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Nanogels as Novel Nanocarrier
Systems for Efficient Delivery of CNS
Therapeutics
Yunhan Zhang, Zhulin Zou, Shuang Liu, Shengjie Miao and Haiyan Liu*

Department of Anatomy, College of Basic Medicine Sciences, Jilin University, Changchun, China

Nanogels have come out as a great potential drug delivery platform due to its prominently
high colloidal stability, high drug loading, core-shell structure, good permeation property
and can be responsive to environmental stimuli. Such nanoscopic drug carriers have more
excellent abilities over conventional nanomaterials for permeating to brain parenchyma
in vitro and in vivo. Nanogel-based system can be nanoengineered to bypass physiological
barriers via non-invasive treatment, rendering it a most suitable platform for the
management of neurological conditions such as neurodegenerative disorders, brain
tumors, epilepsy and ischemic stroke, etc. Therapeutics of central nervous system
(CNS) diseases have shown marked limited site-specific delivery of CNS by the poor
access of various drugs into the brain, due to the presences of the blood-brain barrier
(BBB) and blood-cerebrospinal fluid barrier (BCSFB). Hence, the availability of therapeutics
delivery strategies is considered as one of the most major challenges facing the treatment
of CNS diseases. The primary objective of this review is to elaborate the newer advances of
nanogel for CNS drugs delivery, discuss the early preclinical success in the field of nanogel
technology and highlight different insights on its potential neurotoxicity.

Keywords: nanotechnology, nanogel, CNS diseases, blood-brain barrier, smart drug release

INTRODUCTION

Neurological diseases and disorders are considered significant challenges to the human health.
According to global statistics, more than 1.5 billion people, arguably a quarter of the world’s
population suffer from CNS diseases (Palmer, 2010; Srikanth and Kessler, 2012; Soni et al., 2016a). A
wide spectrum of therapeutic agents, e.g., nucleic acids, polypeptides, proteins and antisense drugs,
have been promoted to alleviate CNS diseases, but the majority of these agents are unable to enter the
brain parenchyma noninvasively due to a series of challenges. Site-specific delivery of the drugs is one
of the most significant challenges due to restrictions imposed by two biochemical barriers, primarily
by BBB. To treat CNS diseases, the most lethal and disabling diseases in the world, researchers have
attempted to explore the novel treatment strategies using multiple perspectives ranging from more
established efforts, such as the disruption of the BBB, the alteration of BBB permeability, and
lipidization of water-soluble drugs, to the newer methods such as the development of nanoenabled
drug delivery systems.

Nanotechnology is one of the strategies that provide a greater possibility to meet the requirements
associated with high doses of the CNS drugs. Nanocarriers for the management of CNS diseases
mainly include polymeric nanoparticles, solid lipid nanoparticles (SLNs), lipid nanocapsules,
albumin nanoparticles, liposomes, dendrimers, nanoemulsions, hydrogels and nanogels, etc.
(Date et al., 2007; Sun et al., 2012; Cojocaru et al., 2020; Bhia et al., 2021) However, these
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TABLE 1 | A brief list of properties for nanocarriers used in the field of CNS therapeutics.

Nanocarriers Type of
materials

Advantages/limitations Drug/agent delivered References

Polymer NPs PACA BBB penetration increased, less immunogenic reaction/
High potential toxicity risk

Methotrexate Tian et al. (2011)
PLA Temozolomide Javed et al. (2021)
PLGA Piperine Guo et al. (2017)

Dendrimers PAMAM Easy functionalization/Ligand-targeted conjugation,
suitable for drug entrapment/ limited synthetic route,
hematological toxicity

o-phenylene (Medina and El-Sayed, 2009;
Zain-ul-Abdin et al., 2017)

PPI Diamine
poly(lysine) Lamivudine (Dutta and Jain, 2007; Pargoo et al.,

2021)
Doxorubicin Zhang et al. (2014)

Solid lipid NPs
(SLNs)

Sphingomyelin High BBB permeability, increased drug release, drug
levels rise in the brain/Rapid clearance, neurotoxicity from
surfactant

siRNA (Jin et al., 2011; Bae et al., 2013;
Buyukkoroglu et al., 2016)

Stearic acid Doxorubicin (Tangpong et al., 2007; Battaglia
et al., 2014)

Cholesterol Insulin Kuo and Shih-Huang, (2013)
PC Azidothymidine Pottoo et al. (2020)

Micelles Block
copolymeric

Drug permeability increased, enhanced oral
bioavailability/Low encapsulation efficiency of drugs

Pilocarpine Meng et al. (2020)

Micelles Paclitaxel Zhang et al. (2012)
Core-shell
micelles

Vinblastine Wong et al. (2012)

Emulsion Edible oil High biocompatibility, drugs uptake increased/Heat
decomposition, uncontrollable release, storage instability

Saquinavir Mahajan et al. (2014)
PUFA Coenzyme Q10 Pastor-Maldonado et al. (2020)
Flaxseed Oil Cyclosporin A Francischi et al. (1997)

Liposome PC/cholesterol
PC/PG
Phospholipid/
cholesterol

Large drug loading capacity, extended half-life of the
drug/Low distribution in tumor tissue, poor stability

Daunorubicin
Cisplatin
Amikacin

Fassas and Anagnostopoulos, (2005)
Huo et al. (2012)
Khan and Chaudary, (2020)

Nanogel PEG-PLA Facile synthesis, extended systemic exposure, enhanced
bioavailability, respond to external stimuli, high
distributed in lesion tissue

Methotrexate (Pourtalebi Jahromi et al., 2018;
Pourtalebi Jahromi et al., 2019)

CHP Nano-NRTI (Vinogradov et al., 2010; Gerson et al.,
2014; Warren et al., 2015)

PEG-PEI 5-fluorouracil
Antisenseoligonucleotides

Zhou et al. (2013)
PEG-PLA (Vinogradov et al., 2004; Wang and

Wu, 2017)

FIGURE 1 | General schematization of the network construction of hydrogels and derivatives of different sizes.
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agents have the following inherent limitations in preclinical
applications: 1) liposomes have poor stability and
dispersibility; 2) polylactic acid-glycolic acid copolymer NPs
but suffer from burst release problems; 3) chitosan
nanoparticles have poor dispersibility when used in humans
and potential biotoxicity; 5) inorganic-based carriers still
cannot achieve biocompatibility; and 6) superparamagnetic
iron oxide that contain choline has been mainly been
fabricated for in vivo imaging studies. These limitations may
render drugs unable to treat CNS diseases with ideal effects.
Table 1 summarizes several classes of the drug nanocarriers and
their limitations for CNS therapy.

Among these nanotechnologies, the transition from hydrogels
to nanogels offers new opportunities to achieve a systemic
controlled-release drug delivery platform at the cellular level.
Traditional hydrogels exhibit limited BBB penetration ability due
to their microstructure, but this obstacle can be overcome by
designing nanogels as nanosized colloidal particles (Figure 1).
(Chen et al., 2021) Nanogels are the nanoscale hydrogel materials
consisting of crosslinked polymer networks, which can be easily
synthesized by chemical or physical routes (Figure 2). (Yin et al.,
2008; Merino et al., 2015; Neamtu et al., 2017) Such nanocarrier
systems are characterized by excellent ability to cross the BBB and
accomplish site-specific delivery of drugs due to high water
retention capacity of the hydrogels, their tunable shape,
amphiphilic behavior, surface modifiability, and especially to
their biodegradability and safety. Currently, nanogel
technologies are mainly manifested in the fields of disease
diagnosis (medical imaging) and drug delivery. The latter

application faces more challenges, especially for therapeutic
drug delivery for brain diseases, due to complex physiological
responses in vivo (Debele et al., 2016; Ma et al., 2017; Neamtu
et al., 2017; Ali et al., 2021).

The present review provides insights into nanogels as an
effective carrier system for CNS delivery in preclinical
applications, the strategies to improve the BBB penetration,
and the approaches that are close to clinical applications. The
present article considers the major challenges for the nanogels,
which remain despite certain advances in the design of CNS
nanocarrier, to provide ideal plans for the clinical therapies of
CNS diseases.

BIOLOGICAL BARRIERS FOR CNS DRUG
DELIVERY

The Blood-Brain Barrier
CNS homeostasis is strictly protected by two peripheral barriers,
termed blood-brain barrier (BBB) and blood-cerebrospinal fluid
barrier (BCSFB), which strictly regulate a series of the transport
and metabolic processes to protect the brain from the periphery
(Erickson and Banks, 2018; Ghersi-Egea et al., 2018; Kadry et al.,
2020). These biological barriers, particularly the BBB pose the
largest obstacle to nanocarriers for the delivery of various drugs
into the CNS. In the absence of effective drug carriers, most
macromolecules, such as proteins, oligonucleotides, nucleoside
analogs, macromolecular drugs and more than 90% of small-
molecule drugs cannot enter the brain through the BBB, which is

FIGURE 2 | Schematic representation of the synthesis and the release behavior of nanogels.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 9544703

Zhang et al. Nanogels: Novel System for CNS

6

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


the key bottleneck in CNS disease treatment (Pardridge, 2005;
Wohlfart et al., 2012). These issues are the key bottleneck in the
treatment of CNS diseases. Additionally, rapid drug clearance and
the failure to achieve a steady release of the drugs in the brain
tissue remain among the challenges for the treatment of this
group of diseases (Misra et al., 2003; Furtado et al., 2018; Jain,
2020).

The BBB was defined for the first time by Paul Ehrlich in
1885 and is composed of unique CNS microvasculature,
including tight junctions (TJs) and adherent junctions, which
strictly regulate the metabolism of immune surveillance cells and
the entry process of xenobiotics/endogenous materials (Hawkins
and Davis, 2005; Engelhardt and Sorokin, 2009; Tietz and
Engelhardt, 2015). The functional unit of the BBB is not only
constituted by brain capillary endothelial cells (ECs), but also has
close interactions with pericytes, perivascular astrocytes and
nerve cells. In particular, the tight junction proteins claudins
and occludin, which are expressed in brain microvascular cells,
account for extremely high transendothelial electrical resistance
(TEER, approximately 1,500–2,000 Ω cm2) of the BBB thus
limiting the entry of the neurotherapeutic agents (Baeten and
Akassoglou, 2011; Sá-Pereira et al., 2012; Molino et al., 2014;
Girolamo et al., 2021).

In addition to impermeable cell barrier, there is a selective
membrane-bound barrier regulated by ion channels, receptors,
and transporters specifically expressed at the BBB. These
molecules include ATP-binding cassette (ABC) transporters
expressed in brain ECs, such as multiple drug resistance
protein 1 (MDR1), permeability glycoprotein (P-gp), multiple
resistance-associated protein 4 (MRP4), and breast cancer
resistance protein (BCRP); these protein largely limit the
permeability of the neurotherapeutic agents (e.g., anticancer
drugs or kinins) through the BBB (Ueno et al., 2010;
Alyautdin et al., 2014; Aday et al., 2016; Begicevic and Falasca,
2017; Gil-Martins et al., 2020). The transport of the polypeptides
and proteins across the BBB requires the assistance of a series of
receptor-binding molecules, such as insulin, insulin-like growth
factors (IGF-I and IGF-II), angiotensin, and transferrin (Tf),
which undergo receptor-mediated endocytosis (Wang et al.,
2009; Soni et al., 2010). Another metabolic barrier is driven
jointly by the complex and widely expressed influx/efflux
transporters in the BBB. It is well known that P-glycoprotein
(P-gp) and selective multidrug resistance protein-1 (MRP-1) are
expressed at the high levels in the BBB and act as the efflux
channels to confine the therapeutic drugs in combination with
metabolic enzymes expressed by ECs (Lee et al., 2001; T.
Ronaldson and P. Davis, 2012). Thus, the efficiency of the
transport of most cargos from the blood circulation into the
brain through the BBB is regulated by various transport systems.

Mounting evidence indicates that the permeability of the BBB
is pathologically altered in several CNS diseases, such as
neurodegenerative diseases, resulting in the aberrant
expression of pivotal carrier/receptor-mediated transporters
(e.g., P-gp and neuropeptides) and BBB efflux proteins (Zatta
et al., 2009; Meairs, 2015; Logan et al., 2019; Bonsack et al., 2020).
Therefore, insight into the pathophysiological characteristics of
CNS barriers is essential for the development of a safe and

efficient carrier system. The regulation of these transporter
proteins and CNS barriers may provide new strategies for
targeting of the brain by for neuroprotection and therapy.

Blood-Cerebrospinal Fluid Barrier (BCSFB)
The BCSFB is formed by a rich vascular network surrounding
choroid plexus epithelial cells, located in the choroid plexus
and meninges, which secrete cerebrospinal fluid into the
ventricular system. where it is secreted into the ventricular
system by choroid plexus epithelial cells. Similar to many other
secretory epithelial cells, but unlike the endothelial cells of the
brain capillaries that form the BBB, the endothelial cells of the
choroid plexus capillaries are fenestrated. The barrier is
composed of choroid plexus epithelial cells and their TJs
and restricts the movement of small polar molecules. Thus,
the BCSFB also regulates the permeability to nutrients or
xenobiotics.

Notably, similar to the BBB, the BCSFB not only acts as both
a physical barriers and an enzymatic barrier via endothelial or
epithelial cells. These cells express not only a series of
cytoplasmic and membrane-related enzymes that can
effectively metabolize biologically active drugs, but also
express many transport proteins and ion channels. These
characteristic enzymatic reactions and polarized expression
of proteins are clearly of considerable concern for the design of
drug carriers targeting the brain.

Strategies Across the Brain Barriers
A variety of strategies have been developed to overcome the
challenge of transporting the drugs across the BBB; however, the
discoveries of most of strategies have not resulted in significant
advances. Table 2 describes the strategies to improve the BBB
penetration of active drugs/agents. New advances in
nanotechnology have produced various opportunities in the
field of CNS disorders because nanocarrier systems have been
shown to load poorly distributed drugs in the brain, traverse the
cellular/metabolic barrier regions of the BBB, and efficiently
deliver the drugs into the brain parenchyma (Poovaiah et al.,
2018; Prasanna and Upadhyay, 2021; Wang et al., 2021). For
example, Harbi et al. designed sertraline (Ser-HCl)-loaded
pegylated and glycosylated liposomes. The results of analysis
of the transport in endothelial polyoma cells of the mouse
brain showed that glycosylated liposomes have a greater ability
to target the cerebellum than PEGylated liposomes (Harbi et al.,
2016).

The transport of drug nanocarrier systems across the BBB
mainly involves the following mechanisms: 1) receptor-
mediated endocytosis; 2) adsorptive-mediated endocytosis;
3) carrier-mediated transport; 4) passive diffusion; 5) efflux
pump inhibition; and 6) the transient opening of the TJs of
BBB. Surface functionalization of nanocarriers is a potential
strategy to facilitate crossing of the BBB, enabling their entry
into the brain via a transcellular pathway due to their specific
targeting. Thus, the development of optimal drug delivery
systems for CNS diseases should consider not only the ability
to cross the BBB but also the ability to target and accumulate
the drugs. Nanoscale particles can traverse the smallest
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capillaries, previous studies have demonstrated that after
intravenous administration, the particles in the range of
5–10 nm are rapidly removed by the kidney, whereas the
particles ranging from 10 to 50 nm are small enough to
traverse the capillaries. Additionally, the particles ranging
from 50 to 100 nm in size have the longest cycle lifetime, and
the particles with a diameter larger than 100 nm are usually
blocked by the spleen and removed by phagocytosis, resulting
in a short blood circulation time (Vinogradov et al., 2002; De
Jong et al., 2008; Kreyling et al., 2014).

Modifying the carrier system with targeting ligands showed
better trans-BBB efficiency. The surface of polyamidoamine
(PAMAM) dendrimers was conjugated to transferrin (Tf) for
improved drug delivery to the brain. The results demonstrated
that surface-modified dendrimers show better BBB transport
ability in physiological environments.

EMERGENCE OF THE NANOGEL AS A
NANOCARRIER SYSTEM

Recently developed available drug nanocarriers for the
management of CNS diseases, range from more conventional
formulations (e.g., liposomes, solid lipid nanoparticles, polymeric
nanoparticles) to advanced formulations (e.g., nanocapsules,
albumin, dendrimers (Vigani et al., 2020), and nanogels).
Among them, nanogels have been shown to achieve a suitable
drug pharmacokinetic profile and higher efficacy and safety
compared with other drug nanocarriers.

Properties of the Nanogel
Vinogradov et al. initially introduced the term “NanoGel” in
1999 to describe the particles of a hydrophilic polymer network
(PEG-PEI) obtained by crosslinking polyethylene glycol (PEG)

TABLE 2 | Strategies for drug delivery to access the brain.

Type Advantages Limitation References

Bypass BBB
ICV High drug concentration, no metabolic intervention Invasive injury,

infection,
elevated
intracranial
pressure

(Pappu et al., 2016; Heldt et al., 2019; Kazkayasi et al.,
2022)

Intrathecal Less invasive Infection,
dose-
dependent
drug
resistance

(Falagas et al., 2007; Jain et al., 2019; Nau et al., 2021;
Sari et al., 2021)

Intranasal Rapid absorption, no first pass effect on, non-invasive Poor
bioavailability,
low drug
concentration

(Dowling et al., 2008; Grassin-Delyle et al., 2012)

Intraparenchymal More clinical prospects Invasive
infection,
tissue injury,
obvious side
effects

(McAteer and Evan, 2008; Tedford et al., 2015)

Across the BBB
Drug lipidation Increased BBB permeability Increased

drug efflux,
nonspecific
systemic
administration

(Pardridge, 2003; He et al., 2018)

Prodrug Drug solubility improvement/absorption Poor stability,
significant
toxicity

Jafari et al. (2019)

Analog-based drug
design

Suitable for free drug Good stability, good bioavailability, no invasive
injury, small side effects

Drug
molecule/
capacity size is
limited, CNS
complications,
endogenous
nutrient
transport
interference

Baroud et al. (2021)

Nanocarriers system Potential
toxicity
depends on
the material
used

(Bajracharya et al., 2019; de Souza et al., 2020; Wang
et al., 2020)
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and polyethyleneimine (PEI) that were able to deliver antisense
oligonucleotides (Zhao et al., 2015). These hydrogel nanoparticles
are generally defined as three-dimensional colloidal hydrogel
nanoparticles obtained by physical or chemical crosslinking of
the polymers with a diameter < 200 nm, thus possessing both the
advantages of a hydrogel and characteristics of a nanocarrier
system (Goldberg et al., 2007; Zhang et al., 2021a). Traditionally,
nanogels have been classified as physically or chemically
covalently cross-linked according to the synthesis method.
Nanogels can also be classified based on the network structure
including hollow, core-shell, hairy, multilayered, and core-shell
core cross-linking. In addition, according to their responses to
environmental stimuli, they can also be divided into response and
nonresponse types.

Similar to the hydrogels, the hydrophilic groups in the
polymeric structure of nanogels provide for a high water
retention capacity (Amoli-Diva et al., 2017; Mauri et al.,
2021; Stawicki et al., 2021). Nanogels have unique
advantages in CNS drug delivery, especially in increasing
the penetration of the drugs through the BBB, enhancing
the stability of the bioactive molecules against enzymatic
degradation, and reducing the cytotoxic side effects.
Compared with other nanocarriers, nanogels have the
following unique characteristics (Figure 3):1) Tunable
nanosize: nanogels have a large specific surface area and,
more importantly, can be engineered with an adapted
nanosize based on the target tissue/organ, enabling them to
efficiently cross cellular and biological barriers. 2) Colloidal
stability: nanogels possess higher stability in physiological
environments. 3) Swelling behavior: swelling/deswelling is
one of the most important properties of nanogels and can
be controlled by their design with suitable parameters (such as
polymers, cross-linking forms, and functional structures).
Furthermore, these behavior properties can be altered by
responding to external stimuli. 4) Drug loading and easy

surface modification: the diversity of polymeric materials
and simple modification of their physical or chemical
characteristics enables the creation of nanogels with
versatile formulations. Depending on the crosslinked
polymer network, such as the hydrophilic/lipophilic groups
of the monomers, surfactants, surface charge, and crosslinking
agents, various types of nanogels can deliver almost all types of
therapeutic agents, including active biomacromolecules (DNA
and SiRNA), hydrophobic/hydrophilic drugs, proteins,
vaccines and even immunetherapeutics (Coviello et al.,
2007; Lombardo et al., 2020; Chander et al., 2021; Tang
et al., 2022). 5) Active targeting and controlled release:
nanogels can be synthesized by crosslinking natural (e.g.,
alginate, dextran, and hyaluronic acid) or artificial polymers
(e.g., methylcellulose, chitosan, and cyclodextrin). These
polymers are nontoxic and stable and ensure high cell
viability in the studies, demonstrating that nanogels are
inherently biocompatible and biodegradable, which can
avoid excessive accumulation in the tissues (Soni et al.,
2016b; Mathew et al., 2018). 6) Non immune response: due
to their high water-holding capacity a which enables them to
absorb large amounts of nonimmunoreactive liquids, usually
nanogel formulations do not produce any immune response; 7)
Biodegradability: nanogels are synthesized from natural
materials or polymers, which can be degraded in a nontoxic
manner in living organisms and thus avoid organ
accumulation.

