before the addition of silica particles (50 µg/mL) 
or crystalline silica (500 µg/mL). (A–C,E) Twenty-four hours after incubation, culture supernatants were collected and the concentration of interleukin (IL)-1β was 
determined by ELISA. (D) The amount of silicon in the cells was determined by inductively coupled plasma atomic emission spectrometry. Silicon uptake by the cells 
was calculated as the amount of silicon in treated cells minus the amount of silicon in non-treated cells. Data are presented as mean ± SD (n = 4 independent 
cultures/group). *P < 0.05, **P < 0.01 versus isotype control group. N.D., not detected.
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(26). Interestingly, larger silica particles have also been show to 
produce greater IL-1β induction (4) that is consistent with the 
results of our previous study, where we used high doses of silica 

particles (48). Therefore, it is possible that larger silica particles 
induce greater production of IL-1β than do smaller silica particles 
under high-dose (i.e., high-stress) conditions via an active ATP 
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release mechanism. Since active ATP release has been shown to 
be the mechanism underlying the induction of IL-1β by other 
particles (e.g., uric acid, crystalline silica, alum) (Figure S2 in 
Supplementary Material, 6 h incubation) (49), it may have evolved 
to enable cells to rapidly secrete IL-1β. Therefore, it is likely that 
there are two different mechanisms underlying the induction of 
IL-1β by silica particles that are activated only during exposure 
to specific concentrations of silica particles. Further studies are 
required to elucidate whether the slower SR-A1-mediated IL-1β 
secretion observed in the present study involves active ATP 
release.

Scavenger receptors are a potentially useful target for vaccines 
for vaccine development (50, 51). Although elucidation of the 
relationship between the SR-A1-mediated size-specific effects of 
nanoparticles and adjuvanticity is required, optimizing the size 
of the nanoparticles may be a useful way to maximize the effects 
of nanoparticle-mediated vaccines. However, the size-specific 
effects of nanoparticles mean that it is difficult to reliably predict 
the safety of nanoparticles and so individual safety assessments 
will likely be required for each new nanoparticle-based product. 
It is, therefore, important to improve our understanding of the 
size-specific effects of nanoparticles.

The results of the present study suggest that SR-A1-mediated 
uptake of nanoparticles led to a size-specific inflammatory 
response in THP-1 cells. Since nanoparticles also have size-
specific effects in non-phagocytic cells (17–19), there are likely 
additional underlying mechanisms in these cells. Further studies 
to examine the effects of silica and other nanoparticles on a variety 
of cell types would improve our understanding of the size-specific 
effects of nanoparticles. In the present study, nanoparticles with 
a diameter of around 50 nm were found to have the greatest pro-
inflammatory effects, and the size-specific effects of nanoparticles 
of this size are well reported in the literature. Therefore, further 

examination not only of the size-specific effects of nanoparticles 
but also of the possibility that 50  nm is a size that has special 
implications in biological systems in general is needed.
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Innate immune memory is the capacity of cells of the innate immune system, such 
as monocytes and macrophages, to react differently to an inflammatory or infectious 
challenge if previously exposed to the same or to another agent. Innate immune memory 
is a protective mechanism, based on epigenetic reprogramming, that ensures effective 
protection while limiting side effects of tissue damage, by controlling innate/inflammatory 
responses to repeated stimulations. Engineered nanoparticles (NPs) are novel challenges 
for our innate immune system, and their ability to induce inflammatory activation, thereby 
posing health risks, is currently being investigated with controversial results. Besides 
their putative direct inflammation-inducing effects, we hypothesize that engineered NPs 
may induce innate memory based on their capacity to induce epigenetic modulation of 
gene expression. Preliminary results using non-toxic non-inflammatory gold NPs show 
that in fact NPs can induce memory by modulating in either positive or negative fashion 
the inflammatory activation of human monocytes to a subsequent bacterial challenge. 
The possibility of shaping innate/inflammatory reactivity with NPs could open the way to 
future novel approaches of preventive and therapeutic immunomodulation.