Progress of Nanogel Drug Carrier Systems
Nanogels can be accurately modified with respect to their shape,
charge, and surface function in response to various internal
stimuli (changes in pH, redox conditions, or enzymes), which
are usually associated with the majority of physiological
conditions in vivo because most pathological processes
generally induce certain changes in pH, redox levels, or

FIGURE 3 | Potentials of nanogels for CNS drug delivery compared with other available nanocarriers.
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specific complementary ligand expression levels. A continuous
increase in the availability of the functional and macromolecular
monomers can expand the response range of these nanogels
(Stuart et al., 2010; Sun et al., 2014). Furthermore, comparison
with traditional nanomaterial-based controlled release systems
indicates that stimulus-responsive nanogels can react to external
stimuli, such as light, electricity, and magnetism, which can
control drug release by reversible expansion or contraction of
the gels (Zhang et al., 2020). Zhang et al. formed ultra-pH-
sensitive nanogels through the self-assembly of an ultra-pH-
sensitive hydrogel from the chiral peptide derivative ferrocene-
diphenylalanine (FC-FF). The material precisely responds to the
changes in pH over a very narrow range (pH 5.7–5.9) (Liu et al.,
2020a). Polypeptide, a promising biomedical polymer with
biodegradability and biocompatibility, was approved in
1906 α- Ring opening polymerization (ROP) of amino acid
n-carboxylic anhydride (NCA) was synthesized for the first
time. At present, peptide based nano gel has been applied to
the targeted delivery of therapeutic drugs for various diseases (Shi
et al., 2017). Previously, our team synthesized the dual-response
nanogels, NG/DOX, which respond simultaneously to a low
pH level and a high GSH level. After intravenous injection of
NG/DOX into tumor-bearing mice, the drug release from
nanogel is triggered at a low pH level and a high GSH level.
The antitumor effect of NG/DOX is far superior to that of free
DOX hydrochloride, and nanogel has extremely low cytotoxicity
(Figure 4).. (Huang et al., 2015; Suhail et al., 2019)

Ion-induced gelation has attracted considerable attention due
to environmentally friendly and time-controlled properties (Lee
et al., 2021). Recently, researchers have developed stimuli-
responsive DNA noncationic nanogels that can be used for
targeted delivery of combination cancer therapeutics with high

biocompatibility (Oh et al., 2007). Degradable nanogels loaded
with rhodamine B isothiocyanate dextran (RITCDX) were shown
to be degraded into a polymeric sol in a reducing environment,
thus releasing the encapsulated carbohydrate drugs (Vinogradov,
2010). Based on nanogel technology, many therapeutic strategies
for the delivery/release of therapeutic drugs to the brain have been
explored to achieve active targeting: 1) by attaching
functionalized ligands that recognize homologous receptors on
the target organs or tissues, 2) due to noninvasive responsiveness
to magnetic field or ultrasound to disrupt the BBB, and 3) due to
shutter peptide-mediated BBB crossing (Figure 5). (Ganguly
et al., 2014; Chaurasiya et al., 2016; Wei et al., 2021)
Furthermore, nanogels with encapsulated drugs can be
delivered by a variety of methods, such as intravenous or
intraperitoneal injection, oral administration, and nasal and
intraocular drug delivery (Verma et al., 2011; Zhao et al.,
2021). Reports have suggested that PEGylation renders
nanogel surface more hydrophilic, shields the drugs, and
provides steric hindrance to avoid the interactions with serum
proteins, endowing nanogels with a “stealth” feature (Kamaly
et al., 2012; Sun et al., 2014).

The modulation of nanogels (e.g., ligands complementary to
receptors) can direct them to the affected tissues with lesions,
which differentially express the corresponding receptors,
thereby facilitating the uptake and retention of the drugs at a
target site (Saha et al., 2021). Vinogradov et al. synthesized a
new system based on a nanogel network of crosslinked PEG and
PEI, which is capable of efficiently delivery of ODNs to the brain
across the BBB. The transport efficiency was further improved
when the surface of nanogels was modified with Tf or insulin.
The results of distribution studies in a mouse model showed that
the accumulation of ODN in the brain was increased by more

FIGURE 4 | (A) Synthetic pathway for mPEG−P (LG-co-LC) nanogel, illustration of DOX encapsulation by nanogel, and its circulation, intratumoral accumulation,
endocytosis, and targeted intracellular DOX release after intravenous injection (Huang et al., 2015). (B) Typical TEM micrographs and Rh NG/DOX. Copyright
2017 Ivyspring International Publisher.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 9544707

Zhang et al. Nanogels: Novel System for CNS

10

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


than 15-fold after 1 h of intravenous injection compared with
the accumulation of unincorporated ODN, and the
accumulation of free ODN in the liver and spleen was
reduced by 2-fold, implying that clearance of ODN from the
blood was not accelerated (Vinogradov et al., 2004).
Zwitterionic-based nanogels have greatly broadened the
applications of nanogels in drug delivery by virtue of their
characteristics such as superhydrophilicity (Peng et al., 2020).
In this context, zwitterionic polysulfamide nanogels
(PMEDAPA) modified with transferrin (Tf) were synthesized
as drug carriers that effectively respond to hyperthermia. These
nanogels have their tumor-targeting features shielded at normal
temperature; at high temperature, tumor targeting is achieved to
enhance the accumulation of chemotherapeutic drugs in the
tumor. These finding provides an exciting rationale to achieve
tumor targeting of nanogels and to enable on-demand drug
release in microwave heating-assisted cancer therapy in a
clinical setting (Muresanu et al., 2019).

Overall, nanogels are more novel and advanced nanocarrier
that are characterized by superior efficacy, bioavailability, and

favorable drug pharmacokinetics, render their the potential side
effects are greatly reduced.

APPLICATIONS OF THE NANOGELS FOR
CNS DRUG DELIVERY

The advantages of simple and stable synthetic routes, controllable
drug release, and high targeting efficiency make nanogel drug
carriers one of the preferred options for the treatment of various
CNS diseases, such as stroke, neurodegenerative disorders,
epilepsy, traumatic brain injury, and brain tumors. Table 3
summarizes several major studies related to the design of
nanogels used for CNS drug delivery.

Ischemic Stroke
Ischemic stroke occurs when a blood clot or embolus locally
blocks the middle brain artery, which accounts for 85% of all
types of stroke (Houng et al., 2014). Currently, the thrombus-
dissolving agents, such as tissue plasminogen activator (tPA), are

FIGURE 5 | Schematic illustration of the various potential mechanisms for crossing the BBB: (A) receptor-mediated endocytosis; (B) functionalized ligands that
recognize cognate receptors on target organs or tissues; (C–D) magnetic field or ultrasound mediated delivery.
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available for the treatment of ischemic stroke; however, a narrow
time window for the use of these agents and cerebral ischemia/
reperfusion injury often cause serious pathological reactions,
which produce unsatisfactory results of these conventional
treatment approached for ischemic stroke (Mihalko et al.,
2022). Nanogels are expected to expand the arsenal of
ischemic stroke treatment strategies by achieving brain
targeting of the drugs and local controlled release.

Mihalko et al. designed a fibrin-specific nanogel (FSN) that can be
used for the targeted delivery of tPA. In vivo experiments confirmed
that tPA-FSNs can modulate fibrin/fibrinogen and platelets in
thrombi. The distribution of both FSN and tPA-FSNs showed
potential clearance and very low toxicity after 24 h. (Cui et al.,
2016) A recent study suggested that a new form of urokinase
(United Kingdom)-containing PEG-conjugated nanogel with pH-
sensitive properties (PEG-UK)was designed to release the payload at
a certain pH value. PEG-UKs were detected at the regions of
microcirculation with low pH in a rat model of ischemic stroke.
Wei Cui at el. demonstrated that the administration of PEG-UKs
reduces the infarct volume of ischemic stroke, and this effect protects
the BBB, inhibits apoptosis, and decreases neurotoxicity (Kleindorfer
et al., 2005). However, high incidence of hemorrhagic events and
failure to hospitalize in time usually limit the application of
thrombolytic drugs. Statistical data show that very few patients
receive thrombolytic therapy within 3 h after ischemic stroke (He
et al., 2021). Multiple findings have shown that the generation of
reactive oxygen species (ROS) or reactive nitrogen species (RONS)
associated with cerebral ischemia and reperfusion worsen the
conditions in patients. To reduce ischemic injury caused by
oxidative stress, Zhang et al. developed artificial nanogel-zymes
with multiple enzyme activities, which were able to provide
neuroprotection against ischemic stroke by scavenging RONS. In

a rat model of ischemic stroke, RONS levels were significantly
reduced, and side effects were minimal (Liu et al., 2021).

The latest studies have shown that administration of
microRNAs (miRNAs) can promote blood vessel growth and
help restore the function of damaged tissues. Liu et al.
encapsulated miRNAs in a nanocapsule platform, which
systematically and effectively delivered miRNAs (Davis, 2016).
However, the delivery of miRNA by nanogel delivery platform
against cerebral ischemia has yet to be investigated. Moreover,
future work should assess in detail the ability of these
nanoformulations to be translated to the clinic.

Brain Tumors
Specific targeted drug delivery is the future of brain tumor
therapy. Gliomas are the most prevalent and malignant CNS
tumors, with a median patient survival of less than 15 months
despite aggressive use of surgery combined with radiotherapy
and chemotherapy (Kim et al., 2018). The blood-brain tumor
barrier (BBTB) forms with tumor progression, which blocks
almost all small-molecule chemotherapeutics and
biomacromolecules. In addition to the limitations of the
barriers, most therapeutic agents for glioma are the
substrates of biological barrier efflux transporters, and a
combination of these obstacles contribute to a high rate of
treatment failure (Agarwal et al., 2011; Feng et al., 2019).
Gliomas, similar to other solid tumors, have a special tumor
microenvironment (TME) characterized by hypoxia, low pH,
and chronic inflammation. Intriguingly, the extracellular
glutathione concentrations of gliomas are up to 1,000-fold
higher than the extracellular glutathione concentrations in the
normal tissues, and the pH values in the vicinity of tumor cells
are significantly lower (Marí et al., 2009; Wen et al., 2019).

TABLE 3 | Summary of representative studies on nanogels for CNS drug delivery.

Formulations Function Drugs/Agents Outcomes Mechanism
Across
BBB

References

Nanogel/ODN Transferrin/insulin-
targeting

ODN Nano-ODN accumulation increased 15 fold in the brain,
whereas free ODN accumulated in a large amount in liver and
spleen

Ligand- mediated Vinogradov et al.
(2004)

PEG-PEI Controlled release Antisense
oligonucleotide

Increased in vitro uptake, controlled and sustained
oligonucleotide release, higher uptake in the brain tissue

Charge adsorption-
mediated

Wong et al.
(2012)

HCFU Sustained release 5-fluorouracil Nanogel coating with polysorbate increased the
accumulation from 0.18 to 0.52%, largely enhanced uptake
in the brain tissue

Carrier-mediated Xu et al. (2019)

Dex-FFFKE-
ss-EE

Redox-responsive Taxol/HCPT Co-delivery nanogel system cantained two complementary
anti-cancer drugs, extended drug realse and improved the
stability of drugs.

Endocytosis Teng et al. (2018)

Hollow
nanogels (nUK)

Ultrasound-
responsive

uPA nUK has controlled released of uPA taget the clot site under
ultrasound, not only enhanced the circulation of the drug, but
also increased the safety.

Ultrasound
stimulation

Xu et al. (2019)

PCgels Immunotherapy T lymphocyte PCgels had suitable pore size to possess the cellular
compatible with T lymphocytes, which retained their localized
anti-glioblastoma activity in the PCgels

T lymphocyte-
mediated

Mao et al. (2012)

Nano-NRTIs Anti-viral NRTIs Nano-NRTIs exhibited high efficacy against HIV-1 in
macrophages at a drug level as low as 1 μmol/L and
decreased cytotoxicity compared to NRTIs

Macrophage
phagocytosis

Vinogradov et al.
(2010)

PEG-PVA/micelle pH/redox-
responsive

TMD/CF Dual drugs of PEG-PVA/micelle were released significantly
increased in alkaline environment

PH stimulation Mao et al. (2012)
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Based on specific characteristics of the tumor tissue, various
stimulus-responsive nanogel drug delivery networks have been
developed for antitumor drug delivery. Methotrexate,
doxorubicin, rituximab, and temozolomide are routine
chemotherapeutic agents toxic for glioma cells, which have
been formulated as nanomedicines to significantly improve the
efficiency of the BBB crossing. The membrane protein connexin
43 (Cx43) and brain-specific anion transporter (BSAT1) are
characteristically expressed in gliomas and the adjacent tissues.
Recently, cisplatin was loaded into nanogels conjugated to
Cx43 and BSAT1 monoclonal antibodies. MRI analysis of
tumor-bearing rats showed that the nanoformulation achieved
targeted antitumor effects (Gadhave et al., 2021). A recent study
demonstrated successful loading of teriflunomide into a
nanolipid-based (NLC) carbopol-gellan gum nanogel
(TNLCGHG) for the treatment of brain glioma via intranasal
administration. These gels were demonstrated to prolong blood
circulation and showed significant tumor-suppressive effects
(Zhang et al., 2021b). Nanogel formulations have been
developed as promising contrast agents. Jiang et al. developed
Cy5.5-Lf-MPNA nanogels by labeling lactoferrin (Lf) with Cy5.5.
This preparation can target tumor tissue and achieve MR/
fluorescence imaging with high sensitivity and specificity in
the acidic environment of glioma tissue (Cui et al., 2016).
Similarly, Lf/phenylboronic acid (PBA)-reduction-sensitive
dual-target nanogels (Lf-DOX/PBNG) were developed for the
delivery to deliver doxorubicin (DOX) for glioma therapy. The
effective accumulation of Lf-DOX/PBNG was 12.37 times greater
than that of free DOX solution (Rizzi et al., 2014).

Alzheimer’s Disease
Alzheimer’s disease (AD) is the most common cause of dementia,
with more than 50 million people worldwide currently living with
dementia (DeTure and Dickson, 2019). Clinical therapeutic
approaches for AD focus on lowering the levels of the toxic
forms of the amyloid beta (Aβ) peptide and τ protein to effectively
delay the progression of the disease (Giacobini and Gold, 2013;
Yang et al., 2021). A range of limitations account for poor efficacy
of most therapeutic drugs, such as hydrophobicity, poor BBB
permeability, rapid metabolism, and strong tissue toxicity.
Various nanogel technologies have enabled the treatment of
neurodegenerative diseases (Jiang et al., 2018).

The development of the dual inhibitor nanosystems is
expected to effectively target the inhibition of Aβ aggregation
and cytotoxicity induced by drug delivery systems. The
biocompatible nanogels of cholesterol-bearing pullulan (CHP)
were shown to be able to significantly inhibit the formation of Aβ
fibrils. Epigallocatechin-3-gallate (EGCG) and curcumin are able
to effectively inhibit Aβ aggregation. These two inhibitors were
linked via a modification of hyaluronic acid (HA). The results
showed that the EGCG and curcumin dual-modified nanogels
(CEHA), which were synthesized by self-assembly, induced
69 and 55% higher inhibition than EGCG- or EHA-loaded
single-modified nanogels, respectively. The results of an
in vitro toxicity assay showed that CEHA significantly
improved the viability of SH-SY5Y cells (Zhang et al., 2021c).
Another approach to AD therapy involves scavenging of excess

ROS induced by mitochondrial dysfunction and inflammatory
factor that are overactivated in the brain (McNaught et al., 2002).
Oxytocin-loaded angiopep-2-modified AOC NGs were
developed to cross the BBB via the transcytosis of a surface-
loaded ligand (ANG) for enrichment in the AD lesions. AOC
NGs can block the ERK/p38 MAPK and COX-2/iNOS NF-κB
signaling pathways, showing the ability to effectively inhibit
microglial activation and reduce inflammatory cytokine levels.

Advances in nanotechnology have enabled new prospects for
clinical therapeutic strategies for AD; however, the field of AD
nanotherapeutics faces several challenges. AD may lead to a
variety of clinical complications; hence, the design of the
nanogel drugs with multiple drug candidates to achieve a
synergistic effect may enhance the benefits of AD treatment.

Parkinson’s Disease
Parkinson’s disease (PD) is the second most common
neurodegenerative disorder characterized by the death of
dopaminergic neurons in the substantia nigra and the
formation of Lewy bodies (Hawthorne et al., 2016). Dopamine
therapy is the primary treatment option for PD; however, the
disease is currently considered incurable. The demands for
nanomedical studies of PD are mainly focused on achieving a
stable concentration of dopamine in the brain (Jiang et al., 2018;
Khan et al., 2018).

PEGylated nanogels were engineered to load dopamine
and modified ligands of the transferrin receptor. The results
of in vivo experiments demonstrated that the concentration of
dopamine in the brain obtained using this nanogel was nine
times higher than that obtained in a rat model treated with
free dopamine. The removal of Lewy bodies is another
effective strategy for the treatment of PD (Liu et al.,
2020b). A study developed the Lewy body antagonist
NanoCA using a self-assembly reaction. NanoCA targets
the brain, releases its cargo in a controlled manner, and
protects the neurons from the neurotoxicity of PD
inducers in the animal models. In PD animal models, the
nanomaterials are administered by local injection or
transdermal absorption. Ropinirole nanogels were proved
to enhance the efficacy of transdermal absorption, thus
increasing the bioavailability up to two-fold compared with
transdermal methods of delivery of the unincorporated free
drug (Jafarieh et al., 2015). Jafarieh et al. prepared ropinirole
hydrochloride (RH)-loaded chitosan nanoparticles (RH-
CSNPs) by the ionic gel method. RH-CSNPs with nasal
mucosal absorbability continuously released their cargo for
18 h, and the RH concentration in the brain was significantly
increased after intranasal administration (Leoni and Caccia,
2014). The first-line treatment for patients with Parkinson’s
disease is natural oral levodopa, which has shown higher
efficiency than synthetic levodopa. C Chittasupho et al.
encapsulated native levodopa from M. pruriens seed extract
into nanogels for incorporated into a jelly as a functional food
for patients with Parkinson’s disease.

Finally, although the prospects of using nanogel technology to
treat neurodegenerative diseases are very attractive, the actual
studies performed to date remain only experimental.
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Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant
neurodegenerative disorder (Arrasate and Finkbeiner, 2012).
The known molecular mechanism of HD involves a single
mutation of the huntingtin (HTT) gene exon 1, which leads to
polyQ expansion, resulting in the misfolding and aggregation of
the huntingtin protein in the brain (Li et al., 2020). However, the
molecular mechanism by which HTT mutation causes neuronal
death remains unclear. At present, many studies have
demonstrated that short interfering RNAs (siRNAs) can
silence the expression of the mutant proteins, and this
application is one of the most recent and promising
therapeutic strategies (Godinho et al., 2013).

Godinho et al. developed modified amphiphilic β-cyclodextrin
(CD) oligosaccharide molecules as novel neuronal siRNA vectors.
The results showed that CD nanoparticles are stable in artificial
cerebrospinal fluid. The nanocarrier complex reduces HTT gene
expression in ST14A-Htt120q rat striatum cells and primary
human HD fibroblasts. A single injection of the CD-siRNA
nanoparticles significantly reduces HTT expression in the
striatum in a mouse HD model, and multiple injections can
alleviate the motor dysfunction in HD mice. In addition, low
toxicity of CD-siRNA nanoparticles has been observed in vitro
toxicity experiments (Löscher et al., 2020). Numerous efforts have
demonstrated the potential efficacy of the nanogel drug delivery
systems; however, limited data on in vivo toxicity suggest a need
to determine potential long-term systemic toxicity.

Epilepsy
Epilepsy is the second most frequent chronic disease of the CNS.
Approximately 30% of patients with epilepsy are characterized by
poorly controlled drug release and drug resistance during clinical
treatment (Hanada, 2014; Shringarpure et al., 2021). Nanogel
technology promises to revolutionize the treatment strategies for
epilepsy using unique advantages due to the ability to cross the
BBB without toxic effects to the brain and other tissues.

Lamotrigine is a broad-spectrum antiepileptic. Only a small
amount of potent lamotrigine can exert its antiepileptic effects
through the BBB after oral absorption (Xu et al., 2022). The group
of Xu designed a polymer hydrogel that specifically responded to
electromagnetic radiation. The results of intravital imaging of rats
showed that fluorescently labeled lamotrigine nanogels are
enriched in the rat brain 3 h after intravenous injection,
indicating that lamotrigine nanogels are characterized by
enhanced BBB penetration. Comparison with free lamotrigine
indicated that the seizures of rats in the lamotrigine nanogel
group were continuously and significantly decreased (Wang et al.,
2016).

Recently, Wang et al. designed electroresponsive hydrogel
nanoparticles (eRHNPs) modified with brain-targeting
angiopep-2 (ANG) to facilitate the delivery of the antiepileptic
drug phenytoin (PHT) and subsequently developed PHT-loaded
ANG-eRHNPs. These formulations achieved a high distribution
in the brain and an electrical response in a rat epilepsy model,
resulting in a strong release of PHT from nanogels during seizures
and achieving better antiepileptic effects (Ying et al., 2014). Brain-
targeted ANG peptide-modified electro-responsive nanogels have

been confirmed to achieve high-efficiency BBB penetration and
enhance the efficacy of alleviating epilepsy (Wilson et al., 2017).

These studies will enable the generation of safe and
effective seizure therapeutics. Future attention should also
be paid to human clinical trials to evaluate and select precise
nanodosage forms and concentrations for subsequent clinical
applications.

Traumatic Brain Injury
Traumatic brain injury (TBI) is the main cause of death and
disability in young individuals under 45 years of age and a known
risk factor for chronic neurodegenerative diseases, such as AD
and PD. To date, effective clinical treatments for TBI are lacking
(McKee and Robinson, 2014; Gong et al., 2022).