Keywords: innate memory, monocytes, macrophages, engineered nanoparticles, inflammation

INTRODUCTION

The ability of the body of developing immune reactions is strongly influenced by the environment. 
During its lifetime, each person is exposed to a great number and types of environmental and infec-
tious cues, which shape the immune system in terms of type and extent of reaction. Consequently, 
the immune system of each individual is unique as it is the result of the individual experience.  
A recent study based on systems-level analysis of healthy twins has shown that different functional 
units of immunity (cytokines, chemokines, growth factors, immune cells subsets, and cellular 
responses to cytokines) vary across individuals primarily as a consequence of extrinsic non-heritable 
factors (1). This supports the notion that the immune system is shaped by the environmental events 
encountered during life (in particular microbes) rather than genetics. Environmental factors exert a 
cumulative influence that overshadows the influence of heritable traits with age (1). The footprints 
of these exposures are preserved in the immune cells, and each immune system can be considered 
as a kind of “memory snapshot/fingerprinting.” Consequently, the infection history of a person 
could explain the different individual patterns of immunodominance and protection and why some 
individuals mount productive immune responses to vaccines and pathogens and others do not. 
Until recently, the common belief was that adaptive immunity was the only type of immunity able 
to maintain a memory of previous infections. Indeed, in every immunology textbook we can find 
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that memory is one of the hallmarks distinguishing adaptive from 
innate immunity. However, recent evidence has revived the old 
concept of innate immune memory, well-known in plants and 
invertebrates and also observed in mice.

Innate memory is the capacity of innate immune cells such 
as monocytes and macrophages to mount, upon a second chal-
lenge, a lower or higher non-specific response (tolerance vs. 
trained immunity) compared to the response of naïve cells (2). 
The innate response in usually measured in terms of produc-
tion of inflammatory effector molecules (e.g., cytokines and 
chemokines). Thus, within each individual, innate immune 
cells such as monocytes are never the same and their reactivity 
depends on their immunological history of previous encounters 
and “the tracks that they left.” As long as they live, monocytes 
may display an altered responsiveness due to previous encoun-
ters not only with viral or bacterial infections but also following 
diseases and exposure to food/dietary components, pollutants, 
and nanoparticles (NPs).

Engineered NPs have entered the human environment in 
recent year because of their presence in many common products 
as additives (e.g., toothpaste, cosmetics, candies, and cigarettes) 
and in public spaces or workplaces as pollutants. The rapid devel-
opment of nanotechnologies has also provided new opportunities 
in medicine mainly through the use of NPs for diagnostic and 
therapeutic purposes (biomedical imaging, drug delivery, and tar-
geting). A lot of questions are still outstanding regarding the risks 
associated with exposure to NPs. Monocytes and macrophages are 
the first line of defense in the innate immune response to foreign 
materials, by phagocytosing and destroying the dangerous agents 
and in addition by triggering an inflammatory defensive reaction. 
An inflammatory reaction may, however, become pathological 
and lead to tissue destruction if it is excessive and prolonged (3). 
Over the last decade, a great deal of attention has been devoted 
to the study of the capacity of NPs to induce inflammation, taken 
as a sign of pathological risk. The inflammation-inducing effects 
of NPs are still controversial because of the many problems and 
challenges in the development and validation of assays that could 
reliably assess the bona fide NP effects, without interference 
and artifacts due to technical or contamination problems (4). 
Thus, many NPs do not show direct capacity of triggering an 
inflammatory reaction in human monocytes in culture when the 
interaction occurs in real life-mimicking conditions of dose and 
exposure, and if the NPs are rigorously free of contaminating LPS 
(bacterial endotoxin) (5, 6). Even if unable to directly initiate an 
inflammatory reaction, the exposure to NPs might interfere with 
the effector functions of monocytes and macrophages, including 
their activation, their polarization, and (as we propose here) their 
memory. For instance, it has been observed that NPs can pro-
voke morphological changes, proliferation alterations, toxicity, 
functional phenotype switching, and epigenetic reprogramming 
(7–11). To date, the epigenetic reprogramming is known to be the 
main mechanism underlying the capacity of innate immune cells 
to develop a memory. Here, we would like to discuss the possible 
influence of NPs on the development of innate memory, in other 
words if previous exposure to NPs can modulate the responses of 
monocytes and macrophages to subsequent infections or chal-
lenges (Figure 1).