The application of the bioactive scaffold materials is a
promising method for tissue regeneration and repair (Marçal
et al., 2012). Bladder stroma extracted from the porcine bladder
tissue (UBM) showed good performance in promoting and
supporting neural cell growth in vitro experiments (Zhang
et al., 2013). To improve the biocompatibility of UBM in the
brain and the effect of UBM on the function after TBI, a hydrogel-
based form of UBM was developed. The results showed that the
UBM-hydrogel had weak toxic effects on the healthy brain. After
TBI, the application of the nanoscale UBM-hydrogel reduced the
volume of the lesions and alleviated myelin sheath breakage
induced by traumatic injury (Xu et al., 2019). Unexpectedly,
the treatment of TBI using the UBM-hydrogel significantly
improved neurobehavioral and vestibulomotor functions. The
application of nanogels not only greatly improved the
biocompatibility of UBM but also revealed a protective effect
on the injured brain tissue. These observations provide valuable
insight into the potential efficacy of nanogels in structurally
damaged brain tissue.

Recently, Xu et al. successfully demonstrated that
nanocapsules loaded with nerve growth factor (NGF) enabled
nerve recovery and tissue remodeling in mice with spinal cord
injury (Teng et al., 2018). It is suggested that nanogel technology
may provide a better approach for TBI and CNS tissue
regeneration engineering, which needs to be more explored in
the future.

POTENTIAL NEUROTOXICITY

The CNS strongly protects itself from any xenobiotics
(pathogens, toxins, and foreign bodies) through strict barrier
structures (Nance et al., 2014). Nanocarriers can effectively
circumvent the BBB and deliver unevenly distributed drugs to
the brain parenchyma (Xiao et al., 2015); however, this delivery
also leads to overexposure to the nanomaterials, making the
application of the nanomaterials for CNS therapy regarded as
a dual-edged sword. Therefore, it is crucial to systematically
investigate the potential toxicity of the nanomaterials, which is
one of the biggest challenges for the clinical translation of the
nanodrug delivery systems.

Existing neurotoxicity studies have shown that the
nanocarriers have neurotoxic effects both in vitro and in vivo
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induced by the nanoparticles composed mostly of inorganic
materials, whereas complete assessment of potential toxicity of
nanogels in humans has not been reported (Wong et al., 2012).
The present review analyzed the main reasons associated with
neurotoxicity of nanogels. Chemically crosslinked nanogels may
release toxic monomers from the matrix during their expected
chemical degradation (Lee et al., 2021). Inflammation is one of
the main mechanisms of neurotoxicity caused by the
nanomaterials. Inflammation is known to eliminate foreign
substances from the body and is a protective response;
however, overactivation of the inflammatory response will
induce substantial damage. Exposure of the brain to nanogels
may stimulate glial cells, causing a strong inflammatory response
of neuronal mitochondria or other organelles (Trompetero et al.,
2018; Wu and Tang, 2018). The mechanism of brain
inflammation induced by nanogels needs additional research,
and only a few relevant studies of this subject have been
performed.

In addition, neuronal exposure to the nanomaterials may
induce neurodegenerative diseases. The accumulation of some
fibrin aggregates or misfolded proteins is the pathological
mechanism of some neurodegenerative diseases (AD, PD, and
HD). Plausible interactions between the CNS and nanomaterials
may exacerbate the accumulation or misfolding of these protein
aggregates (Pichla et al., 2020). The results reported by Alvarez
et al. suggest that the induction of a neurodegenerative disease
may depend on the size and concentration of the nanoparticles
and on their biocompatibility (Oberdörster, 2010). Current data
of the assessments of the toxicity of the nanomaterials suggest
that rigorous in vitro, in vivo, and clinical toxicity studies are
needed before the clinical transformation of the nanomaterials
can be achieved (Wang et al., 2022). Emphasis on detailed toxicity
studies of nanogels is needed to provide evolutionary insight into
the risks associated with efficient applications of these promising
targeting approaches.

DISCUSSION

Overall, nanogel technology can provide the possibilities for
advanced treatment in the field of CNS diseases (Sarkar et al.,
2017). The BBB is the major anatomical and physiological
dynamic barrier, representing one of the narrowest bottlenecks
for successful treatment of CNS diseases; hence, the development
of safer and more effective targeted nanomedicines has become a
major research direction for numerous nanoformulation studies.
Continuous development of new nanogel technologies, such as
surface modification of the receptors/ligands and magnetic
structures, enables various nanogel-based approaches to
overcome the BBB to achieve targeted drug delivery. Nanogel-

based technologies have been implicated in the development of
the nanocarriers of various neuroprotective drugs, including
nucleic acids, small-molecule peptides, nerve growth factors,
and free radical scavengers (e.g., edaravone). However, the
nanogel drug delivery platforms are still in their infancy
(Jogani et al., 2008; Kumar et al., 2017; Patel et al., 2021).
Therefore, additional in-depth studies on nanogels are
required to address several issues before these agents can be
widely used in the clinic.

Specific targeted delivery is a future research direction for
nanogel studies. Recent discoveries of several specific peptides or
receptor-targeting drugs, such as Tf, ANG and human insulin
receptor, can facilitate the development of effective nanogels for
brain-targeted drug delivery. However, these receptors are not
specific; thus, organ/tissue specificity should also be considered in
the future studies to provide more specific and rational
therapeutic strategies. Due to the outstanding properties
associated with the suppression of reactive oxygen species and
protein misaggregation, the application of nanogels have been
eagerly explored for the treatment of neurological diseases, such
as ischemic stroke, AD, PD, brain tumors, and epilepsy (Liu et al.,
2018). However, the efficacy of these carrier systems is hindered
by the involvement of various pharmacological factors, such as
drug loading, controlled release, safety, and biocompatibility in
vivo. Furthermore, considering the complex structure and unique
microenvironment of the brain, additional polymeric materials
should be developed to enhance biodegradability and
biocompatibility by preparing nanogels with completely
eliminated possibilities of potential toxicity.

Most CNS diseases require long-term drug therapy; thus,
toxicological studies of the organs, including the kidney,
liver, and spleen, should be performed using nanogel
formulations (Picone et al., 2018). In the future, advanced
diagnostic techniques, such as magnetic resonance imaging,
positron emission tomography, and computed tomography,
aphy, will be needed to assess nanocarrier-related CNS
toxicity.
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Mannose-decorated ginsenoside
Rb1 albumin nanoparticles for
targeted anti-inflammatory
therapy
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Ginsenoside Rb1 is a potential anti-inflammatory natural molecule, but its

therapeutic efficacy was tremendously hampered by the low solubility and

non-targeted delivery. In this study, we innovatively developed a mannose

(Man)-modified albumin bovine serum albumin carrier (Man-BSA) to overcome

the previously mentioned dilemmas of Rb1. The constructed Man-BSA@

Rb1 NPs could improve the solubility and increase the cellular uptake of Rb1,

finally leading to the enhanced anti-inflammatory effects. The robust

therapeutics of Man-BSA@Rb1 NPs were measured in terms of nitrite, tumor

necrosis factor-α (TNF-α), and interleukin-6 (IL-6) levels, which might be

achieved by potently inhibiting nuclear factor-κB (NF-κB) and mitogen-

activated protein kinase (MAPK) signaling pathways in lipopolysaccharide

(LPS)-induced Raw264.7 cells. Moreover, the therapeutic efficacy of Man-

BSA@Rb1 NPs was further confirmed in the d-Gal/LPS-induced liver injury

model. The results indicated that Man-BSA may offer a promising system to

improve the anti-inflammatory therapy of Rb1.

KEYWORDS

ginsenoside, mannose, albumin nanoparticles, targeted delivery, inflammation

1 Introduction

Inflammation presents a potential threat to human health, and the unbalanced release

of some inflammatory mediators will lead to the occurrence of related diseases such as

sepsis shock, arthritis, and inflammatory bowel disease (IBD) (Zhou et al., 2019; Wang Q.

et al., 2020; Wang Z. et al., 2020). To date, a variety of herbal-based therapeutic

approaches have been attempted to attenuate inflammatory responses. Among them,

ginsenoside Rb1 extracted from ginseng has been extensively explored due to its biological

functions, including anti-inflammatory, anti-oxidative stress, anti-apoptosis, and

acceptable biosafety (Zhou and Xie, 2019; Zhang X. et al., 2021; Jiang et al., 2021).

However, the low water solubility and poor bioavailability limit its further application.

A strategy that potentially overcomes the dilemma described above is to utilize

nanoparticle (NP)-based materials as delivery carriers (Su et al., 2018; Mitchell et al., 2021;
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Zhao et al., 2021). For example, polyethylene glycol (PEG) and

poly lactic-co-glycolic acid (PLGA) applied Rb1 NPs were

generated to enhance the bioavailability of Rb1 (Zhou et al.,

2021). Trimethyl chitosan derivatives developed Rb1 NPs that

were generated to improve the oral absorption of Rb1 (Chen

et al., 2021). Platelets constructed biomimetic Rb1 NPs that were

prepared to improve the bioavailability and stability of Rb1 (Yin

et al., 2022). Despite all the progress made by far, the off-target

effect remains a bottleneck that limits the therapeutic index of

Rb1 NPs. Therefore, it is necessary to develop new Rb1 NPs

which contain satisfying properties of biocompatibility, safety,

and targeting ability.

The fate of fabricated NPs usually depends on their

constituent materials, including various organic or inorganic

materials, followed by forming organic NPs (e.g., liposomes,

micelles, and polymeric nanoparticles) or inorganic NPs (e.g.,

magnetic and carbon NPs). With the help of developed

nanotechnology, versatile NPs have been extensively explored

to offer improved properties of loaded cargos, such as drug

loading and therapeutic efficiency (Li and Wang, 2020; Wu

et al., 2020; Li Z. et al., 2021). However, NP-associated

toxicity and immunogenicity remain as a challenge. Compared

with the reported carriers, bovine serum albumin (BSA) is

attractive to deliver low solubility and poor bioavailability

drugs because it is biodegradable, biologically compatible, and

possesses multiple drug-binding abilities (Sleep, 2015;

Mazzaferro and Edwards, 2020). Encouragingly, BSA-bound

paclitaxel (Abraxane) NPs have been used in clinical

treatment of breast cancer (Hama and Ishima, 2021). To

endow BSA with targeting ability, mannose (Man) ligand is

introduced to target mannose receptors that are overexpressed

in pro-inflammatory cells, such as macrophages (Chen and

Huang, 2020; Jaynes and Sable, 2020). Man, a simple sugar,

has been used in the field of dietary supplements. The advantages

of the Man-based ligand are reflected in nontoxicity,

biodegradation, and no immunogenicity. Importantly,

mannose treatment suppresses macrophage activation through

impairing IL-1β production (Torretta et al., 2020; Wang et al.,

2021). Thus, the carrier of Man-BSA can deliver the drug into

specific cells by the receptor-mediated endocytosis pathway,

resulting in enhanced cellular uptake and inflammation

alleviation. Moreover, compared with launched NPs (e.g.,

liposomes), Man-BSA-based NPs can not only protect the

degradation of drug in the blood but also promote drug

release under acidic conditions (Zhang et al., 2015; Zhu et al.,

2015; Lei et al., 2021).

In the present study, we report on the synthesis of Man-BSA

and then prepared Man-BSA@Rb1 NPs with BSA@Rb1 NPs as

controls. As shown in Scheme 1, Man-BSA@Rb1 NPs could

improve Rb1 accumulation into the cells through mannose

receptor targeted delivery. After endocytosis, Rb1 could be

released in a pH trigger mode to play an anti-inflammatory

response by inhibiting nuclear factor-κB (NF-κB) and mitogen-

activated protein kinase (MAPK) signaling pathways. The

physicochemical characterization of NPs was examined,

including structure verification, morphology, particle size, zeta

SCHEME 1
Schematic illustration of the preparation and mechanism of Man-BSA@Rb1 NPs.
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potential, stability, and drug loading and release. Furthermore,

the anti-inflammatory effect of Man-BSA@Rb1 NPs was verified

in lipopolysaccharide (LPS)-stimulated Raw264.7 cells in vitro

and d-Gal/LPS-induced liver inflammation model in vivo.

2 Materials and methods

2.1 Chemicals and reagents

The Reactive Oxygen Species (ROS) Assay Kit (cat.no.

S0033S), Fluo-4 AM (cat.no S1060), and Nitrite Assay Kit

(cat.no S0023) were purchased from Beyotime Biotechnology

(Shanghai, China). D-Mannose, BSA, and sodium

cyanoborohydride were purchased from Aladdin Bio-Chem

Technology Co., Ltd. (Shanghai, China). LPS and

D-galactosamine (d-Gal) were purchased from Sigma-Aldrich

(United States ). The antibodies of p-p65 (3033s), p65 (8242s),

p-IκB-α (4812), IκB-α (2859), p-p38 (4511s), p38 (8690s), and β-
actin (3700) were purchased from Cell Signaling Technology

(United States ). The antibodies of p-JNK (76572) and JNK

(179461) were purchased from Abcam Co., Ltd. (USK). All other

reagents were obtained from Nanjing Jiancheng Bioengineering

Institute (Shanghai, China) unless otherwise stated.

2.2 Synthesis of Man-BSA

Man-BSA was synthesized and purified according to a

reductive amination method. In brief, D-mannose (100 mg),

BSA (68 mg), and sodium cyanoborohydride (100 mg) were

co-dissolved in 5.0 ml borate buffer (pH 8.0), and the reacted

solution was incubated at 37°C for 24 h. The reaction was

terminated by adjusting the pH of the system to 4.0 with

acetic acid. The final product of Man-BSA was purified by

dialyzing against deionized water three times (molecular

weight cut off 1.0 kDa). BSA, Man, and Man-BSA were

characterized by 1H-NMR with D2O as the solvent (Bruker

600 MHz).

2.3 Preparation of BSA@Rb1 NPs andMan-
BSA@Rb1 NPs

The Man-BSA@Rb1 NPs were obtained by a typical de-

solvation method. In brief, Man-BSA (34 mg BSA) was first

dissolved in 4.0 ml borate buffer (pH 8.0) and sonicated for

30 min. Rb1 (10 mg) was weighed and dissolved in 1 ml ethanol,

and slowly added to the Man-BSA solution to react for 24 h.

Man-BSA@Rb1 NPs were obtained by evaporation and

centrifugation to remove ethanol and un-encapsulated Rb1.

BSA@Rb1 NPs were also prepared in a similar method to

Man-BSA@Rb1 NPs. Rb1, BSA@Rb1, and Man-BSA@

Rb1 were also characterized by 1H-NMR with D2O as the

solvent (Bruker 600 MHz).

2.4 Drug encapsulation efficiency

The drug encapsulation efficiency of Rb1 in BSA@Rb1 NPs and

Man-BSA@Rb1 NPs was determined by a typical high-pressure

liquid chromatography (HPLC) method. In brief, NPs were

dissolved in acetonitrile and sonicated to completely release the

drug. The concentration of Rb1 in the supernatant was

determined by HPLC. The related conditions included

C18 column (4.60 mm × 250mm, 5 μm), a mobile phase of

water/acetonitrile (50%/50%, v/v), the flow rate of 1.0 ml/min, the

detection wavelength of 203 nm, and the column temperature of

35°C. The formula for drug encapsulation efficiency was as follows:

The drug encapsulation efficiency

� (weight of Rb1 in the NPs)/(weight of total Rb1) × 100%

2.5 Physicochemical characterization of
Man-BSA@Rb1 NPs

The particle size and zeta potential of BSA@Rb1 NPs and

Man-BSA@Rb1 NPs were determined by dynamic light

scattering (DLS) (Malvern Instruments Ltd., U.K.). The

microscopic morphology of Man-BSA@Rb1 NPs was detected

using transmission electron microscopy (TEM) (JEM-2100F,

JEOL, Japan). The colloidal stability of BSA@Rb1 NPs and

Man-BSA@Rb1 NPs was performed by monitoring their

particle size in PBS (pH 7.4) for 24 h. The cumulative release

of BSA@Rb1 NPs and Man-BSA@Rb1 NPs was tested by

incubating them in a dialysis bag (MWCO 3500 Da) with

pH 5.0 PBS and pH 7.4 PBS, respectively, and the

Rb1 concentration in the medium was determined by HPLC.

2.6 Cell toxicity and cellular uptake

The toxicity study of Man-BSA, Rb1, BSA@Rb1 NPs, and

Man-BSA@Rb1 NPs was evaluated by a standard CCK8 method

in Raw264.7 cells. In brief, the cells were seeded in 96-well plates

until ~80% density and then incubated with different treatments

of 10, 25, 50, and 100 μM for 24 h (equal to Rb1 concentration). A

standard CCK8 assay was performed to determine the related

cytotoxicity.

For the cellular uptake study, Raw264.7 cells were

cultured and seeded in confocal dishes for confocal

imaging or 12-well plates for flow cytometry measuring.

The cells were incubated with BSA@Rb1 NPs and Man-

BSA@Rb1 NPs (25 μM, equal to Rb1 concentration) for
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4 h, and then stained with DAPI before confocal microscopy

or collected before flow cytometry.

2.7 Inflammatory cytokines release and
protein expression determination

The anti-inflammatory ability of Man-BSA, Rb1, BSA@

Rb1 NPs, and Man-BSA@Rb1 NPs was evaluated by kits and

the Western blot assay. In brief, Raw264.7 cells were seeded in 6-

well plates and pretreated with different treatments (25 μM,

equal to Rb1 concentration) for 1 h. After that, the cells were

incubated with LPS (1 μg/ml) for another 24 h. The amounts of

released cytokines including nitrite, TNF-α, and IL-6 in the

medium were assessed by the nitrite assay kit and TNF-α/IL-
6 ELISA kits. The cells were washed and isolated according to a

standard procedure. The concentrations and levels of p-p65/p65,

p-IκB-α/IκB-α, p-JNK/JNK, and p-p38/p38 were determined by

a BCA Protein Assay Kit and Western blot, respectively. The

intracellular levels of the ROS and calcium Ca2+ were determined

by ROS assay kit and Fluo-4 AM assay kit, respectively.

2.8 Liver accumulation and therapeutic
studies

The animals used in this study were approved by the Animal

Care and Use Committee of the First Affiliated Hospital of

Zhengzhou University. For the liver accumulation study, female

C57BL/6 mice (6 weeks old) were randomly divided into two

groups of FITC-labeled BSA@Rb1 NPs and Man-BSA@Rb1 NPs

(n = 3). All mice were set to perform the procedure of intraperitoneal

injection of 400mg/kg d-Gal and 60 μg/kg LPS. After 0.5 h, the above

formulations (20 mg/kg Rb1 equivalent) were administrated by

intraperitoneal injection. After another 4 h, the mice were

sacrificed, the liver was excised, and immunofluorescence staining

was performed. For the therapeutic study, female C57BL/6 mice

(6 weeks old) were randomly divided into five groups (n = 5) of

saline, untreated, Rb1, BSA@Rb1 NPs, and Man-BSA@Rb1 NPs

(20 mg/kg Rb1 equivalent). The treatment was performed at 0.5 h

before intraperitoneal injection of 400 mg/kg d-Gal and 60 μg/kg

LPS. 12 h after intraperitoneal injection, themice were sacrificed, and

the liver and serum were collected for hematoxylin and eosin (HE)

staining, and alanine transaminase (ALT), aspartate transaminase

(AST), and TNF-α and IL-1β determination, respectively.

2.9 Biosafety studies

For a potential toxicity study in vivo, female C57BL/6 mice

(6 weeks old) were randomly divided into two groups. The

treatments were administrated with saline and Man-BSA@

Rb1 NPs (20 mg/kg Rb1 equivalent). 12 h after the injection, the

mice were sacrificed and the major organs were collected for H&E

staining. The blood was collected for alanine aminotransferase

(ALT), aspartate aminotransferase (AST) determination, and

blood analysis of WBCs, lymphocytes, and neutrophils. For the

hemolysis assay, red blood cells (RBCs) were collected and

FIGURE 1
Synthesis and characterization of Man-BSA. (A) The synthetic route of Man-BSA. (B) The 1H-NMR spectra of BSA, Man, and Man-BSA in D2O.
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incubated with PBS (pH 7.4), Man-BSA@Rb1 NPs, and 1% Triton.

After 2 h, samples were collected and imaged. Then, absorbance of

the supernatant was determined with a multimode reader at 540 nm.

2.10 Statistical analysis

Statistical analysis was performed by two-sided Student’s

t-test for two groups and one-way ANOVA analysis of

variance for multiple groups (when p < 0.05, the data were

considered statistically significant).

3 Results and discussion

3.1 Preparation and characterization of
Man-BSA@Rb1 NPs

Man-BSA was first synthesized through the Schiff base reaction

between CHO-Man and NH2-BSA (Figure 1A; Mizuta et al., 2021).

The structure of Man-BSA was demonstrated by 1H-NMR, which

was reflected in the characteristic absorption peak of 0.5–3.0 ppm

(Man) and 3.2–3.9 ppm (BSA) (Figure 1B). BSA@Rb1 NPs and

Man-BSA@Rb1 NPs were then prepared using the de-solvation

method (Dong et al., 2019). Their formation was demonstrated

by 1H-NMR and the size distribution study. The characteristic

absorption peak of 3.1–3.4 ppm (Rb1) appeared in BSA@

Rb1 NPs, which indicated the feasibility of the preparation

method in Man-BSA@Rb1 NPs (Supplementary Figure S1). The

average particle size of BSA@Rb1 NPs andMan-BSA@Rb1 NPs was

43 and 106 nm, respectively. The modification of Man on the BSA

surface would induce an increase in the particle size of BSA@

Rb1 NPs (Figures 2A,B). TEM image confirmed the spherical

shape of Man-BSA@Rb1 NPs (Figure 2C). The zeta potential of

BSA@Rb1 NPs and Man-BSA@Rb1 NPs was -14.4 mV

and −20.0 mV, respectively (Figure 2D). These results indicated

the successful preparation of BSA@Rb1 NPs and Man-BSA@

Rb1 NPs.