INNATE MEMORY AND UNDERLYING 
EPIGENETIC MECHANISMS

The immune system has evolved with the increased complexity of 
living organisms (innate immunity only in plants and invertebrates; 
innate plus adaptive immunity in vertebrates). More impressively, 
immunity developed in parallel with the evolution of microorgan-
isms in an equilibrium in which the host develops tools for keeping 
the microorganisms at bay and avoid damage, and the pathogen 
devises mechanisms for escaping the host surveillance and ensure 
its own survival and growth (12). The ability of the adaptive immune 
system to recognizing different challenges is mainly due to the 
rearrangement of V(D)J gene segments, aimed to generating a vast 
array of different specific antibodies and receptors necessary for 
the recognition of virtually all non-self-molecules, which are then 
conserved by B and T memory cells throughout lifetime. As a conse-
quence, one of the most potent weapons of adaptive immunity is to 
implement a faster and more potent defense response upon a second 
exposure to the same pathogen, due to the ability to “remember” a 
first encounter. This capacity to remember, considered a distinctive 
trait of adaptive immunity, can be, however, found also in vertebrate 
innate immunity, although with different characteristics. Innate 
memory is already well-known as the protective mechanism against 
reinfection in organisms lacking adaptive immunity, such as plants 
and invertebrates (13, 14). Thus, the dogma that innate immunity 
has no memory should be revised, as the capacity of memory has 
been described in innate cells belonging to both the lymphoid 
lineage, such as natural killer (NK) cells, and to myeloid cells 
such as monocytes and macrophages. For instance, upon human 
cytomegalovirus infection in mice and macaques, certain NK cell 
subpopulations display adaptive properties such as longevity, subset 
expansion, and altered functionality during a secondary response 
(15). The main differences between innate and adaptive immune 
memory are summarized in Table 1.

Focusing our attention on monocytes and macrophages, the  
innate immune memory appears as an increase (“trained immu-
nity”) or a decrease (“tolerance”) of their functional program. Thus, 
primed monocytes or macrophages become more or less capable 
of producing inflammatory cytokines, as well as phagocytosing 
and killing microorganisms, in response to a second challenge. 
It is hypothesized that this altered functional state could persist 
for weeks to months, rather than years, after the elimination of 
the initial stimulus (16), although it might persist much longer 
in bone marrow niches. The main difference between innate and 
adaptive memory is that innate memory is non-specific. Although 
this could seem a limitation, it has the advantage of protecting 
against different kinds of inflammation-inducing challenges, not 
only microbes and the same microbes. To put it simply, primed 
monocytes can react or not following a secondary challenge, 
which can be the same or different from the primary stimulus, 
conferring a non-specific and broad protection.

The phenomenon of tolerance upon chronic or repeated expo-
sure to microbial agents is well-known and represents a state of 
refractoriness to additional challenge with microbial molecules 
such as LPS (17, 18). Tolerance has also been identified as the 
hyporesponsiveness/immunosuppressive phenotype observed 
in late sepsis. Indeed, tolerance is viewed as a defense strategy 
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TABLE 1 | The main differences between innate and adaptive immune memory.