The stability and drug release are essential parameters for the

efficacy of encapsulated drugs in NPs (Jana et al., 2020; Zhang H.

FIGURE 2
Characterization of Man-BSA@Rb1 NPs. (A) Structural diagram of Man-BSA@Rb1 NPs. (B) Hydrodynamic size distribution of BSA@Rb1 NPs and
Man-BSA@Rb1 NPs. (C) Representative TEM images of Man-BSA@Rb1 NPs (scale bar = 100 nm). (D) Zeta potential of BSA@Rb1 NPs and Man-BSA@
Rb1 NPs. (E) Stability of BSA@Rb1 NPs and Man-BSA@Rb1 NPs. (F) Cumulative release of BSA@Rb1 NPs and Man-BSA@Rb1 NPs at pH 5.0 and
pH 7.4 media.
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et al., 2021). Therefore, the stability of BSA@Rb1 NPs and Man-

BSA@Rb1 NPs was first evaluated in PBS (pH 7.4) media. As

shown in Figure 2E, Man-BSA@Rb1 NPs displayed satisfied

stability compared with BSA@Rb1 NPs since no significant

size change was observed within 24 h. Then, the stability of

Man-BSA@Rb1 NPs was further evaluated by incubating Man-

BSA@Rb1 NPs in 10% FBS or a combination of PBS (pH 7.4) and

10% FBS. Results indicated that Man-BSA@Rb1 NPs displayed

satisfied stability against different media (Supplementary Figure

S2). Next, the release profile of Rb1 in NPs exhibited a pH-

dependent manner with an increased release rate at

pH 5.0 compared to that at pH 7.4. In addition, the

cumulative release percentage of Rb1 in BSA@Rb1 NPs was

higher than that in Man-BSA@Rb1 NPs at the same time

(Figure 2F). Furthermore, the aqueous solution of Man-BSA@

Rb1 NPs was clearer than that of BSA@Rb1 NPs and that of Rb1,

indicating the enhanced solubility of Rb1 after encapsulating in

NPs and the improved hydrophilicity after Man attachment in

BSA. As a result, the encapsulation efficiency of Rb1 in BSA@

Rb1 NPs and Man-BSA@Rb1 NPs was 65.3 ± 4.5% and 96.7 ±

6.5%, respectively (Supplementary Figure S3A). These results

demonstrated the superior properties of Man-BSA@Rb1 NPs in

improved solubility of Rb1.

3.2 Cytotoxicity and cellular uptake of
Man-BSA@Rb1 NPs

Before the application of Man-BSA@Rb1 NPs in biological

functions, we first checked their cytotoxicity in Raw264.7 cells

FIGURE 3
Cellular uptake of FITC-labeled Man-BSA@Rb1 NPs. (A–B) Flow histogram and MFI detected by flow cytometry. (C) Representative images
detected by CLSM. Scale bar = 10 μm.
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through a CCK8 measurement. As shown in Supplementary

Figure S2B, with the increase in concentrations, the carrier of

Man-BSA and the drug of Rb1 had no significant effect on the cell

viability. However, the cell viability was markedly decreased for

Rb1 NPs treatment, especially for Man-BSA@Rb1 NPs (67%

viability) when compared with free Rb1 treatment (97% viability)

at high concentrations. This result indicated that Rb1 NP

formation might increase the cellular uptake of Rb1, leading

to enhanced cytotoxicity.

To evaluate the targeting ability of Man-BSA@Rb1 NPs, the

cellular uptake of BSA@Rb1 NPs and Man-BSA@Rb1 NPs was

evaluated in Raw264.7 cells by flow cytometry and CLSM. FITC-

labeled BSAwas used as a tool to quantify the accumulation ofNPs in

cells. As shown in Figures 3A,B, the mean fluorescence intensity

(MFI) of FITC in theMan-BSA@Rb1 NP group was ~2 folds as high

as that of the BSA@Rb1 NPs group. Furthermore, we confirmed

these findings by confocal scanning light microscopy (CLSM), as

shown in Figure 3C; the green fluorescence intensity showed an

increased manner in the Man-BSA@Rb1 NP group compared with

the BSA@Rb1 NP group. These results demonstrated that Man

modification could facilitate the uptake and endow the targeting

ability of Rb1 NPs, which might be due to the overexpressed Man

receptor on macrophages.

3.3 Anti-inflammatory activity of Man-
BSA@Rb1 NPs in vitro

Some pro-inflammatory cytokines such as nitrite, TNF-α, and
IL-6 will be released in the progression of the inflammation

occurrence (Yang et al., 2020). To demonstrate the anti-

inflammatory activity of Man-BSA@Rb1 NPs, the above

mediators were analyzed in LPS-stimulated Raw264.7 cells. As

shown in Figure 4A, Man-BSA treatment had no effects on nitrite

levels when compared with LPS treatment. Significantly, the main

treatments, especially for Man-BSA@Rb1 NP treatment, decreased

nitrite levels when compared with Man-BSA treatment. The levels of

TNF-α and IL-6 were increased after LPS stimulation, and the main

FIGURE 4
Effects of Man-BSA@Rb1 NPs treatment on LPS-induced inflammatory responses in Raw264.7 cells. (A) The levels of nitrite, TNF-α, and IL-6 in
themedium of Raw264.7 cells. (B) The expression of p-p65/p65, p-IκB-α/IκB-α, p-JNK/JNK, and p-p38/p38 in Raw264.7 cells, and their quantitative
analysis by ImageJ.
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treatments of Rb1, BSA@Rb1 NPs, and Man-BSA@Rb1 NPs

significantly decreased their levels when compared with LPS

treatment. Similarly, Man-BSA treatment had no effects on levels

of TNF-α and IL-6 when compared with LPS treatment.

The signal pathways involved in macrophage activation and

inflammatory responses mainly included the NF-κB and MAPK

signaling pathways (Li et al., 2021; Smith and Burger, 2021).

Therefore, we evaluated the effects of the above treatments on the

expression of p65 and IκB-α (key regulators of NF-κB pathway) and

JNK and p38 (key regulators of MAPK pathway) proteins. As shown

in Figure 4B, LPS stimulation induced a marked increase in the

expression of p-p65 and p-IκB-α, suggesting that LPS led to the

activation of the NF-κB pathway in Raw264.7 cells. As anticipated,

the main treatments could inhibit its activation by decreasing the

expression of p-p65 and p-IκB-α. Notably, the treatment of Man-

BSA induced an apparent rise in the expression of p-p65. However,

the producedMan-BSA@Rb1NPs achieved the best silence effect. In

addition, LPS stimulation activated JNK and p38 phosphorylation.

Compared with other treatment groups, Man-BSA@Rb1 NP

treatment exhibited the satisfied silence effect in the expression of

p-JNK and p-p38. Interestingly, the carrier of Man-BSA had a

positive effect in the expression of p-JNK and p-p38. These

results demonstrated that Man-BSA@Rb1 NPs could improve the

effects of Rb1 on LPS-induced activation of NF-κB and MAPK

pathways.

3.4 Determination of ROS generation and
intracellular calcium (Ca2+) levels

ROS generation andCa2+ levels increase are importantmediators

to reflect the cell damage and inflammation response (Madreiter-

FIGURE 5
Effects of Man-BSA@Rb1 NP treatment on ROS production and Ca2+ levels in Raw264.7 cells. (A) The ROS levels in Raw264.7 cells determined
by flow cytometry. (B) The Ca2+ levels in Raw264.7 cells determined by flow cytometry.
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Sokolowski et al., 2020). In this study, the effects of Man-BSA@

Rb1 NPs on the levels of ROS and Ca2+ were evaluated in LPS-

induced Raw264.7 cells. As shown in Figure 5, after LPS stimulation,

the levels of ROS and Ca2+ were significantly increased when

compared with the PBS group. The treatments of Rb1 and BSA@

Rb1 NPs could effectively decrease the levels of ROS and Ca2+, while

FIGURE 6
Biodistribution and therapeutic efficacy of Man-BSA@Rb1 NPs in d-Gal/LPS-induced liver injurymodel. (A) Analysis of liver accumulation of NPs
in liver (scale bar = 200 μm). (B) Levels of ALT and AST in serum. (C) Representative images of H&E staining of liver tissue sections (scale bar =
200 μm). (D) Levels of TNF-α and IL-1β in serum.
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Man-BSA@Rb1 NPs exhibited the best outcome. Interestingly, the

delivery carrier of Man-BSA had no effects on the levels of ROS and

Ca2+. Therefore,Man-BSAmight be a potential carrier to improve the

anti-inflammatory activity of Rb1, which was also demonstrated in

the aforementioned results.

3.5 Liver accumulation and therapeutic
efficacy of Man-BSA@Rb1 NPs in vivo

After demonstrating the targeting ability of Man-BSA@

Rb1 NPs in vitro, their targeting ability was next evaluated by

detecting the liver accumulation in injured liver using BSA@

Rb1 NPs as controls. As shown in Figure 6A, a strong fluorescent

signal was observed in the Man-BSA@Rb1 NP group, while the

BSA@Rb1 NP group exhibited the weakest fluorescent signal.

Therefore, Man-BSA@Rb1 NP treatment was expected to

achieve the best therapeutic efficacy due to the increased

Rb1 delivery to the liver.

Next, the anti-inflammatory activity of Man-BSA@

Rb1 NPs was evaluated in Gal/LPS-induced liver injury

model. The related therapeutic efficacy was assessed by

detecting serum levels of ALT and AST (key biomarkers of

liver function), analyzing H&E staining of liver sections

(histological analysis of liver morphology), and testing the

change in TNF-α and IL-1β levels (key mediators of pro-

inflammatory factor). As shown in Figure 6B, ALT and AST

levels were significantly increased in the untreated group

compared with the healthy group. After different

treatments, especially for Man-BSA@Rb1 NPs, ALT and

AST levels were decreased compared with the untreated

group. In Figures 6C, D, H&E results also revealed that the

liver structure tended to be normal when compared with the

untreated group. Alterations in the pattern of TNF-α and IL-

1β levels resembled the trend of ALT and AST levels.

3.6 The safety evaluation of Man-BSA@
Rb1 NPs in vivo

The potential toxicities of the adopted carrier are ignored

factors for the application of the loaded drug. Therefore, the

in vivo safety of Man-BSA@Rb1 NPs was evaluated by

monitoring the liver function, histological section of major

organs, and levels of inflammatory cells (Supplementary

Figure S3). The results showed that there was no

significant change in the levels of ALT and AST between

the saline group and Man-BSA@Rb1 NPs. In addition, no

pathological change was found in the Man-BSA@Rb1 NP

group compared with the saline group, indicating the good

biocompatibility of Man-BSA@Rb1 NPs in major organs. The

blood analysis of white blood cells (WBCs), lymphocytes, and

neutrophils were also performed, and results showed that

there was no notable change in the number of blood cells

between the Man-BSA@Rb1 NP group and the saline

group. Moreover, the hemolytic activity of Man-BSA@

Rb1 NPs was evaluated, and results showed that Man-

BSA@Rb1 NP treatment exhibited the negligible level of

hemolysis.

4 Conclusion

In summary, we have engineered a novel delivery carrier

of Man-BSA, which can simultaneously increase

Rb1 solubility and endow Rb1 NPs with targeting ability.

The fabricated Man-BSA@Rb1 NPs showed attractive

properties with a uniform size distribution, spherical

shape, high encapsulation efficacy, satisfying stability, and

pH-dependent release. The cellular uptake and liver

distribution studies demonstrated that Man modification

could increase the accumulation of BSA@Rb1 NPs in cells

and liver. The improved anti-inflammatory efficacy of Man-

BSA@Rb1 NPs was demonstrated in LPS-induced

Raw264.7 cells in vitro and d-Gal/LPS-induced liver injury

model in vivo. The related molecular mechanisms were

potently involved by inhibiting NF-κB and MAPK

signaling pathways, including p-p65/p65, p-IκB-α/IκB-α,
p-JNK/JNK, and p-p38/p38 proteins. In addition, Man-

BSA@Rb1 NPs exhibited acceptable biosafety in vivo. The

results presented in this study demonstrate that Man-BSA

can play the ideal carrier for Rb1 delivery, which has the

potential as an effective delivery platform for enhanced anti-

inflammatory therapy.
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Our research focused on generating AgNPs usingMacrotyloma uniflorum (MU)

seed extracts and studied their efficacy in combating tumor growth using the 2-

Dimensional method for ovarian cancer cell line-PA-1. Characterization studies

including a UV-visible spectrophotometer confirmed the surface plasmon

resonance peak of 436 nm. Particle size determination data validated the

nanoparticle diameter of 91.8 nm. Synthesized AgNPs possess a negative

charge of -28.0 mV, which was confirmed through the zeta potential study.

Structural characterization studies including XRD determined the crystal phase

of AgNPs at four distant peaks at 2θ (38.17, 44.36, 64.52, and 77.46) and were

assigned to 111, 200, 220, and 311 planes of the FCC. FTIR studies have

confirmed the presence of O-H, N-H, C=O, ethers, C-Br, and C-I groups in

AgNPs respectively. DPPH study has confirmed the presence of free radicles

and we observed that at 500 μg/ml concentration, 76.08% of free radicles were

formed which shows their efficiency. MTT assay shows the efficacy of MU-

AgNPs in reducing the cell viability. At lower concentrations of MU-AgNP, 66%

viability was observed and 9% of viability was observed at higher dose. ROS

production (21%) was observed using MU-AgNPs with respect to 0.45% in

controls, which affirms the capacity to induce DNA damage via apoptosis.

Standard drug camptothecin generated 26% of ROS production which confirms

higher potential of AgNPs in inducing DNA damage in tumor cells without

causing lethality to the healthy cells. Further, the Fluorescence-activated cell

sorting (FACS) study using a standard Caspase-3 marker confirms the

generation of apoptotic bodies using two different concentrations of MU-

AgNPs. At 40 μg, 64% of apoptotic cell death was observed, whereas, using

20 μg, 23% of apoptosis was recorded via fluorescent intensity. Propidium

iodide-based Cell cycle study has shown a significant decrease in G0/

G1 phase compared to control (88.8%), which further confirmed the

apoptotic induction. Matrix metalloproteinases (MMP) studies using JC-1

dye, showed a significant increase in green fluorescence owing to lowered

membrane potential, thus ensuring the breakdown of mitochondrial potential

compared to untreated and standard drugs. With the obtained results, we are

OPEN ACCESS

EDITED BY

Yu Zhao,
Tufts University, United States

REVIEWED BY

Amir Mirzaie,
Islamic Azad University of Parand, Iran
Donghui Song,
Tufts University, United States

*CORRESPONDENCE

Josthna Penchalaneni,
penchalanenijyo@gmail.com

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to
Nanobiotechnology,
a section of the journal
Frontiers in Bioengineering and
Biotechnology

RECEIVED 26 June 2022
ACCEPTED 20 July 2022
PUBLISHED 16 August 2022

CITATION

Lavudi K, Harika VS, Kokkanti RR,
Patchigolla S, Sinha A, Patnaik S and
Penchalaneni J (2022), 2-Dimensional
in vitro culture assessment of ovarian
cancer cell line using cost effective silver
nanoparticles from Macrotyloma
uniflorum seed extracts.
Front. Bioeng. Biotechnol. 10:978846.
doi: 10.3389/fbioe.2022.978846

COPYRIGHT

© 2022 Lavudi, Harika, Kokkanti,
Patchigolla, Sinha, Patnaik and
Penchalaneni. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 16 August 2022
DOI 10.3389/fbioe.2022.978846

33

https://www.frontiersin.org/articles/10.3389/fbioe.2022.978846/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978846/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978846/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978846/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978846/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.978846&domain=pdf&date_stamp=2022-08-16
mailto:penchalanenijyo@gmail.com
https://doi.org/10.3389/fbioe.2022.978846
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.978846


concluding that MU-AgNPs has a tremendous capacity to suppress the ovarian

cancer cell proliferation in vitro by inducing DNA damage and apoptosis.

KEYWORDS

in vitro studies, Mitochondria membrane potential, ovarian cancer, Macrotyloma
uniflorum, AgNPs

1 Introduction

Nanoparticles are widely used in industry, cosmetics,

biotechnology, and nanomedicine due to their unique features

and numerous applications. In recent years, research on metallic

nanoparticle applications has become one of the most fascinating

fields all around the world (Sagadevan et al., 2020). Among them,

biomedical application usage has a vast contribution (Yesilot and

Aydin, 2019; Karmous et al., 2020). One of the most widely used

and commercialized nanomaterials are silver nanoparticles

(AgNPs) gaining popularity due to their broad range of

applications in biomedicine. Because of their distinctive

qualities, such as photonic and catalytic features, antibacterial,

anticancer, and antiangiogenic drugs are all made with AgNPs.

They could potentially be utilized in the development of novel and

better functional materials (Ghosh, 2019; Sanjay, 2019; Silva et al.,

2019). AgNPs are nanoparticles with unique physico-chemical

properties ranging from 10 to 100 nm in size. Biological

approaches, among the multiple synthetic methods for AgNPs,

appear to be simple, rapid, non-toxic, reliable, and green

procedures that may produce size and shape that are well

defined under ideal conditions for traditional study. Plant-

mediated AgNPs are non-toxic, environmentally beneficial,

cost-effective, and quickly produced while also acting as

reducing, stabilizing, and capping agents. Thus, compared to

chemical and physical procedures, the green method of

synthesizing AgNPs has several advantages. Green nanoparticles

have a high production, solubility, and stability. Metallic

nanoparticles that contain medicinal herbs have powerful anti-

tumor properties. Thesemetal nanoparticles containing herbs have

been utilized to treat ovarian, prostate, oesophageal, stomach and

lung cancers, and numerous leukemias in recent years (Shaneza

et al., 2018; Mahdavi et al., 2019; Li et al., 2020; Liu et al., 2020).

Ovarian cancer is the world’s second most prevalent

gynaecological malignancy, and the fifth most common cancer

overall (Momenimovahed et al., 2019). Obesity and overweight,

gynaecological surgery, hormone therapy, breast cancer, age,

family history, reproductive history, human, talcum powder,

and HPV are all variables that increase the risk of ovarian

cancer (Ebell et al., 2016). Ovarian cancer started as a single

aberrant cell that spread throughout the uterus and the rest of the

body (Grossmann et al., 2018). Lethargy, weight loss, nausea,

bloating, backpain, early satiety, abdominal pain, constipation,

sudden vaginal bleeding, urine frequency, bloating, and dyspnoea

are all the signs and symptoms of ovarian cancer. Blood tests,

biopsy, laparoscopy, pelvic ultrasound and imaging tests like

MRI (magnetic resonance imaging), CT scan (computed

tomography), PET scan (positron emission tomography),

Chest X-ray are all used to diagnose ovarian cancer

(Grossmann et al., 2018). Most cases are discovered after they

have progressed to an advanced stage (Vargas, 2014). In women

with ovarian cancer, preliminary treatment included surgery

followed by platinum-based chemotherapy (Brastasz et al.,

2006). Even though majority of women respond to first

treatment, chemoresistance develops with time. Cancer

recurrence is aided by the great degree of heterogeneity found

within ovarian tumors, which is a major feature of the disease, as

well as between different ovarian cancer subtypes.

Chemotherapy, immunotherapy, and radiation therapy are all

used by many clinicians to treat various types of malignancies.

Patients with ovarian cancer benefit from a combination of

chemotherapy at first, but resistance develops over time

(Pokhriyal et al., 2019). Chemotherapeutic medications have a

negative impact on the body, so developing an effective

chemotherapy treatment using metallic nanoparticles is critical

nowadays. Natural product exploitation is one of the most

effective strategies for discovering new hits and leads among

the numerous tactics (Newman and Cragg, 2012).

Reactive oxygen species (ROS) are the main source of cellular

oxidative stress. The regulation of ROS equilibrium is crucial for

cellular development, metabolism, and survival (Kim et al.,

2016). For tumor formation, ROS can be a two-edged sword

(Srinivas et al., 2019). ROS-induced oxidative DNA damage, on

the other hand, may cause cell death (Wang et al., 2020). One

strategy for tumor cells to achieve this goal is to increase the

expression of redox protection proteins, which helps to control

intracellular ROS levels (Azzouz et al., 2021). This adaptation

would allow the tumor-promoting effects of ROS to be separated

from their tumor-suppressive effects (Preya et al., 2017). The

increased levels of superoxide radicals fluctuate the

mitochondrial transmembrane potential and disrupt the

signalling pathway, causing apoptosis and cell death (Fani

et al., 2016; Kim et al., 2017). Increased ROS generation

damages biological components, including DNA

fragmentation, lipid membrane peroxidation, and protein

carbonylation. Caspases 3 and 9 are activated by altered

mitochondrial membrane potential, resulting in cellular death.

It then stimulates a number of downstream signalling pathways,

resulting in the creation of apoptotic bodies and cell cycle arrest

(Ratan et al., 2020). Cell death in tumor cells is triggered by an

increase in ROS, cell cycle arrest, and caspase-3 activation

(Kumari et al., 2020). Furthermore, ovarian cancer has been
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linked to the damaging effects of ROS by reducing the production

of antioxidant enzymes (Jiang et al., 2011).