Innate memory Adaptive memory

Effector 
molecules

Cytokines Antibodies

Mechanisms Epigenetic changes (e.g., DNA 
methylation, histone acetylation)

Gene rearrangement 
(somatic recombination 
of gene segments)

Type of 
response

Rapid (same as primary response), either 
enhanced (“trained memory”) or reduced 
(“tolerance”)

Rapid (much more than 
primary response), 
enhanced/more potent

Specificity Triggered by any molecule or stressful 
event (e.g., molecules shared by 
groups of related microbes or produced 
by damaged host cells, metabolic 
compounds, pollutants, etc.), upon 
a second exposure to the same or 
different agent/event

For a specific antigen, 
upon a second 
exposure to the same

FIGURE 1 | Nanoparticles (NPs) as possible inducers of innate immune memory. Schematic representation of the putative mechanism of innate memory  
induction by NPs.
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to limit inflammation-caused tissue damage (19). Conversely, 
the newer concept of “trained immunity” arises from a number 
of epidemiological studies that suggest non-specific beneficial 
effects of vaccination beyond its target disease (20). For instance, 
one of the world’s most administrated vaccines, the Bacille 

Calmette–Guérin (BCG), protects not only against tuberculosis 
but it also has positive effects on neonatal sepsis and respiratory 
tract infections (21), and improves resistance and survival of 
infants (22). These observations have been confirmed by experi-
mental studies in murine models lacking T and B lymphocytes, 
which proved that BCG vaccination has non-specific effects 
against pathogens other than mycobacteria, such as Candida albi-
cans. In turn, administration of C. albicans protects against infec-
tion by a number of different bacteria (23) as well as against itself 
(24). Recent studies proved that human monocytes stimulated 
in vitro with C. albicans β-glucan or from subjects vaccinated with 
BCG have increased capacity to produce inflammatory cytokines, 
as well as to phagocytosing and killing microorganisms (16, 24).

Regarding the molecular mechanisms involved in the devel-
opment of the innate memory, studies on Systemic Acquired 
Resistance in plants showed that epigenetic processes are respon-
sible for the resistance to reinfection (13). Other studies have 
demonstrated that regulation of chromatin states is on the basis of 
the innate immune tolerance induced by LPS (25). Indeed, both 
tolerance and trained innate immunity in monocytes and mac-
rophages are dependent on long-term epigenetic changes. These 
modifications involve both histone methylation and acetylation, 
such as H3K4 monomethylation and H3K27 acetylation induced 
by LPS (26, 27), and histone H3K4 trimethylation and H3K27 
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acetylation caused by β-glucan (24, 27). Moreover, it has been 
hypothesized that innate memory could involve the modulation 
of expression of “latent and de novo” enhancers, microRNAs, 
and/or long non-coding RNAs (28). All these epigenetic changes 
and molecular mechanisms promote higher transcription levels 
in several genes, such as pathogen recognition receptors, signal-
ing molecules, and cytokines (24), in a short window of time. 
An accurate description of all these mechanisms and the role of 
cellular metabolites in shaping the epigenetic program of innate 
immune memory has been recently published in an excellent 
review (28).

THE EFFECTS OF NPs ON THE 
EPIGENOME

Monocytes and macrophages are not only activated by microor-
ganisms but they can react to any harmful stimulus by initiating an 
inflammatory reaction. Accordingly, all these agents might prime 
monocytes and macrophages and reprogram their reactivity against 
a subsequent stimulation, i.e., they can induce innate memory.