Because of its simplicity and eco-friendliness, plant-mediated

biological nanoparticle production has gained popularity in

recent years. Plants are a better platform for production of

nanoparticles since they are free of hazardous chemicals and

contain natural capping agents. Many medicinal plants are used

to treat ovarian cancer in traditional medicine, including Allium

sativum, Zingiber officinale, Dioscorea bulbifera, Camellia

sinensis, Quercus tinctoria, Camptotheca acuminate, Piper

capense, Podophyllum peltatum, Albizia schimperiana, Taxus

brevifolia, Azadirachta indica, Asparagus racemosus, Ginkgo

biloba, Symplocus racemosa, Saraca indica, and Solanum

aculeastrum (Palanisamy et al., 2021; Aman et al., 2018).

Metal nanoparticles produced and manufactured using these

plants are expected to have substantially better anti-cancer

effects against ovarian cancer cells. Plant-mediated AgNPs

have been shown to exhibit anticancer properties in PA-1

(Ovarian cancer cells) (Palle et al., 2020). The G1 phase cell

division was delayed by these green synthesized AgNPs,

demonstrating that AgNPs can control the cell cycle and limit

cell proliferation (Javed and Mashwani, 2020).

Macrotyloma uniflorum Linn. (Horsegram), is one of the less

well-known grain legume species belonging to family Fabaceae

(Singh et al., 2013). In many parts of India, Macrotyloma

uniflorum grains are commonly consumed as a green

vegetable and are believed to be high in protein and have

medicinal benefits (Prasad and Singh, 2015). Horse Gram

seeds contain bioactive compounds such as phenolic acids and

isoflavonones, which play a key role in enhancing antioxidant

enzymes in cancer cells thus imparting anticancer properties

(Ingle, et al., 2020). Horsegram, is used for asthma, bronchitis,

leukoderma, urine discharges, kidney stones, and heart disease,

according to traditional medical sources (Marimuthu and

Krishnamoorthi, 2013). Green synthesized AgNPs made from

a bioactive fraction of M. uniflorum was found to have anti-

cancer properties (Anjum et al., 2021). Despite the fact that horse

Gram is thought to play a key role in modern diets, little research

has been done on its cytotoxic effects. M. uniflorum seed

methanolic extract is used to make silver nanoparticles in this

study. The synthesized nanoparticles using Macrotyloma

Uniflorum, hereafter mentioned as (MU-AgNPs) were

examined using a variety of analytical methods. The biological

activity was tested against a common ovarian cancer cell line, PA-

1, for antioxidant, cytotoxicity, and anticancer properties.

2 Materials and methods

2.1 Seed collection

Macrotyloma uniflorum seeds were obtained from local

markets in Tamilnadu, India. Identification and confirmation

of these seeds was done by Dr. B. Nagaraj, Dept. of Botany, Sri

Venkateswara University, Tirupati, India. The seeds were washed

by removing stones and dried in a shady place. They were then

pulverised into a fine powder, sieved, labelled, and kept in a zip

lock cover for future investigations.

2.2 Plant extract preparation

Coarsely powdered seeds of M. uniflorum was used for

extraction using methanol solvent. 5 g of powder was mixed

with 100 ml of methanol in a thimble of soxhlet apparatus and

extracted for 6 h at 64°C. The extract was weighed after being

evaporated in a rotary flash evaporator at 64°C at 100 rpm and air

dried at 25–35°C. The sample was collected and stored in a

scintillation tube for later use.

2.3 Synthesis of M. uniflorum silver
nanoparticles

To make up the volume to 5 ml, 2 ml of extracted material

was mixed with 3 ml of distilled water. The extract was treated

with 10 ml of a 1 mMAgNO3 solution, and the tubes were kept in

a water bath at 70–80°C for 20 min to allow the reduction

reaction to take place. The presence of silver nanoparticles

was confirmed by a shift in color from pale yellow to brown

in the solution (AgNPs).

2.4 Characterization of biosynthesized
MU-AgNPs

The UV-Visible spectrophotometer (NanoDrop

8,000 Spectrophotometer) in the 200–600 nm range was used

to characterize the biosynthesized AgNPs. The crystalline

structure of AgNPs was investigated using X-ray diffraction

(XRD) was recorded using the XRD6000 (Shimadzu) in the 2θ
range (30–80) (Shimadzu IR). The presence of functional

groups in MU-AgNPs was detected using the potassium

bromide (KBr) pellet approach on a Shimadzu IR 8400 FTIR

(Fourier transform-infrared spectrum) Spectrophotometer

(Shimadzu IR) in the 4,000–400 cm−1 range. Philips EM208S

was used to record transmission electron microscopy (TEM)

images to assess the size and shape of AgNPs. The average

particle size distribution, hydrodynamic diameter, stability, and

polydispersity index (PdI) of MU-AgNPs were determined and

measured using a dynamic light scattering (DLS) particle size

and a zeta potential analyzer (Horiba Nanopartica SZ-100

Nanoparticle analyzer). The clear nanoparticles solution was

used for this analysis after the samples were filtered using

0.2 mm syringe filters, with measurements conducted at the

appropriate range.
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2.5 Antibacterial activity of MU-AgNPs

Anti-bacterial activity was tested against Escherichia coli, Bacillus

subtilis, Klebsiella pneumonia, and Staphylococcus aureus on nutrient

agar plates. Using an L-shaped glass rod, bacterial cultures were

evenly dispersed on the surface of the solidified agar media in Petri

dishes overnight. 5 mm diameter discs were made using sterile

Whatman filter No. 1 paper, and discs were placed equidistantly

on each of the inoculated Petri plates with the help of sterile forceps.

By using a micropipette and sterile micropipette tips, biosynthesized

silver nanoparticles at various concentrations ranging from10–40 μg/

ml were added to the discs. The centre of the plate was filled with

30 µl of crude sample disc. Antibiotic disc plates were made by

placing levofloxacin antibiotic discs in the centre of the agar plates as

a positive control and incubating them overnight or for 12–16 h at

37°C. The clear zone appeared after incubation was measured as an

inhibitory zone (Cos et al., 2006).

2.6 DPPH activity of MU-AgNPs

The free radical scavenging assay was determined with the

2,2-Diphenyl-1-picrylhydrazyl radical (DPPH) (Tahvilian

et al., 2019). Different concentrations of green synthesized

nano and crude samples were taken, 100–500 µg/ml, and

made the final volume of 2 ml by adding methanol. To each

tube, 1 ml of DPPH was added. The absorbance of the mixtures

was measured at 570 nm after 30 min of incubation in dark.

3 ml of DPPH was used as a control. MU-AgNPs and the plant

crude extracts were measured and expressed as percentage of

inhibition (%).

Inhibition (%) � [Abs] control − [Abs] sample

[Abs] control X100 (1)

2.7 Anti-cancer activity of MU-AgNPs

The antitumor activity of MU-AgNPs was assessed in vitro using

the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) method against PA-1 cells (You et al., 2012). In a

nutshell, cells were grown and maintained in DMEM (Dulbecco’s

modified Eagle’s medium) pH 7.4 with 10% foetal bovine serum

(FBS), glutamine (2 mM), penicillin—streptomycin (100mg/ml).

Cells were seeded at a density of 0.1 million in a 96 well plates.

After 24 h, the cells were treated with different concentrations of

MU-AgNPs ranging from 50–300 μg/ml. After 24 h treatment, each

well was filled with 15 µl of MTT (5mg/ml) in phosphate buffered

saline (PBS) and incubated for 4 h at 37°C. The MTT medium was

then flicked off, and the formazan crystals that had formed were

dissolved in 100 µl of dissolving solution before being measured at

570 nmwith a microplate reader. Data was plotted by calculating the

viability percentage.

[Abs] Test
[Abs]control x 100 � Percentage of cell viability (2)

100 − Abs (sample)
Abs (control) x 100 � Percentage of cell inhibition (3)

2.8 Flow cytometric analysis using
propidium iodide

PA-1 cells were planted at a density of 1*105 cells per well in a

6-well plate and cultured for 24 h at 37°C in a CO2 incubator. The

cells were treated the next day with the drug, MU-AgNPs, based

on the IC50 value. The cell control received no treatment. The

treatment was administered for two different periods of time,

namely 24 and 48 h. Cells were trypsinized and centrifuged at

8,000 rpm for 5 min and the pellet was collected. The cells were

rinsed in cold PBS and 1 ml of 70% chilled ethanol was added by

vortexing. Ethanol was removed by centrifuging at 2000 rpm for

15 min at 4°C followed by a PBS wash. 50 µl of RNase A was

added to the pellet and incubated for 30 min at 37°C. The cells

were given 450 µl of PI solution. The cell cycle profile for

10,000 events was obtained using the Fluorescence-activated

cell sorting (FACS) calibrator.

2.9 Annexin V/PI apoptotic assay

PA-1 control, untreated and treated (AgNPs) cells were seeded

at a density of 3*105 cells/well in 6-well plates, incubated overnight,

and then treatedwith 5 µMof camptothecin or the control (DMSO).

Cells were trypsinized, washed once with PBS, and suspended in 1 ×

binding buffer after 48 h of treatment. After that, each sample was

incubated for 15 min at room temperature in the dark with annexin

V-FITC (5 μl) and PI (5 μl). Flow cytometry was used to examine

the cells (BD Biosciences, San Jose, CA, United States). After 48 h of

treatment, cells were trypsinized, washed once with PBS, and then

suspended in 1× binding buffer. Annexin V-FITC (5 μl) and PI

(5 μl) were then added to each sample, followed by incubation for

15 min at room temperature in the dark. Cells were analyzed using

flow cytometry (BD Biosciences, San Jose, CA, United States).

2.10 Cell cycle analysis

PA-1 cells were seeded in six well plate and incubated overnight.

After 24 h, cells were treated for 24 h with 40 μg of MU-AgNP

extract and camptothecin (5 µM). After trypsinization, the pellet was

collected, reconstituted in cold ethanol (70%), and frozen for an

hour to improve the staining capacity. The cells were washed twice

with cold PBS and centrifuged for 5 min at 3,000 rpm. In 0.5 ml of

PI/RNase staining buffer, the pellet was resuspended and incubated

at room temperature in the dark for 30 min. A FACS Calibur flow
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cytometer was used to determine the cell cycle distribution (Becton

Dickinson, United States). A total of 10,000 gating occurrences were

recorded.

2.11 Mitochondrial membrane
potential (ΔΨm)

Changes in mitochondrial membrane potential were

determined by flow cytometry using the fluorescent dye

3,3′-dihexyloxacarbocyanine iodide (DiOC6) to understand

the role mitochondria play in PA-1 cell death after treatment

with MU-AgNPs (Sigma). In 6-well plates, PK-1 cells

(3,104 cells/well) were planted. The cells were washed with

PBS and resuspended in 10 nM DiOC6 after being incubated

with camptothecin (5 µM) or DMSO for 24 and 48 h. The cells

were flow cytometrically examined immediately after 30 min

of incubation at 37°C.

2.12 Caspase-3 and Caspase-7 activity

The activity of caspase-3 and 7 was evaluated via flow

cytometry according to the method described by Moraes et al.

(2013), with minor modifications. Cells were seeded in 24-well

plates (105 cells/ml) and grown in media containing 10% FBS for

24 h after being treated with the AECL or AECR IC50. The cells

were centrifuged, washed, and fixed in 4% paraformaldehyde in

PBS for 30 min after treatment. The cells were then washed in

PBS containing 0.1 M glycine, permeabilized with 0.01% saponin

for 30 min, then blocked for 30 min at room temperature in PBS

containing 1% bovine serum albumin (BSA). The cells were then

incubated in the dark at room temperature for 40 min with an

anti-active caspase-3 monoclonal antibody labelled with FITC

(BD Pharmingen, San Diego, CA, United States). Fluorescence

was analysed using Cell Quest software in a FACS Calibur flow

cytometer (Becton Dickinson, United States) after incubation

(10,000 events were collected per sample).

2.13 Reactive oxygen species study

In a growth medium, 0.1 million cells were sown in a 6-

well plate and incubated for 24 h. Cells were treated for 24 h

with MU-AgNPs (20 and 40 μg/ml) and 5 µM Camptothecin.

Cells were trypsinized and washed three times with PBS

(pH 7) after 24 h of treatment. The supernatant was

discarded after centrifuging the cells. The H2DCFDA

reagent (2 M, 1 ml) was then applied to the collected

pellets, and the cells were incubated at room temperature

in the dark for 1 h. The pellet was washed with Dulbecco’s

phosphate-buffered saline (DPBS), pH 7.4. The fluorescence

intensity (FL1-H) of each cell pellet was then measured using

FACS equipment (write the model type). A total of 10,000 gate

events were measured for each analysis.

2.14 Statistical analysis

Data were expressed as mean ± SEM in triplicate. Statistical

analysis was performed using one-way ANOVA (SPSS version 17).

3 Results

3.1 Characterization studies

3.1.1 Green synthesis of silver nanoparticles
The generation of AgNPs was confirmed by the change of color

from transparent to dark brown by reduction process. Enhancement

of the color is a confirmation for AgNP production. This color

change was occurred due to the presence of several bioactive

compounds such as tannins, flavonoids, terpenoids, phenols,

amines etc. Figure 1 represents the change of colour which

confirms the AgNP synthesis.

3.1.2 UV-vis spectrophotometer
Spectrophotometry studies confirmed the distant surface

plasmon resonance bands at a peak of 436 nm (Figure 2) in

Macrotyloma uniflorum seed extracts. Similar results were

obtained in Vidhu et al. (2011).

FIGURE 1
Represents the reduction of Macrotyloma uniflorum silver
nanopracticles. Change colour to light brown confirms the
synthesis.
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FIGURE 2
UV-visible absorbtion spectra of AgNPs synthesized from Macrotyloma uniflorum seed extract with 1 mM silver nitrate.

FIGURE 3
Show the average Z-value particle size of synthesized silver nanoparticle.
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3.1.3 Particle size determination
Synthesized silver nanoparticles range from a size of

50–100 nm. Obtained particles in our study have an average

diameter of 91.8 nm confirms their identity as AgNPs (Figure 3).

Nindawat and Agrawal (2019) studies confirmed the silver

nanoparticle size can be either lower (20–60 nm) or medium

(200–500 nm). This helps us in confirming the size of the

synthesized nanoparticles.

3.1.4 Zeta potential
This study helps us to reveal the possessed charge of the

synthesized MU-AgNPs. Electrostatic charge Zeta potential

obtained by these particles is −28.0 mV (Figure 4). The negative

charge helps the AgNPs from aggregate formation due to the

repulsion among themselves. Many studies have confirmed the

negative charge in various AgNP synthesized plant extracts.

3.1.5 XRD studies
X-ray diffraction technique (XRD, D/Max 2005; Rigaku)

was used to investigate the crystal phase structure of the

AgNPs, synthesized using leaf extracts. Crystal phase of

AgNPs is determined using XRD. AgNPs, which was

synthesized using HG extract (Figure 1) has shown four

distinct peaks at 2θ = 38.17, 44.36, 64.52, and 77.46 were

assigned to (111, 200, 220, and 311) planes of face centered

cubic (FCC) structure of metallic silver (JCPDS 04–0,783)

with Fm3m planetary group symmetry (Figure 5). Scherrer’s

equation is used to calculate the mean crystallite diameter

(MCD) of as synthesized nanoparticles, and the size is found

to be ≈20–30 nm of AgNPs.

FIGURE 4
Shows Zeta potential of silver nanoparticles Macrotyloma uniflorum seed extracts.

FIGURE 5
The peaks showing X-RAY Diffraction of AgNPs.
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3.1.6 FTIR studies
FTIR spectrum of methanolic seed extract showed

significant peaks at 3,540.38, 3,483.39, 3,423.96, 1,635.78,

2062.44, 1,062.77, 618.24, 497.05, 473.10, 449.11, and

428.82 cm−1 which corresponds to the presence of

R-COOH, N-H, C=O, C≡C, Ethers, C-Br, C-I stretch,

respectively. The nano extract of seed showed significant

peaks at 3,397.98, 1,621.50, 2,919.91, 2,851.61, 1,421.00,

FIGURE 6
FTIR analysis of crude (A) and AgNP (B) samples of Macrotyloma uniflorum seed extracts.

FIGURE 7
TEM images of synthesized nanoparticles from Macrotyloma uniflorum at 50, 100, and 200 nm respectively.
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1,383.58, 1,271.80, 1,020.06, 667.87, 480.88, 432.85, and

416.45 cm−1 which corresponds to the presence of O-H,

N-H, C=O, C-H, Ethers, C-Br, C-I respectively. (Figure 6).

3.1.7 TEM analysis
The TEM images of the silver nanoparticles biosynthesized

fromMacrotyloma uniflorum shows spherical and oval shapes at

50, 100, and 200 nm. (Figure 7).

3.2 Anti-bacterial activity

By using the disc diffusion technique on nutrient agar plates,

the obtained results S. aureus has shown a range of inhibition

zone compared to other microbes. Hence, we have seen a minute

anti-bacterial activity using MU-AgNPs. Figures 8A,B shows the

zone of inhibitions between plant extracts and levofloxacin.

(Supplementary Table S1).

FIGURE 8
(A) Anti-microbial activity of both crude and nano synthesized samples. (B)Anti-microbial activity of board-spectrum Levofloxacin antibiotic
with E. coli, Bacillus subtilis, klebsiella pnemoniae, and staphylococcus aureus respectively.

FIGURE 9
(A)-indicates the % of free radicle inhibtion through DPPH activity. (B,C) indicates the colur change in crude extracts (B)and AgNP (C)
synthesized extracts.
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3.3 Free radicle scavenging assay

Antioxidant activity of crude and AgNPs synthesized from

Macrotyloma uniflorum plant was checked by DPPH free radical

scavenging assay. This method is dependent on the reduction of

DPPH radical to the non-radical form DPPH-H in the presence of

hydrogen donating antioxidant. The % of inhibition of crude and

AgNPs were represented in the Figure 9A. The % of inhibition of

AgNPs was increased with increasing concentration and the highest

percentage was observed at highest concentration of 500 μg/ml used

in this assay and was found to be 76.08%. DPPH assay is an easy,

rapid, and sensitive way to survey the antioxidant activity of a

specific compound of AgNPs. (Figures 9A–C).

3.4 Cytotoxicity studies

Cytotoxicity studies were performed in Ovarian cancer

cell line PA-1 by using MU-AgNP samples at different

concentrations (0–250 µg) (Figure 10A). At 50 µg

FIGURE 10
Represents the anti cancer activity of Horse Gram AgNP extracts in both (A)-HEK293 and (B)-PA-1 cells by MTT assay method.

FIGURE 11
Shows the capase the activity at 20 and 40 µg concentration treated with MU-AgNPs.
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concentration, 66.6% of viability was observed and at 250 μg,

9% viability was observed which shows that these MU-AgNPs

have a higher efficiency to inhibit the cancer cell growth

compared with the control cell line HEK293 (Figure 10B)

which has a viability around 40% at the highest concentration.

3.5 MU-AgNP promotes apoptosis

Our studies indicated the ability of MU-AgNP to influence

cell viability. Caspase-3 marker assay is a standard analysis

carried out using FACS to understand the potential of a

compound as an apoptotic agent. Hence, the Caspase-3 was

designed using two different concentrations of Mu-AgNP

obtained from Annexin V assay, to evaluate its apoptotic

potential in PA-1 cells. FACS analysis of the Caspase-3-FITC

stained cells revealed efficient concentration dependent initiation

of apoptosis by MU-AgNP. The results showed a significant,

MU-AgNP concentration dependent increase in PA-1 cells

apoptotic population compared to the control untreated group

(Figure 11). At 20 µg & 40 µg MU-AgNP exerts 23 and 64% of

apoptotic cell death as per the caspase-3 fluorescent intensity

increases in treated cells. Notably the potential of MU-AgNP to

selectively to induce apoptosis in a concentration dependent

manner is an ideal property for cancer therapy related drugs. The

results obtained from FACS were further confirmed by cell cycle

analysis and CLSM imaging of the PA-1 cells using other related

studies.

3.6 Cell cycle analysis MU-AgNP causes
DNA damage and cell cycle arrest

Based on the earlier results it would be of interest to study

the influence of MU-AgNP on different phases of PA-1 cell

cycle. One of the properties of an effective anticancer drug is

to selectively target a specific phase in the life cycle of the

cancer cell. PI based cell cycle analysis was carried out using

FACS to identify the influence of MU-AgNP on different

phases of the PA-1 cell cycle (Figures 12A–C). Results from

FIGURE 12
Shows the cell cycle analysis of MU-AgNPs treated with control and 20 and 40 µg concentration.
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the cell cycle analysis showed increase in G2/M phase

population with a concomitant decrease of cells in the

SubG0/G1 phase (Figures 12B,C). In contrast there is a

considerable increase in SubG0/G1 which is characterized

by DNA damage and a feature of apoptotic cells. Cells

treated with MU-AgNP showed a significant decrease in

G0/G1 phase (~28.8 & 54%) compared to the control group

(88.8%). Whereas the S phase cell population showed

significant increasing trend compared to the control

group. The cell cycle analysis results further confirmed the

potential of MU-AgNP as an anticancer agent with ability to

induce apoptosis in PA-1 cell line.