In the last few years, our immune system has become exposed to 
a new class of agents, i.e., the engineered nanomaterials, which have 
entered our life because of their successful use in many products, 
thanks to their physical and chemical properties (size, chemical 
composition, surface properties, solubility, shape, etc.). Apart from 
the advantages of such new materials, the possible detrimental 
effects of exposure to NPs are being actively investigated from a 
safety point of view. Being the innate immune system the first line 
of defense of the body, and monocytes and macrophages among 
the first cells which NPs interact with, assessing the outcomes of 
such interaction becomes a  priority in order to avoid harmful 
effects that can damage tissues and organs of the body (induction 
of uncontrolled inflammation) both in the case of NPs for medical 
use and in the case of occasional or unintentional exposure. Also, 
knowing the ways of nanoimmune interaction can help us avoid-
ing the immune-mediated rapid elimination of nanomedicines 
that are detected as possible dangers by the immune system. The 
consequences of the interaction between NPs and immune system 
have been extensively discussed (29). Here, we want to focus on the 
effects of NPs on the epigenome. It is known that the gene expres-
sion pattern of a cell is modulated (upregulated or silenced) by 
epigenetic changes, such as DNA methylation, post-translational 
modifications of histones, chromatin remodeling, and modulation 
of non-coding RNAs. Several NPs have shown the capacity of 
inducing epigenetic effects, which may alter gene expression and 
in the long run may lead to health risks. For instance, a decrease in 
global DNA methylation has been observed in human epidermal 
keratinocytes following exposure to SiO2 NPs in vitro and in the 
lungs and blood of mice upon inhalation of multiwall carbon 
nanotubes (30, 31). Regarding the effect of NPs on histone post-
translational modifications, little is known so far. A preliminary 
study showed that exposure to cadmium telluride quantum dots 
induced global H3 histone hypoacetylation and reduced gene 
transcription in a breast cancer cell line (32). In another study, 
silver NPs induced a decrease in methylation of H3K4me3 and 
H3K79me1 in mouse erythroleukemia cells, causing a reduction 
in hemoglobin levels (33). NPs can also affect ncRNAs.

The effects of NPs on miRNA expression have been observed 
both in  vivo and in  vitro. Inhaled surface-coated nanoTiO2 
and intravenous doses of silica NPs resulted in an enrichment 
of miRNA expression in mouse lung (miR-1, miR-49a, and 
miR-135b) and liver (miR-122), respectively (34, 35). In vitro 
exposure to gold NPs upregulated the expression of miR-155 in 
human fetal fibroblasts (36), and exposure of the human Jurkat 
T cell line to silver NPs altered the expression of 63 miRNAs (37).  
A high-throughput sequencing analysis of a mouse fibroblast cell 
line exposed to iron oxide, quantum dots, and carbon nanotubes 
resulted in widely dysregulated miRNA expression profiles 
depending on the characteristic of nanomaterials (38).

All the known effects of NPs on the epigenome have been 
recently reviewed in detail elsewhere (9–11). However, the con-
sequences of such changes on cellular functions and the eventual 
impact on human health are far from being known.

COULD NPs AFFECT/MODULATE  
THE INNATE IMMUNE MEMORY?

Since an epigenetic reprogramming is the major molecular 
mechanism underlying the establishment of innate memory, and 
the NP exposure could alter the epigenetic program in monocyte-
like cell lines (39, 40), it is logical to hypothesize that NPs may 
be able to induce or modulate innate memory, and therefore, 
affect the capacity of innate cells to react to dangerous stimuli. 
The hypothesis that NPs can modulate innate memory adds a 
new perspective in the evaluation of nanoimmune interactions 
in terms of functional outputs, both from the point of view of 
safety and, most interestingly, for its possible medical exploitation 
in reprogramming innate memory in immunostimulatory and 
immunosuppressive strategies (vaccination, age- or disease-related 
immunosuppression, chronic inflammatory and degenerative dis-
eases, etc.). As proof-of-concept, we have preliminarily assessed 
the role of gold (Au) NPs in the induction of innate memory in an 
in vitro system based on human primary monocytes. Monocytes 
were incubated with LPS or with endotoxin-free Au NPs for 24 h 
(priming), then rested for 6 days in the absence of stimuli, and 
eventually restimulated (challenge) with the same stimulus or 
cross-stimulated with the other agent. Figure 2 shows preliminary 
data obtained by measuring the production of the inflammatory 
cytokine TNF-α by monocytes from two individual donors. It is 
important to say (not shown in the figure) that in response to the 
first stimulation LPS induced a significant response while Au NPs 
were completely inactive. After 6 days of resting, all cells were fully 
rested, i.e., they did not produce any measurable amount of the 
cytokine (not shown). When challenged with LPS, cells primed 
with LPS showed either a tolerant or a trained response, depending 
on the donor. When primed with Au NPs, an opposite response to 
LPS was observed, i.e., cells that were tolerant when primed with 
LPS were trained if primed with Au NPs and vice versa. Notably, 
not only naïve cells but also primed cells (either with LPS or with 
Au NPs) could not be stimulated by Au NPs to produce TNF-α. 
Several important considerations arise from these observations. 
The first is that NPs, even when unable to directly activate mono-
cytes, could induce a memory that modulates the cell reactivity 
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FIGURE 2 | Modulation of innate memory by Au nanoparticles (NPs). Freshly isolated human monocytes were exposed to medium alone (m) or containing bacterial 
LPS (LPS) (0.1 ng/ml) or Au NPs (Au) [40 nm, provided by Prof. Victor F. Puntes, ICN2, Barcelona; 10 ng/ml (4, 5)] for 24 h (priming). After elimination of the stimuli, 
cells were rested for 6 days, and then challenged for 24 h with either LPS (1 ng/ml) or Au NPs (10 ng/ml). Controls are cells primed with medium, LPS, or Au NPs 
and challenged with medium alone (m/m, LPS/m, Au/m; control) and were all negative. Production of TNF-α after challenge was measured by ELISA. Data from two 
different donors are shown. Priming with Au NPs increased the response to an LPS challenge compared to unprimed cells in donor 1, whereas a decrease was 
observed in donor 2. Conversely, LPS priming decreased the response to an LPS challenge in donor 1 and increased it in donor 2. The characteristics of the Au 
NPs used in this study are reported in Ref. (5). The contamination with LPS (endotoxin) was assessed by the limulus amebocyte lysate assay and found to  
be <0.005 EU/μg particles (41). Student’s t-test was used to analyze statistically significant differences. The differences between controls and treatments are all 
statistically significant, but the p-value is not indicated to avoid overwriting the figure. We indicated only the differences discussed in the text. **p < 0.01, 
***p < 0.001.
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to a subsequent challenge. The second consideration is that, as 
expected, each individual subject responds differently not only 
in quantitative terms (the amount of cytokine produced) but also 
in terms of type of response (enhanced reaction vs. decreased 
response). This behavior most likely depends on the past history 
of exposure of the donor, i.e., age, vaccinations, diseases, etc. 
Moreover, it is important to note that, since the same stimulus 
is able to prime for decreased or increased responses in different 
donors, the innate memory seems to be a complete reprograming 
of the reactivity of cells rather than a stimulus-dependent inhibi-
tion or enhancement, a reprogramming that, again, most likely 
depends on the past “history” of the monocytes of each individual.

CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES

Although the study of the effect of NPs on human epigenome 
is still in its infancy, it is possible to speculate that NPs, like all 
other foreign agents that come in contact with the innate immune 
system, have the potential of modulating the innate memory in 
monocytes and macrophages through epigenetic changes. Plants 
and animals, including human beings, live in an environment that 
constantly expose them to challenges, including an enormous 
variety of microorganisms and other parasites, in addition to 
chemical compounds, pollutants, NPs, and many others. All the 
agents that confront the innate immune cells can prime them, so 
that these cells are more ready to mount an adequate protective 
response upon subsequent challenges. This is a general protective 
mechanism that aims at maintaining a good protective response 

while avoiding, in particular in situation of frequent exposures, 
excessive damage to the body (as in the case of endotoxin toler-
ance). Examining the effects of engineered NPs in this context is 
of great importance. We have seen that innocuous NPs such as Au 
NPs can induce memory and change the response of monocytes 
to bacterial compounds (represented by LPS). This means that 
NPs are in fact behaving like microbial agents in terms of ability  
to induce innate memory and consequent reprogramming of 
innate reactivity. The effect of NPs on innate memory, as in the 
case of microbial compounds, depends both on the physicochem-
ical nature of the NP and on the history of previous exposure 
of the subject. Thus, NP safety and efficacy studies would need 
to consider a personalized approach, because we expect each 
subject to respond differently both from others and in different 
periods of his/her life. From this perspective, it is exciting that 
the hypothesis that the manipulation of innate memory with NPs 
may become an effective immunomodulatory therapeutic option 
in future approaches of precision medicine.
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