3.7 PC3 AgNP induces mitochondrial
membrane damage

Apoptosis is often associated with the induction of cellular

oxidative stress and altered membrane function in organelles

such as mitochondria. The level of altered membrane function

or membrane damages has been shown to have strong

correlation with the induction of apoptotic pathway in

cells. This mode of apoptotic induction is one of the key

features for an anticancer agent. Earlier assay results along

with FACS based Caspase-3 assays showed strong ability of

MU-AgNP to reduce cell viability of PA-1 cells and induce

apoptosis. Hence, the influence of these MU-AgNP on

Mitochondrial membrane damages of the PA-cells would

be of interest to understand whether the apoptotic pathway

of the PA-1 cell is influenced via membrane damage. The

potential-dependent alteration of membrane potential,

treated with MU-AgNP was analyzed using CLSM with the

aid of JC-1 dye, the results showed that in comparison with

untreated, treated cells showed Significant increase in green

fluorescence owing to lowered membrane potential. Thus, the

increase in green fluorescence intensity in MU-AgNPs treated

cells indicates break-down of the mitochondrial membrane

potential in comparison with untreated, which indicates drug

induced apoptosis activity. The images concurred with the

results observed in FACS indicating that MU-AgNP might be

playing a role by altering the mitochondrial membrane

potential further leading to apoptosis. (Figure 13).

FIGURE 13
Shows the mitochondrial membrane potential activity of MU -AgNPs treated with control and 20 and 40 µM Concentrations. Increase in JC-1
green staining in the treated samples confirms the break down of mitochondria resulted due to apoptosis.
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3.8 Reactive oxygen species generation

Several reports have shown that Reactive oxygen species

(ROS) is an indication of DNA damage/apoptosis mechanism

(Mitra et al., 2019; Ebrahimzadeh et al., 2018).

NavaneethaKrishnan et al. (2019) has reported that

polyphenols which are a part in phytochemical extracts of a

plant are the key compounds for ROS induced DNA damage.

MU-AgNP particles has ROS production of 21.3% at 40 µg

concentration whereas untreated ones have a percentage of

0.45%. Standard drug camptothecin generated 26% of ROS.

Zeta potential studies has shown the negative surface charge of

the MU-AgNP which is not the prime factor for both the

cytotoxicity and ROS generation. (Cameron et al., 2018).

Several studies on cancer using phytochemical extracts from

plants and their parts has shown ROS activity as a sign of DNA

damage in cancer cells compared to the controls. Ahn and Park

(2020) studies have shown that AgNPs has a capacity to

generate ROS and thus can cause damage to the DNA in

A549 lung cancer cells. Considering this, we reported that

ROS production using AgNPs derived from Macrotyloma

uniflorum seeds have a capacity to generate ROS by

damaging the DNA in Ovarian cancer cells along with the

standard drug camptothecin. (Figure 14).

4 Discussion

Nano based medicine has gained a huge popularity in past

decades because of fewer toxicity. Organic synthesis method

enhanced its therapeutic activity and hence could be effective

to treat against various ailments. In a recent review by

Hembram et al. (2018), choosing AgNPs over AuNPs has

been highlighted at in vivo level and can be supported by the

reason of choosing Eco-friendly synthesis of AgNPs which has

gained a vast recognition over globe not only because of their

effectivity but also due to the efficacy (Srivastava et al., 2018).

Utilising the organic plant extracts in treating diseases

specifically cancer is highly required considering no

damage to the healthy cells which are surrounding in the

tumor microenvironment (Srivastava et al., 2018; Singh et al.,

2021).

Considering the above, our research mainly focussed on

poor man’s legume Macrotyloma uniflorum because of its

wider availability in the Asian countries. AgNP production

was confirmed by analysing the wavelength spectrum from

300–700 nm and observed the wider SPR bands. Macrotyloma

seed extracts has showcased a characteristic peak at 436 nm

using AgNO3 mixture, which likely confirms green synthesis

of AgNPs. These results are quiet similar from the work done

FIGURE 14
Shows the ROS generation in control, standard and AgNP treated samples.
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by Vidhu et al. (2011). Particle size of the silver nano particles

plays an important role in the therapeutic strategies. The size

of the nanoparticle determines whether the AgNP tagged

compound has a capacity to penetrate through the cell

membrane and bind to the intra cellular compartments. M.

uniflorum seed extracts has shown an average size of 91.8 nm

which falls into AgNP category. Zeta potential studies

revealed the negative charge of the synthesized nano

particles which shows the repulsion character among

themselves by avoiding the aggregate formation. Crystal

studies were determined by XRD, which is an advanced

technique to study the crystal nature of MU-AgNPs. TEM

analysis has confirmed the spherical structure of nanoparticles.

However, our data has not shown significant anti-bacterial

activity.

In vitro assays have showed significant results which shows

similarity with the early reports. MTT assay has showed a

significant result in the viability of PA-1 cells compared to the

control cell line which confirms that MU-AgNPS have a capacity

to inhibit the tumor cell growth (Palle et al., 2020). Further FACS

analysis have shown the tremendous in G2/M phase and a

concomitant decrease in subG0/G1 phase confirms the

presence of apoptotic cells. Further, caspase 3 study by FACS

has confirmed the generation of apoptotic cells using different

concentration of MU-AgNPs at 23 and 64%. This confirms that

MU-AgNPs can cause the tumor cells to death through apoptotic

pathway. Our data matches with the other reports who has used

different plant AgNP extracts (Bordoni et al., 2021). Finally,

mitochondrial membrane potential studies confirmed the

reduction of cell viability through apoptosis process, thus

staining with JC-1 dye confirmed that MU-AgNPs treated

group has shown high intensity thus confers the breakdown

of mitochondrial membrane and results in lower membrane

potential.

5 Conclusion

We are concluding our finding by saying that MU-AgNPs

can be a promising treatment regimen to control the proliferation

of Cancer cells, particularly Ovarian cancer. Further studies are

highly recommended to see whether they have the similar

capability to control the growth of resistant tumors and

combinational drug treating of MU-AgNPs alongside primary

treatment regimens can be highly appreciated. Studies related to

cancer cell signaling pathways are much needed to target specific

genes.
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Rapid and accurate sensing of β-galactosidase (β-gal) activity is particularly critical for
the early detection of many diseases and has become a topic of interest in recent

years. However, most traditional probes for β-gal sensing often suffer from the

disadvantages of narrow dynamic range, low reaction efficiency and are only

employed with either colorimetric or fluorescence sensing. Furthermore, β-
galactosidase sensing based assay for efficient detection and antibiotic resistance

analysis of Escherichia coli (E.coli) is not available. Here, an enzyme-induced probe

assaywas reported for dual sensitive fluorescence and colorimetricmeasurement of

β-gal activity, and was further employed for detection of Escherichia coli and their

antibiotic resistance analysis. The DCM-βgal probe was virtually non-emissive in

aqueous solution, while it could be activated by β-gal to produce bright emission.

Under optimized conditions, DCM-βgal displayed high sensitivity, selectivity and

rapid response to β-galwith a lowdetection limit of 1.5× 10−3Uml−1. Importantly, this

assay was successfully applied to sensitive detection of E. coli cells with a fast

detection process within 5 h and a low detection concentration of 1 × 103 CFUml−1.

Furthermore, the enzyme-activatable assay was also successfully applied for high

throughput E. coli antibiotic resistance analysis. The DCM-βgal strategy is applied for

the first time on the detection of E. coli cells and their antibiotic resistance analysis. It

is provided with the advantages of high selectively, a simple operation, low cost and

rapid detection. The detection platform can also be extended to analyze the level of

β-gal in other types of cells or biological samples. Overall, the simple, effective and

dual-readout assay holds promise for efficient sensingof β-gal activity andprovides a
potential tool for E. coli detection and their antibiotic resistance analysis.

KEYWORDS

dual-readout probe, β-galactosidase sensing, Escherichia coli detection, antibiotic
resistance analysis, enzyme reaction
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Introduction

Enzymes play important roles in a variety of biological processes

and have served as crucial biomarkers for disease diagnosis and

monitoring. Rapid sensing of the specific enzymes activity is

emerging as a critical strategy for accurate disease diagnostics and

developing simple, effective sensing system has gained considerable

attention in past decades. Among these specific enzymes, β-
galactosidase (β-gal) is widely known as a common kind of

hydrolase in cells and the main biological function of β-gal is to
remove galactose residues from substrates (Komatsu and Urano,

2015). In recent years, β-gal has attracted extensive attention as a vital
enzyme biomarker because it has been shown to be overexpressed in

senescent cells, tumor cells as well as in Escherichia coli (E.coli)

(Munoz-Espin and Serrano, 2014; Chen et al., 2016; Gu et al., 2016;

Adkins et al., 2017; Nishihara et al., 2018). Therefore, developing

efficientmethods to detect β-gal with high efficiency and specificity is
thus of great importance for the early diagnosis of the specific

diseases and the identification of E.coli infection.

Although a number of approaches have been proposed for

detecting the activity of β-gal, but most of them suffer from various

disadvantages. For example, colorimetric methods have been

suggested as convenient assays for visual detection of the β-gal
concentration (Chen et al., 2015; Chen et al., 2016; Adkins et al.,

2017; Jia et al., 2018). However, most of these enzyme-induced

colorimetric strategies often do not have broad color changes

enough for quantitative measurement of the enzyme activity.

Electrochemical methods are sensitive enough to measure β-gal
activity (Adkins et al., 2017; Wang et al., 2017). Unfortunately, they

mostly rely upon advanced instrumentation and require

cumbersome processes. Furthermore, the above methods are not

suitable for the assessment of endogenous β-gal activity in vivo. In

contrast to colorimetric and electrochemical methods, fluorescent

sensors have attracted extensive attention because of their simplicity,

high sensitivity, high signal-to-noise ratio, and their ability for

imaging β-gal in vivo (Jiang et al., 2017; Fu et al., 2019; Gu et al.,

2019; Zhang et al., 2019). However, most traditional fluorescent

probes suffer from the disadvantages of background fluorescence

interference, narrow dynamic range and long response time, which

can greatly hamper their application in biological analysis. Thus, it is

highly desirable to develop a fluorescent probe capable of detecting

β-gal with an improved dynamic range and enhanced reaction

efficiency.

E.coli contamination remain major public health challenge and

substantial health burden worldwide, accounting for most urinary

tract infections and over 90% of food and waterborne diseases

(Oliver et al., 2005; Jones et al., 2008; Scharff, 2012). On the other

hand, the increasing trend of antibiotics resistance poses another

significant threat to public health. Therefore, the rapid and sensitive

detection of E.coli concentration and E.coli antibiotic resistance has

been a crucial research topic and is critical to the early diagnosis and

prevention of E.coli infection. The current gold-standard method,

culturing and plate counting, is accurate and reliable for E.coli

detection. However, it is quite time-consuming and laborious,

requiring at least 2 days from sampling to results and even

longer for antibiotic resistance analysis (Rompre et al., 2002).

Another widely used and promising method for E. coli detection

is determination of β-gal activity. β-gal is a well-known intracellular

enzyme that is encoded by the lacZ operon in E. coli cells and it has

been widely used as an indicator for the determination of E. coli

concentration in drinkingwater and food samples (Colquhoun et al.,

1995; Derda et al., 2013; Burnham et al., 2014; Chen et al., 2015;

Chen et al., 2016). A number of strategies and probes have been

developed to detect β-gal in E. coli. Unfortunately, those strategies

often take several hours for reaction and are only employed with

either colorimetric or fluorescence sensing. Moreover, the

requirement of multiple steps of T7 bacteriophage infection and

complex chemical reaction in some assays further restrict their

clinical application (Chen et al., 2015; Chen et al., 2016; Wang et al.,

2017).

Here, we utilized a simple and effective probe, DCM-βgal, for
dual sensitive fluorescence and colorimetric measurement of β-gal
activity. For this sensing probe, dicyanomethylene-4H-pyran

(DCM) chromophore is utilized as reporter, and a β-gal-
responsive group (β-galactopyranoside) as the enzyme-active

trigger (Figure 1) (Gu et al., 2016). DCM-βgal emits weak

background fluorescence in aqueous buffer. In the presence of β-
gal, the β-galactopyranoside unit is cleaved, releasing the DCM

group, resulting in a remarkable fluorescent emission in the near-

infrared region (NIR) and an obvious color shift from yellow to red.

The probe enables sensitive and accurate detecting of β-gal activity
with high-selectivity and simplicity. Unlike rhodamine derivates,

there is only a single cleavage site in DCM-βgal, which makes the

kinetic analysis much easier. The sensing strategy was employed to

detect E. coli in aqueous solutions using β-gal activity as indicator.

The bacterial cells were lysed by lysis solution to release β-gal for
enzymatic reaction.Once released, β-gal catalyzed the β-gal cleavable
unit in DCM-βgal to generate DCM and induced a colorimetric and

fluorescence change (Figure 1). The concentration of E. coli cells was

directly correlated with the colorimetric shift and the fluorescence

intensity of emission spectra peak. DCM-βgal possesses several

advantages, including a fast response speed, a high light-up ratio

and a good sensitivity towards β-gal, making it a promising strategy

for rapid sensing of β-gal.

Experimental section

Materials

β-Galactosidase (β-Gal), horseradish peroxidase, alkaline

phosphatase, papain, pepsin, and α-mannosidase were purchased

from Beyotime (Shanghai, China). Lysozyme, glucose, bovine serum

albumin, γ-globulin, transferrin, mannitol tryptophan and proline

were purchased from Solarbio (Beijing, China). Ciprofloxacin,

ampicillin, kanamycin, dimethyl sulfoxide (DMSO), Polypropylene
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pyrrolidone K30 (PVP-K30, MW = 40,000) and all other chemicals

and solvents were purchased from Sigma-Aldrich (St. Louis,

United States). Luria-Bertani broth (LB) medium was purchased

from BD Biosciences (San Jose, CA). All aqueous solutions were

prepared with Milli-Q water (≥18MΩ, Milli-Q, Millipore).

Synthesis of DCM-βgal

DCM-βgal was synthesized according to the processes described
in Supplementary Scheme S1 in Supplementary Material. The

substrate Ac4β-Gal-Ph-CHO (320 mg, 0.71 mmol, 1 equiv) was

dissolved in 15 ml of acetonitrile followed by the addition of

piperidine (70 μl, 0.71 mmol, 1 equiv) and dicyanomethyl

chromone (DCMC) (221 mg, 1.06 mmol, 1.5 equiv). Reaction

mixture was stirred at 70°C for 2 h and monitored by thin layer

chromatography (Petroleum ether: Ethyl acetate = 2: 1). Upon

completion, the reaction mixture diluted with Ethyl acetate

(100 ml) was washed with saturated solution of 0.5 M HCl

(100 ml). The organic layer was separated, washed with brine,

dried over Na2SO4 and evaporated under reduced pressure. The

orange residue was purified by column chromatography on silica gel

(Petroleum ether: Ethyl acetate = 4: 1) affording Ac4β-Gal-DCM as

an orange solid. The residue was dissolved in DCM and MeOH

(15 ml, v/v = 1:2), and the MeONa (10 mg, 0.35 mmol, 0.5 equiv)

was added into the solution. The mixture was stirred for 50 min, at

room temperature and monitored by thin layer chromatography

(DCM:MeOH = 10: 1). Upon completion, the reaction mixture was

evaporated under reduced pressure. The orange residue was purified

by column chromatography on silica gel (DCM: MeOH = 10: 1)

affording the target product DCM-βgal as an orange solid (272 mg,

41% yield for two steps). And the NMR data is same as the literature

reported (Gu et al., 2016).

UV-vis and fluorescence spectral
measurements

DCM-βgal solution was prepared at a concentration of 100 µM

in a 2 ml total volume of reaction buffer (pH 7.4, 30% DMSO and

FIGURE 1
Schematic illustration of enzyme-induced probe assay for measuring of β-gal concentration and detection of Escherichia coli (E.coli). DCM-
βgal probe consists of two parts: DCM-OH as the reporter unit and a β-gal-responsive unit. In the presence of β-gal, the responsive unit is cleaved
and the DCM group shows enhance fluorescent emission and an obvious color shift from yellow to red. For E.coli detection, the bacterial cells are
lysed to release β-gal for enzymatic reaction. The concentration of E. coli cells is correlated with the colorimetric shift and the fluorescence
intensity of emission spectra peak.
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70% PBS). 1 Uml−1 β-gal was added into DCM-βgal solution and

the mixture was gently agitated and incubated at 37°C for 15 min.

UV-vis absorption spectra for DCM-βgal and reaction product were
respectively analyzed on a PerkinElmer Lambda 25 UV/vis

Spectrometer. Photoluminescence (PL) spectra were analyzed on

a PerkinElmer spectrfluorometer LS55 with a wavelength range of

550–800 nm. Fluorescence quantum yields were detected on a

Hamamatsu absolute PL quantum yield spectrometer

C11347 Quantaurus-QY.

Analytical procedures for detection of
β-gal

The stock solution (100 mM) of DCM-βgal was prepared in

DMSO and the work solution (100 μM, fDMSO% = 30 vol%) was

diluted from the stock solution. Different concentrations of β-gal
solution (10 µl) were added into work solution (1 ml) and

incubated at 37°C for 15 min. The fluorescence intensity at

675 nm and colorimetric results were recorded for the

enzymatic products using PerkinElmer spectrofluorometer LS55.

Photobleaching analysis

1Uml−1 β-gal was added into DCM-βgal solution and themixture

was incubated at 37°C for 15min. Then enzymatic products were

treatedwithhighdensity bright-light exposure (20W).Thefluorescence

intensity of the solution was monitored from 0 to 45min of exposure.

Bacterial culture

A single colony of E. coliwas selected from a LB plate and added

into LB liquidmedium and incubated overnight at 37°C under in the

orbital shaker of 200 rpm agitation. The E. coli cells was harvested by

centrifugation at 6000 g for 3 min and re-suspended in PBS buffer.

The centrifugation process was repeated for three times. The re-

suspended bacterial solution was then serially diluted into various

concentrations for further use. The diluted E. coli solution was plated

on LB agar plate to confirm the visible counts (CFUml−1).

Detection of E. coli using DCM-βgal based
assay

Bacteria suspension with different concentrations was

centrifugated by 6000 g for 3 min and discarded the supernatant.

Subsequently, 0.7 ml lysis buffer containing 1 mgml−1 lysozyme, 1%

(w/v) sodium chloride, 0.2% (w/v) glycerin, 0.01% (w/v) PVP-K30

was added to the bacterial precipitate, mixed gently and incubated at

37°C for 30 min. The dissolved suspension was then added with

100 μM DCM-βgal and 0.3 ml DMSO and incubated at 37°C for

15 min after gently mixed. The fluorescence intensity at 675 nm and

colorimetric results were recorded for the enzymatic solution using

PerkinElmer spectrofluorometer LS55.

Two-step detection of E. coli using DCM-
βgal based assay

Different concentrations of bacterial solutions (100 μL, 1×105,

5×104, 1×104, 5×103, and 1 × 103 CFUml−1) were incubated in LB

broth (900 µl) at 37°C for 1–3 h with 200 rpm agitation. PBS buffer

without bacteria cells was taken as a negative control. After

incubation, bacteria suspension was centrifugated and the

bacterial precipitate was lysed by 0.7 ml lysis buffer as above. The

dissolved suspension was added with 100 μMDCM-βgal and 0.3 ml

DMSO and incubated at 37°C for 15 min. The fluorescence intensity

and colorimetric results of solutions were recorded.

Bacteria antibiotic resistance analysis

For bacteria antibiotic resistance sensing, LB broth medium

was added with different antibiotic drugs (ampicillin, kanamycin,

or ciprofloxacin) with varying concentrations (0, 10, 20, 30, 40,

and 50 μg ml−1). Then, E.coli solutions (105 CFU ml−1) were

added in LB mixtures at 37°C for 3 h with 200 rpm agitation

in a constant temperature shaker. After incubation, bacteria

suspension was centrifugated and the bacterial precipitate was

lysed by 0.7 ml lysis buffer as above. The dissolved suspension

was then added with 100 μM DCM-βgal and 0.3 ml DMSO and

incubated at 37°C for 15 min after gently mixed. Then, the

supernatant was transferred to 96-well plate and the

fluorescence intensity of solutions was analyzed by Cytation 5.

Statistical analysis

All continuous data was presented as means ± standard

deviation. Data was statistically analyzed using t-test. p <
0.05 was considered statistically significant.

Results and discussion

Spectroscopic properties and optical
response to β-gal

The basic chemical structure and the principle of DCM-βgal
probe for β-gal activity sensing are shown in Figure 1. The

synthetic route of DCM-βgal is display in Supplementary

Scheme S1 in Electronic Supplementary Material. DCM

derivatives are well-known as laser dyes that produce intense

emission in the NIR region and DCM-OH is a commonly used
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signal reporter because of its special properties: it is a

Donor–π–acceptor (D–π–A) molecule and it has a hydroxyl

group that can be easily modified by other groups (Gu et al.,

2016; Gu et al., 2019). Thus, DCM-βgal probe consists of two

parts: DCM-OH as colorimetric and fluorescent reporter and a β-
galactopyranoside unit as β-gal-responsive moiety. Firstly, to test

the validity of DCM-βgal, its spectral properties were investigated
by UV-vis-NIR spectroscopy and photoluminescence (PL)

spectrum. As shown in Figure 2A, the absorption spectrum

showed that DCM-βgal exhibited an obvious absorption peak

at 440 nm. Upon addition of 1 U ml−1 β-gal, the absorption peak

significantly decreased at 440 nm and a new absorption peak

appeared at 535 nm. This new absorption was in accordance with

that of DCM-O-, suggesting that DCM-βgal was cleaved by β-gal
and resulting DCM-OH generation (Gu et al., 2016). Then, the

emission profile of DCM-βgal was detected. Upon excitation at

535 nm, the fluorescence signal of DCM-βgal was very weak

while the probe solution showed a remarkable NIR fluorescence

at 675 nm in the presence of β-gal (Figure 2B). In particular, an

obvious color shifting from yellow to red could be observed,

allowing for the qualitative or semi-quantitative detection of β-
gal by direct observation and rapid colorimetric analysis.

Optimization of assay conditions

The reaction solution, temperature and pH are important

factors for the sensing system. To obtain the best sensing

performance, the optical properties of DCM-βgal were

examined in different analytical parameters. Upon addition of

1 U ml−1 β-gal, the fluorescence intensity of DCM-βgal at 675 nm
was tested in PBS/dimethyl sulfoxide (DMSO) mixtures with

different DMSO volume fractions (fDMSO%). As shown in

Supplementary Figure S1A,B (Electronic Supplementary

Material), the fluorescence intensity of DCM-βgal solution

increased quickly with fDMSO% and reached a maximum at

fDMSO% = 30 vol%. Specifically, as the DMSO content

continued to increase, the fluorescence intensity decreased

sharply and DCM-βgal solution showed very weak

fluorescence at fDMSO% = 50–100 vol%. Correspondingly, a

similar colorimetric change could be observed with the change of

fDMSO% (Supplementary Figure S1C in Supplementary

Material). Since DCM-βgal is poor solvent in PBS, the

addition of DMSO will increase its solubility and induces an

increase in fluorescence emission. Thus, PBS solution with 30%

DMSO was applied as the optimal reaction solution.

The effect of reaction temperature and pH was then

evaluated. The fluorescence response of DCM-βgal to

1 U ml−1 β-gal was examined by incubation of the solution

from 4°C to 56°C for 15 min. As expected, the fluorescence

signal increased with temperature and reached the maximum

at 37°C, and then decreased after 37°C (Supplementary Figure

S2A in Supplementary Material). Hence, 37°C was selected as

optimal reaction temperature. pH is another important factor

affecting the rate of enzymatic reaction for the sensing probe.

pH was adjusted to the desired value by using 0.1 M NaOH and

0.1 MHCl solutions. The pHwas measured with a pHmeter. The

effect of pH (4.0–11.0) for the emission profiles of DCM-βgal was
subsequently evaluated after 15 min of reaction. It can be

observed that the fluorescence signal was very weak at

pH lower than 6.12 and higher than 8.46, and the maximum

fluorescence signal was achieved at pH = 7.59 (Supplementary

Figure S2B in Supplementary Material). The result suggested that

the enzymatic hydrolysis reaction for DCM-βgal could only be

proceeding at the optimal pH range and pH = 7.59 was used as

the optimal pH condition. In particular, the color of the solution

varied from yellow to red corresponding to temperature and

pH of the solution. The distinct color changes of the probe were

therefore easily to identify visually (Supplementary Figures

S2C,D in Supplementary Material).

Then, the fluorescence signal versus time was analyzed to

investigate the enzyme response rate. As shown in

Supplementary Figure S3A,B (Supplementary Material), as the

incubation with β-gal, the fluorescence intensity of DCM-βgal
gradually increased in the early stage and reached the maximum

at around 15 min. Moreover, the fluorescence response of β-gal
in different concentrations of DCM-βgal was investigated to

determine the optimal probe concentration. Increasing

concentrations of DCM-βgal (0–140 μM) were incubated with

1 U ml−1 β-gal at 37°C for 15 min. As depicted in Supplementary

Figure S3C (Supplementary Material), the fluorescent signal

increased gradually with increasing the concentration of

DCM-βgal and reached a plateau after a concentration of

100 μM. Therefore, a DCM-βgal concentration of 100 μM was

selected for further experiments to provide an optimal probe

concentration. DCM-βgal displayed similar colorimetric

response with the increasing of DCM-βgal concentration and

incubation time, suggestive of its feasibility in dual-channel

sensing for β-gal (Supplementary Figure S3D,E in

Supplementary Material).

Analytical performance of DCM-βgal to
β-gal

We next sought to investigate the analytical performance of

DCM-βgal for β-gal detection. The fluorescence response of the
probe to varying concentrations of β-gal was examined under

optimized conditions. As expected, the fluorescence intensity of

solution increased with the increasing of β-gal concentration and

a 94.84-fold fluorescence enhancement was observed when

incubated with 1 U ml−1 β-gal (Figures 2C,E). Notably, a good

linear relationship between the fluorescence intensity at 675 nm

and β-gal concentration in a range from 0 U ml−1 to 0.2 U ml−1

was observed (Figure 2D). The limit of detection (LOD) was

calculated to be as low as 1.5 × 10–3 U ml−1 based on the signal of

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Huang et al. 10.3389/fbioe.2022.1052801

52

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1052801


blank tests and the standard deviation, indicating the high

sensitivity of the probe for the fast and quantitative detection

of β-gal. Photo-stability is another important factor to evaluate

the performance of the probe in long-term tracking and

bioimaging of enzyme activity (Liu et al., 2016). The photo-

stability of DCM-βgal was then assessed by time-dependent

photobleaching measurements. 1 U ml−1 β-gal was added into

DCM-βgal solution and the mixture was incubated at 37°C for

15 min. Then enzymatic products were treated with high density

bright-light exposure (20 W). The results showed that rounded to

82% of DCM-βgal fluorescence intensity still remained after

bright-light exposure for 30 min, indicating the high photo-

stability of DCM fluorophore (Supplementary Figure S4 in

Supplementary Material). These features make DCM-βgal a

promising candidate for long-term tracking and imaging of β-
gal in practical applications.

The selectivity of DCM-βgal

Subsequently, the selectivity of probe to β-gal sensing was
then evaluated. Control experiments were conducted to

investigate the selectivity of DCM-βgal towards of various

biological species, including common enzymes (horseradish

FIGURE 2
Spectral properties of DCM-βgal. (A) Normalized UV-vis absorption of DCM-βgal (100 μM) and DCM-βgal (100 μM) incubation with β-gal
(1 U ml−1) in aqueous solution (PBS/DMSO = 7:3, v:v, pH = 7.4, 37°C). (B) Photoluminescence (PL) spectra of DCM-βgal (100 μM) and DCM-βgal
(100 μM) incubation with β-gal (1 U ml−1) in aqueous solution (PBS/DMSO = 7:3, v:v, pH = 7.4, 37°C). (C) Emission spectra of DCM-βgal upon addition
of different concentrations β-gal (0–1 U ml−1), λex = 535 nm. (D) The peak intensity of DCM-βgal at 675 nm toward various concentrations of β-
gal (0–1 U ml−1). Inset: the linear relationship between I675 nm and β-gal concentration in a range from 0 U ml−1 to 0.2 U ml−1 (E) The photographs of
DCM-βgal upon addition of various concentrations of β-gal.
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peroxidase, alkaline phosphatase, papain, pepsin, and α-
mannosidase), bioactive molecules (glucose, bovine serum

albumin, γ-globulin, transferrin, and mannitol) and amino

acids (tryptophan and proline). As expected, an obvious

fluorescence enhancement accompanying with an obvious

color change from yellow to red was observed in the

presence of β-gal (Figure 3). However, negligible

fluorescence and color change was observed for other

interferents. These results demonstrated the high selectivity

of DCM-βgal for β-gal over other competitive analytes,

suggesting its promising use as a bioprobe for detecting β-
gal in biological systems.

Application for detection of Escherichia
coli

Encouraged by the desirable results of DCM-βgal, we next

sought to investigate the potential utility of DCM-βgal for

detecting β-gal from E. coli cells. β-gal is an important

bacteria enclosed enzyme encoded by the lacZ gene in E. coli

cells, and can be used as an indicator for determination of the

concentration of E. coli (Laczka et al., 2010; Derda et al., 2013;

Burnham et al., 2014; Chen et al., 2016). E. coli ATCC 25926 was

used as a model for investigating the performance of DCM-βgal
in E. coli detection. Varying concentrations of bacterial cells were

firstly lysed, resulting in the release of intracellular β-gal from
cells into solution. Then, the solution containing the released β-
gal was incubated with DCM-βgal to determine its concentration

under optimized conditions. As a result, the E. coli concentration

could be assessed using the fluorescence intensity of DCM, or

directly by the naked eyes. As shown in Figure 4A, the

fluorescence intensity and the red color of the enzymatic

solution increased with the increasing of bacterial

concentration, and distinct signal changes could be

reproducibly detected or be distinguished visually for 1 ×

105 CFU ml−1 of E. coli cells (Figure 4B). Compared with

previously methods, the DCM-βgal based assay showed a low

detection limit and provided a convenient colorimetric readout

for visual detection, making it a sensitive and simple strategy for

E. coli detection.

To test the specificity of the assay to E. coli, the responses

of the assay to common bacteria strains, including

Staphylococcus aureus (S.aureus), Klebsiella pneumoniae (K.

pneumoniae), Pseudomonas aeruginosa (P. aeruginosa),

Candida albicans (C.albicans) and Candida glabrata

(C.glabrata), as well as mixtures of different bacteria

strains, were investigated. A concentration of 1 ×

106 CFU ml−1 was used for solutions of each strain or their

mixtures. Figures 4C,D shows the fluorescence and

colorimetric detection results. No obvious fluorescence

signal and color change were observed in S.aureus, P.

aeruginosa, C.albicans and C.glabrata solutions. In

contrast, a significant fluorescence response and distinct

color change were detected in E. coli solution or in

mixtures containing E. coli. In particular, the fluorescence

intensity of K. pneumonia solution was slightly increased and

the color of the solution changed from yellow to orange,

correspondingly. This result was in accordance with the

fact that a certain level of β-gal isoenzymes could be

FIGURE 3
The selectivity of DCM-βgal towards of various biological species. Different types of biological samples are added into work solution of DCM-
βgal and incubated at 37°C for 15 min. The fluorescence intensity at 675 nm and colorimetric results of solution are then recorded. (A) The
fluorescence responses (I675 nm) of DCM-βgal to various analytes. Error bars represent the standard deviation of three replicates. (B) Corresponding
color changes of DCM-βgal treated with different analytes.
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encoded by K. pneumonia (Wang et al., 2014). These results

demonstrated that the dual-channel assay had a good

selectively to β-gal for E. coli detection.
The concentration of E. coli cells is important for the

enzymatic response, whereas E. coli in clinical urine samples is

well below 1 × 104 CFU ml−1. To improve the clinical

performance of the assay, two-step process was employed

to detect E. coli cells at low concentrations. Pre-enrichment

step was utilized to allow for bacterial growth, and the

detection step was then used for determination of E. coli

cells. Low concentrations of bacteria were incubated in LB

liquid medium for 1, 2, and 3 h, respectively. The fluorescence

intensity and the color change of solution were investigated

after bacteria incubation and enzymatic reaction. As shown in

Figures 5A,B, a significant fluorescence and obvious

colorimetric response could be detected after 3 h pre-

enrichment in all concentrations. E. coli cells at the

concentration of 1 × 105 CFU ml−1, 5 × 104 CFU ml−1 and

1 × 104 CFU ml−1 could also be clearly detected after a pre-

enrichment step of 2 h incubation. Compared with previous

methods, the assay was a more efficient strategy with the

whole detection time less than 5 h (Chen et al., 2017; Wang

et al., 2017). As shown in Table 1, several similar assays for

E. coli detection were summarized and compared. Sensitive

methods often require advanced instrumentation and

cumbersome processes, limiting their use in resource-

limited settings. In contrast, the DCM-βgal assay would be

a promising method for rapid detection of E. coli for their

practicality, simplicity and low-cost. These results indicated

that the DCM-βgal assay had a good performance for E. coli

detection at low concentrations incorporating a pre-

enrichment step.

Application for Escherichia coli antibiotic
resistance determination

The prevalence of bacteria’s antibiotic resistance is a growing

global health concern and it is in urgent need to develop a rapid,

efficient strategy for the determination of E. coli antibiotic

FIGURE 4
The sensitivity and specificity of DCM-βgal based assay to E. coli. (A)DCM-βgal based assay for the detection of E.coli in the concentration range
of 0–1.0 × 108 CFU ml−1 and (B) its corresponding color changes. Error bars indicate ± SD of triplicate measurements. (C) Fluorescence ratio (I/I0) of
specificity of the DCM-βgal probe against E.coli, S. aureus, K. pneumonia, P. aeruginosa, C.albicans, C.glabrata, E.coli + S. aureus, E.coli + K.
pneumonia, E.coli + P. aeruginosa, E.coli + C.albicans and E.coli + C.glabrata at concentration of 1.0 × 106 CFU ml−1. (D) Its corresponding
photographs.
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resistance (Walsh, 2000). Conventional test for bacteria

antibiotic resistance detection requires cumbersome processes

and often takes days to weeks for results. Inspired by the high

sensing property of the probe, the ability of DCM-βgal based
assay for rapidly detection of E. coli antibiotic resistance was then

studied (Figure 5A). E. coli ATCC 25926, antibiotic-sensitive

(E. coli-S) and resistant E. coli (E. coli-R) collected from clinical

samples were used as bacterial model, and the response of the

assay to the bacterial was examined in the presence of three

common antibiotics, ampicillin, kanamycin, and ciprofloxacin.

E. coli cells were incubated in LB liquid medium containing

different concentrations of antibiotics at 37°C for 3 h. Bacterial

cells were lysed and DCM-βgal probe was then added for

enzymatic reaction to determine bacteria concentration. In the

presence of effective antibiotic drugs, E. coli cells exhibited

inhibited growth and a greatly reduced level of β-gal.
However, E. coli cells showed exponential growth in the

presence of antibiotic resistance. Varying levels of β-gal
resulted in different levels of enzymatic response, thus

providing a simple strategy for antibiotic resistance analysis.

With the help of a high throughput fluorescence detection

system, Cytation, the fluorescence information of 96-well plate

could be easily quantified and monitored. As shown in Figure 5C,

for E. coli ATCC 25926 and E. coli-S, the fluorescence intensity

decreased with the increasing antibiotic concentration when

incubated with ampicillin, kanamycin, and ciprofloxacin,

indicating that these antibiotics were effective drugs for

inhibiting cell growth of these strains. However, for E. coli-R,

FIGURE 5
Two-step procedure for E. coli detection and high-throughput antibiotic screening using DCM-βgal based assay. (A) Schematic illustration of
two-step procedure and high-throughput antibiotic analysis. E. coli cells are lysed to release intracellular β-gal and the signal generation based on
enzyme-response is correlated with the concentration of E. coli cells. For antibiotic resistance analysis, E. coli cells can be treated with various
antibiotic concentrations and fluorescence ratio of reaction products in 96-well plate can be high throughput monitored by Cytation. (B) Two-
step detection of E. coli at low concentrations using DCM-βgal based assay. PL intensity (675 nm) with detection time (0–3 h) toward E. coli
concentration of 1 × 103, 5 × 103, 1 × 104, 5 × 104, and 1 × 105 CFU ml−1. Error bars indicate ± SD of triplicate measurements. (C) Heatmap plot of
fluorescence ratio (I/I0) of three types of E. coli cells (E. coli ATCC 25926, antibiotic-sensitive (E. coli-S) and resistant E. coli (E. coli-R) collected from
clinical samples) toward various antibiotic concentrations.
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no decreasing trend for fluorescence intensity could be observed

with the increasing concentration of ampicillin and

ciprofloxacin, demonstrating that these antibiotics could not

effectively inhibited cell growth of this strain. The resistance

results were in consistent with those of Kirby-Bauer tests, a

common conventional test. Thus, this enzyme-activatable assay

has the potential to provide a simple and accessible tool for E. coli

antibiotic resistance analysis.

Conclusion

In conclusion, we have proposed an enzyme-responsive

NIR probe, DCM-βgal, for sensitive measuring and monitoring

β-gal activity. DCM-βgal was almost non-emissive in the

absence of β-gal, while it could be induced to produce

bright emission upon the addition of β-gal. Particularly, the
probe also provided a rapid and convenient colorimetric

readout for visual assaying of the β-gal activity. The probe

displayed high sensitivity, selectivity and rapid response to β-
gal. Simultaneously, the probe also had a good photo-stability,

and exhibited a good linear relationship with β-gal
concentration from 0 to 0.2 U ml−1, with a low detection

limit of 1.5 × 10−3 U ml−1. Importantly, this assay was

successfully applied to sensitive detection of E. coli cells, as

well as rapidly determination of the antibiotic resistance profile

of E. coli via levels of the color response. The strategy provided

several advantages for E. coli detection, including a fast

detection process within 5 h, a low detection concentration

of 1 × 103 CFU ml−1, a good selectively to E. coli sensing and

dual fluorescent and colorimetric readout. Further

developments include integrating this assay into point of

care testing devices, detecting more real and complex

samples would provide improved detection outcomes.

Overall, the simple, low-cost and friendly-to-user approach

provides an accessible tool for efficient quantification of β-gal
activity and is promising for E. coli detection and antibiotic

resistance analysis.

TABLE 1 Summary and comparison of techniques for detection of E. coli stains.

Method (publication year) Output Detection
limit

Detection
time

Antibiotic
resistance
analysis

Instruments Cost Ref

Our DCM-βgal based assay Luminescent and
Colorimetry

103 CFU ml−1 5 h Yes Simple Low

p-Benzoquinone (2019) Colorimetry and
Electrochemistry

104 CFU ml−1 1 h Yes Complex Middle Sun et al. (2019)

Sequential Immunomagnetic
Separation and Paper-Based
Isotachophoresis (2019)

Colorimetry 920 CFU ml−1 3 h No Middle Middle Schaumburg
et al. (2019)

Electrochemical methods using
engineered bacteriophages (2017)

Electrochemistry 102 CFU ml−1 7 h No Complex Middle Wang et al.
(2017)

Printed Paper- and Transparency-
Based Analytic Devices (2017)

Colorimetry and
Electrochemistry

2.3 ×
102 CFU ml−1

4 h No Complex Middle Adkins et al.
(2017)

Engineered T7lacZ phage (2017) Colorimetry 102 CFU ml−1 7 h Yes Middle Middle Chen et al.
(2017)

Enzyme-induced silver metallization
on the surface of AuNRs (2016)

Colorimetry 104 CFU ml−1 2 h No Simple Low Chen et al.
(2016)

T7Bacteriophage-conjugated
Magnetic Probe (2015)

Colorimetry 104 CFU ml−1 2.5 h No Middle Middle Chen et al.
(2015)

On-site phage-mediated detection
(2014)

Luminescent 40 CFU ml−1 8 h No Complex Middle Burnham et al.
(2014)

Filter-Based Assay (2013) Colorimetry 50 CFU ml−1 Less 4 h No Complex Middle Derda et al.
(2013)

Interdigitated microelectrode arrays
(2010)

Electrochemistry 6 ×
105 CFU ml−1

2 h No Complex Middle Laczka et al.
(2010)

Interdigitated microelectrode arrays
(2010)

Electrochemistry 10 CFU ml−1 7 h No Complex Middle Laczka et al.
(2010)

Bacteriophage-amplified
bioluminescent sensing (2008)

Luminescent 1 CFU ml−1 12.5 h No Complex Middle Ripp et al. (2008)

Bead-based immunoassay (2005) Electrochemistry 2 ×
106 CFU ml−1

Less 1 h No Complex Middle Boyaci et al.
(2005)

Bead-based immunoassay (2005) Electrochemistry 20 CFU ml−1 6–7 h No Complex Middle Boyaci et al.
(2005)
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Prostate cancer (PC) has the second highest incidence in men, according to

global statistical data. The symptoms of PC in the early stage are not obvious,

causing late diagnosis in most patients, which is the cause for missing the

optimal treatment time. Thus, highly sensitive and precise early diagnosis

methods are very important. Additionally, precise therapy regimens for good

targeting and innocuous to the body are indispensable to treat cancer. This

review first introduced two diagnosis methods, containing prostate-specific

biomarkers detection andmolecular imaging. Then, it recommended advanced

therapy approaches, such as chemotherapy, gene therapy, and therapeutic

nanomaterial. Afterward, we summarized the development of nanomaterial in

PC, highlighting the importance of integration of diagnosis and therapy as the

future direction against cancer.

KEYWORDS

nanomaterial, prostate cancer, diagnosis, therapy, theranostics

1 Introduction

Prostate cancer (PC) has become the 4th most commonly diagnosed cancer (7.3% of

all sites), according to GLOBOCAN 2020 estimates from the International Agency for

Research on Cancer. For men, there is a higher incidence and mortality, which rank 2nd

and 5th, respectively, among all cancers according to global statistics. In 2020, there were

about 1.4 million new cases and estimated 375,000 deaths worldwide, which attracted

increased attention to the theranostics of PC (Sung et al., 2021).

PC patients do not demonstrate evident symptoms in the early stage. Many of the

symptoms are easily overlooked because of their similarity with the symptoms of

prostatitis and benign prostatic hyperplasia. PC diagnosis, especially in the early

phase, is indispensable for curing PC. Digital rectal examination and serum

biomarker detection are the simplest non-invasive methods (Carter et al., 2013;

Huang et al., 2022). Magnetic resonance imaging (MRI), computed tomography (CT),

and ultrasound (US) are very common imaging methods (Carter et al., 2013; Huang et al.,

2022). Aspiration biopsy is usually used as a gold standard to improve accuracy. The cure

rate of PC is largely dependent on the PC stage at diagnosis. Treatment plans also rely on

staging.
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Surgery is a ubiquitous therapy that is almost always applied

to malignant tumors. Androgen ablation is a unique method of

PC treatment since this type of cancer is a hormone-dependent

illness (Seidenfeld et al., 2000). In some PC stages, radiotherapy

and chemotherapy are effectively employed to delay clinical

metastasis and further progression. These diagnosis and

treatment strategies induce a decrease in mortality rate,

especially in high-income countries (Sung et al., 2021).

Although these efforts are beginning to show results, there are

still some issues, such as low diagnosis sensitivity, limited options

of targeted drugs, and a high recurrence rate.

Nanomaterials, which have an enhanced permeability and

retention (EPR) effect, are emerging as carriers or drug molecules

to address the problems mentioned before(Li et al., 2020b; Li

et al., 2022). This review focused on the frontiers of

nanomaterials in PC theranostics. First, we discussed the

diagnosis of PC, containing prostate-specific biomarkers

detection and molecular imaging. Then, we provided some

therapeutic approaches, of which chemotherapy is the most

widespread one. Selecting appropriate targets and

nanomaterials to reduce side effects and drug resistance is

essential in cancer treatment. Gene therapy, containing

polymers, membrane vesicles, etc., as the carriers, is used in

certain cases. Therapeutic nanomaterials are also introduced,

such as selenium nanoparticles, graphene, and targeting peptides.

Lastly, we proposed that the integration of diagnosis and therapy

should be a significant breakthrough in cancer management.

2 Diagnosis of PC

2.1 Prostate-specific biomarkers detection

Different biomarkers, such as serum, urine, and exosome

biomarkers, are effectively used for cancer detection and

screening (Carter et al., 2013; Salimi et al., 2013; Patra et al.,

2015; Kowalczyk et al., 2022; Yan et al., 2022). Among these

biomarkers, prostate-specific antigen (PSA) is the most common

one used to diagnose PC. PSA is the biomarker for primary

tumor diagnosis approved by the US Food and Drug

Administration (FDA), and it has been generally employed to

diagnose PC in the clinic (Sanders et al., 2014). Although efficient

testing occurred due to the evidence of PC spike during the early

1990s, after its widespread uptake (Siegel et al., 2022), this

method frequently provides false-positive and false-negative

results and leads to overdiagnosis (Huang et al., 2022;

Kshirsagar et al., 2022). More sensitive and accurate detection

means are emerging to optimize PSA testing.

The most widely used method for detecting proteins is

enzyme-linked immunosorbent assay (ELISA) (Patra et al.,

2015; Sharafeldin et al., 2017). Besides, many other optimized

methods can screen PSA, such as fluorescence resonance energy

transfer (FRET) (Furukawa et al., 2016), electrochemical sensor

(Salimi et al., 2013; Wei et al., 2018), electrochemiluminescence

(ECL) (Khoshfetrat et al., 2019), localized surface plasmon

resonance (LSPR) (Acimovic et al., 2014; Sanders et al., 2014),

surface-enhanced Raman scattering (SERS) (Cheng et al., 2017),

and some combined methods (Duan et al., 2018). Development

of various approaches results in great improvement; for example,

PSA can be evaluated not only in male but also in female serum,

although the value of PSA in women is very limited, and PSA

detection is difficult (Patra et al., 2015). In the review, we mainly

concentrated on electrochemistry and SERS to diagnose PSA.

Timely medical interference and sensitive testing methods

are necessary. As shown in Figure 1A, a polydimethylsiloxane

(PDMS) slice is decorated with 8 × 8 nano-Au electrodes. The

slice is then modified with the primary antibody by the magnetic

force between the magnetic beads (MBs) and nano-Au

electrodes. In the presence of PSA, which is to be detected,

the three-in-one compounds, the second antibody-horse radish

peroxidase (HRP)-Au nanorods, are added to bind with PSA.

The reduction reaction of H2O2, the added substrate, triggers the

generation of electrochemical signals, which can quantitatively

evaluate PSA with good selectivity and appropriate detection

limit. This assay provides a new direction to detect PSA more

precisely and accurately (Liu et al., 2014).

Elevated serum PSA, specifically 4–10 ng ml−1, is not only

associated with PC but also with benign prostate hyperplasia and

prostatitis (Liu et al., 2014). Therefore, using only PSA to

diagnose PC is insufficient. Prostate-specific membrane

antigen (PSMA) is a protein of prostatic epithelial cell

membrane with higher specificity (Liu et al., 2014; Sharafeldin

et al., 2017). In a study, graphene oxide (GO) nanosheets were

deposited with Fe3O4 nanoparticles (Fe3O4@GO). The first

antibody was loaded onto the magnetic Fe3O4@GO composite

by chemical crosslinking, which could specifically capture the

biomarker. The biomarker-laden Fe3O4@GO was delivered into

a detection chamber, which was coated with the second antibody.

The interaction between the second antibody and the biomarker

made an amperometric response after adding H2O2, as catalyzed

by Fe3O4@GO, which had peroxidase-like activity. This system

could simultaneously detect PSA and PSMA, which might

promote the sensitivity and preciseness of using biomarker-

based diagnosis in the clinic (Sharafeldin et al., 2017).

Another biomarker to address the nonspecific expression of

PSA in PC is free PSA (f-PSA). Most PSA, easily attaching to

other proteins, exists in serum as a complex. For example, PSA

and protease inhibitors create stable complexed PSA (c-PSA). In

contrast, another PSA not binding to any proteins is known as

f-PSA. According to a report, f-PSA decreases in men with PC

compared with those with benign prostate hyperplasia or

prostatitis (Cheng et al., 2017). Therefore, in clinical

diagnosis, the decline in free to total PSA (t-PSA) ratio is

employed to identify PC as an important index to distinguish

PC and other benign diseases. As shown in Figure 1B, magnetic

beads (MBs) are loaded with t-PSA antibodies, which can
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simultaneously bind to f-PSA and c-PSA. Two tags are prepared

based on SERS, with conjugation of f-PSA and c-PSA antibodies,

respectively. Adding SERS tags to the centrifuge tube forms

sandwich complexes. The beads are separated by the magnetic

bar, which produces SERS signals to quantify f-PSA and c-PSA

according to characteristic Raman peaks of two different tags

(Cheng et al., 2017). This easy-to-perform and accurate approach

might help develop new methods for the primary diagnosis

of PC.

2.2 Molecular imaging

Molecular imaging, such as MRI and CT (Hurley et al.,

2016; Schilham et al., 2021), can also diagnose diseases.

Additionally, the preparation of aspiration biopsy may

depend on CT or transrectal ultrasound (TRUS) (Logan

et al., 2014). MRI, which avoids ionizing radiation

exposure, is more acceptable. This technology was

developed several decades ago. MRI usually uses a contrast

agent (CA) as the adjuvant to increase sensitivity and improve

imaging quality. Basically, CA is divided into two categories:

paramagnetic and superparamagnetic. Paramagnetic agent,

such as gadolinium (Gd), which can increase signals, is also

named positive CA. In contrast, the superparamagnetic one,

commonly called negative CA, has the effect of decreasing

signals to enhance contrast. Iron oxide is representative of this

type (Liu et al., 2021b; Jiang et al., 2021). There are still some

issues with MRI. For example, retention of CA is limited for

quick body clearance, affecting imaging quality and accuracy.

In recent years, many different categories of nanomaterials

have been applied in MRI, qualitatively enhancing its

specificity and sensitivity.

Yang et al. (2015) have reported a nanomaterial based on CA.

Graphene oxide (GO) nanosheets were grafted with dendrimers

(DEN), and then gadolinium diethylene triamine pentaacetate

(Gd-DTPA) and prostate stem cell antigen (PSCA) monoclonal

antibody (mAb) were sequentially added (GO-DEN [Gd-

DTPA]-mAb). GO-DEN (Gd-DTPA)-mAb could target PSCA

overexpressing cells (PC3), inducing enhancement of T1-

weighted contrast. In vivo experiment, after 1 h or 4 h of

intravenous injection, compared with GO-DEN (Gd-DTPA),

GO-DEN (Gd-DTPA)-mAb triggered a more obvious increase

in the image signal to PC3 tumor (Guo et al., 2016). This work

was based on the interaction between antigen and antibody,

implying the promise of targeting nanomaterials in MRI and

other imaging modalities.

3 PC therapy

3.1 Chemotherapy

Chemotherapy originated during a war when scientists

accidentally found that nitrogen mustard played a role in

inhibiting lymphoma (Rahmani and Abdollahi, 2017). Now, it

is frequently employed for advanced/metastatic cancer or after

surgery to prevent relapse (Adahoun et al., 2017). According to

the source and mechanism, chemotherapeutics categorize into

different types, such as alkylating agents (Liang et al., 2018),

FIGURE 1
(A) Preparation of magnetic slice and multiplexed electrochemical immunoassay interface. Reprinted with permission from (Liu et al., 2014).
Copyright 2014, American Chemical Society. (B) Preparation of t-PSA antibody-loaded beads, two characteristic SERS tags, and detection of two
biomarkers. Reprinted with permission from (Cheng et al., 2017). Copyright 2017, American Chemical Society.
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antimetabolites (Ren et al., 2014), compounds extracted from

plants (Zhang et al., 2018), metals (Cai et al., 2017). One group of

these drugs, which is extracted from plants, comprises nature

molecules and serves as a very promising and safe choice to treat

cancers.

As shown in Figure 2A, trans-resveratrol (RSV), present in

multiple plants, such as grapes and peanuts, has good

antiaging and antitumor effects. Nevertheless, this molecule

has some drawbacks also commonly found in other

antitumoral drugs, such as poor solubility and

bioavailability, instability, and low intracellular penetration.

Polymeric nanoparticles (NPs), composed of a mix of poly

(epsilon-caprolactone) (PCL) and poly (D,L-lactic-co-glycolic

acid)-poly (ethylene glycol) conjugate (PLGA-PEG-COOH),

can overcome this challenge. With NPs as the carrier, this

system exhibits high RSV loading ability, controlled RSV

release, and enhanced toxicity in all three PC cell lines

compared to free RSV (Figures 2B,D) (Sanna et al., 2013).

This system, addressing the issues that exist in RSV, might be

further applied to other natural drugs.

Although these drugs are effective in cancer cells, other indexes,

such as the biocompatibility to body index, also need evaluation.

There is the nanomaterial based on genistein. Genistein (5, 7-

dihydroxy-3-[-4-hydroxyphenyl]-4H-1-benzopyran-4-one) is also

a natural molecule present in Leguminosae family, particularly in

soy. Soy genistein (Gen) has proved to reduce the proliferation of PC

cells (Vodnik et al., 2021). Due to the limitation of chemotherapy for

its poor solubility and retention, which is similar to RSV, two

variants of genistein-gold conjugates are provided: Gen@

AuNPs1 and Gen@AuNPs2. The two nanoparticles are classified

by different concentrations of Gen and Au3+. This system shows

toxicity to all three PC cells (LNCaP, DU145, and PC3). More

importantly, the nanoparticles maintain low toxicity to

noncancerous cells (MRC-5, primary human cells) (Vodnik et al.,

2021). This work highlights Au nanoparticles as the carrier to inhibit

cancer cells and protect normal ones, broadening the applications of

nanomaterial.

Nanomaterial is widely used for its excellent performance,

but the addition of extra substances into natural drugs increases

its unsafety. There is an intriguing approach to prepare a

FIGURE 2
(A) Extraction of RSV from grapes and molecular structure of RSV. Toxicity of RSV/RSV-NPs to different cell lines: (B) DU-145, (C) PC-3, and (D)
LNCaP. Reprinted with permission from (Sanna et al., 2013). Copyright 2013, American Chemical Society.
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nanodrug (Bhawana et al., 2011). Curcumin ([E, E]-1,7-bis [4-

hydroxy-3-methoxy-phenyl]-1,6-heptadiene-3,5-ione) (CUR) is

another natural drug derived from rhizome of Curcuma longa. It

is described as an antitumor, anti-inflammatory, and

antimicrobial compound. In a study, the authors used a wet-

milling technique to form CUR nanoparticles (nanocurcumin),

which displayed good solubility and bioavailability.

Nanocurcumin showed enhanced antitumor activity compared

with parent CUR. Moreover, it had low toxicity to normal cells

(HEK, human embryonic kidney cell line) (Adahoun et al., 2017).

This work provided an innovative direction to improve the safety

of nanomaterial delivery systems, motivating scientists to study

other nanodrugs besides CUR.

Although an increasing number of natural drugs have

been found, while some, for example, taxol, have been used

as the first-line anticancer drugs, there still are some general

problems. These include the disadvantage of all anticancer

drugs used in the clinic. It is inevitable to induce side effects

after chemotherapy; for example, patients suffer from

vomiting, loss of appetite, and diarrhea (Zhang et al.,

2022), making it a frightening therapy. Additionally, drug

and even multidrug resistance (MDR) can be easily developed.

Concentrating on these issues, the topical subjects are the

selection of a target and using nanomaterial to reduce adverse

effects and overcome drug resistance.

3.1.1 Selection of a target to reduce side effects
The key issue in overcoming side effects is how to deliver

drugs directly to tumor sites rather than to the whole body. The

first question is how to select an effective target (Tong et al., 2010;

Al-Mansoori et al., 2021). Galectin-1, a galactoside binding lectin,

is upregulated in PC cells during disease development. Hence,

galectin-1 is usually employed as the target to specifically inhibit

PC cell survival. In one study, glyconanoparticles were used as

they are more likely to bind lectin (Besford et al., 2017). As shown

in Figure 3A, the bovine liver glycogen (BLG) nanoparticle is a

branched polymer of glucose. After a series of chemical reactions,

terminal galactoside is linked to BLG, named galactoside-

glycogen (GG). This is a kind of nanoparticle that can

specifically interact with galectin-1. To prove this point,

fluorescein isothiocyanate (FITC, a fluorescent dye)-labeled

BLG and GG were used. As shown in Figures 3B,G, compared

with BLG, the fluorescence of GG was stronger, indicating that

the improved nanoparticles had better performance in

specifically binding to the PC cell membrane (Besford et al.,

2017). This work selected galectin-1 as the target, proving that the

biomarkers are indispensable in tumor management.

Although efficient, targeting agents have some problems. For

instance, since the transferrin receptor (TfR) is overexpressed in

numerous types of cancer cells, transferrin (Tf), which can

specifically target TfR, is usually used as a targeting agent.

However, it easily dissociates from TfR after losing an iron

molecule in cells. In a study, a Tf variant (oxalate Tf) was

adopted. Doxorubicin (DOX)-loaded poly (lactide-co-

glycolide) (PLGA) nanoparticles (DPs), encapsulating Tf/

oxalate Tf and polyethylene glycol (PEG), were the targeting

system named Tf-PEG-DPs (TPDPs). It was then incorporated

into a three-dimensional PLGA network, forming the system to

FIGURE 3
(A) Formation of GG. Confocal microscopy and bright field images of different compounds: (B,E) control, (C,F) FITC-labeled BLG, (D,G) FITC-
labeled GG incubating PC cells. Reprinted with permission from (Besford et al., 2017). Copyright 2017, American Chemical Society.
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release drugs controllably. Compared with the native TPDPs, the

one containing oxalate was more effective in reducing the

survival of PC cells (Lopes et al., 2017). This was the first

example of using oxalate Tf in the PLGA network to enhance

the inhibition effect against PC, which might promote the

development of other targeting systems.

3.1.2 Selection of nanomaterial to reduce
adverse effects

The selection of a target is indispensable to a specific

controlled drug release system. However, the choice of

nanomaterial is more important (Shin et al., 2014). The

nanomaterial requires good biocompatibility, appropriate rate

of release and degradation, easy synthesis, etc. Avasimibe is an

antitumor agent that works in many kinds of cancers. However, it

has low solubility in water, inducing poor bioavailability in blood

circulation. In a study, human serum albumin (HSA) was used to

conjugate avasimibe, forming water-soluble nanoparticles named

avasimin (Lee et al., 2015). As shown in Figure 4A, avasimin

played a role in high PC3 inhibition and non-toxicity to normal

cells (BR5: dermal fibroblast), showing excellent

biocompatibility. The same results happened in vivo

experiment, as shown in Figure 4B. H&E staining showed that

there was no harm to the vital organs (Lee et al., 2015). These

results verified the importance of nanomaterials regarding good

performance.

Some drugs are very promising and even going into clinical

trials. We should focus not only on these drugs but also drugs in

suspension. For example, ZSTK474 (ZSTK) is an anticancer

drug, especially against advanced cancer. Although it can

inhibit phosphatidylinositol 3-kinase (PI3K), which is over-

activated in PC, it has been withdrawn in the early clinical

investigation because it activates macrophage polarization.

Macrophages are very important in the tumor

microenvironment. They can be polarized into two types:

classical macrophage (M1) and alternative macrophage (M2).

M1 inhibits cancers by activating the immune system. However,

M2 plays the role in surviving tumor cells. Indomethacin (IND),

an anti-inflammatory drug, can combine with ZSTK due to its

reduction effect on M1 to M2 polarization, which enhances the

immune response. Nevertheless, the issue of toxic ZSTK affecting

normal tissues has not been solved. Hence, adding nanoparticles

FIGURE 4
(A) Cell viability after treatment of avasimin in various cells. (B) PC3 tumor volume after the treatment with avasimin. Reprinted with permission
from (Lee et al., 2015). Copyright 2015, American Chemical Society. Viability after the treatment with three substances in different cell lines: (C) PC3;
(D) VERO. BN: blank niosomes, FD: Free drug. Reproduced with permission from (Ali et al., 2021).
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to this drug is necessary. A cancer cell membrane can be

considered as a natural nanoparticle, and it can specifically

target cancer cells and escape body clearance, thus, stabilizing

the particle in long blood circulation. However, the source of the

cell membrane is limited; therefore, it is necessary to search for an

alternative. In a study, ZSTK was initially synthesized into

nanoparticles named ZNPs. Then, IND was encapsulated in a

liposome, which is a commercial agent similar to the cellular

membrane but more accessible. Hybridizing the PC3 cracked cell

membrane in IND/liposome generated I@CML. Afterward,

ZNPs were decorated with I@CML, termed ZNPs/I@CML, to

form the drug release system. Concrete experimental data in vivo

and in vitro were shown, confirming the speculation of

M1 creation and the higher inhibitory activity of ZNPs/I@

CML in PC3 tumor mice compared with free Z + I and

ZNPs/I@Lip. Additionally, H&E staining showed no obvious

tissue damage and proved the biosafety of ZNPs/I@CML (Zhang

et al., 2022). This system utilized the advantage of ZSTK, IND,

and cellular membrane to inhibit PC cells, highlighting the

importance of appropriate nanomaterial in optimizing

therapeutic drugs.

Some cancers, such as PC and breast cancer, are different in

their hormone dependence. Hence, antihormone drugs attract

more attention. Flutamide (FLT) is currently a clinical drug for

PC therapy. However, its poor solubility, low bioavailability, and

short half-life (5–6 h) affect the therapy. Increasing the dose from

250 mg to 750 mg per day worsens FLT side effects, such as

hepatotoxicity and a decrease in sexual desire. Optimizing

nanomaterial containing particle size and surface charge thus

is indispensable. In a study, FLT-loaded optimized niosomes

(optimized formula, OF) were prepared. This system had

reasonable drug release and a good inhibitory effect on PC.

As shown in Figures 4C,D, compared to PC3, green monkey

epithelial kidney cells (VERO) were almost not sensitive to OF

(Ali et al., 2021). This was an example of nanovesicle

optimization as the carrier of antiandrogen drugs, and it

might be a promising method to optimize other antihormone

drugs, such as estrogen.

3.1.3 Overcoming drug resistance
Drug resistance is common in patients receiving

chemotherapy for a long time. Glycolysisgenerally occurs in

the absence of oxygen. Tumor cells have a rapid metabolic

rate and consume large amounts of glucose. Hence, they

generate different metabolic characteristics, such as aerobic

glycolysis, which was first observed by Otto Warburg and was

named the Warburg effect. Therefore, aerobic glycolysis can be

employed in cancer therapy. Pyruvate kinase muscle isoform 2

(PKM2) is a very important enzyme converting

phosphoenolpyruvate to pyruvate in aerobic glycolysis.

Additionally, the dimers type, not the tetramers type, of

PKM2 can function in this kind of glucose metabolism.

Therefore, PKM2 activators, which transfer PKM2 dimers to

its tetramers, have the potency to prevent the Warburg effect and

promote tumor inhibition. Serine (Ser) is this kind of activators,

but the effect is not sufficient. O-GlcNAcase (OGA), which is

overexpressed in many malignant tumors, can improve the

proliferation of tumor cells by inhibiting PKM2. In a study,

nanomaterial based on OGA was designed: S (GlcNAc)-K (TPA-

1) LVFF termed GPNA1. It contained four motifs: 1) ser (β-N-
acetylglucosamine) (S [GlcNAc]) motif containing

PKM2 activator and OGA targeting agent, 2) Lys (K) motif as

the linker, 3) TPA-1 as the fluorescent molecule 4) Leu-Val-Phe-

Phe (LVFF) motif for self-assembly. GPNA1 first formed

nanoparticles in the water. After it specifically targeted cancer

cells, upregulated OGA catalyzed GlcNAc removal, exposing Ser.

The nano-activator was transformed from nanoparticles to

nanofibers, promoting the formation of PKM2 tetramers and

inhibiting tumor metabolism. Compared with GPNA2,

GPNA1 showed higher toxicity to highly metastatic PC cell

lines (PC-3M IE8 cells). GPNA2 was similar to GPNA1 but

had Ala-Ala-Gly-Gly (AAGG) peptide to substitute the self-

assembly motif, LVFF. Additionally, compared with GPNA2,

GPNA1 could sensitize cells to docetaxel (DTX), overcoming

chemotherapy resistance, in vitro and in vivo experiments (Hou

et al., 2022). This project used enzymes as the target to prevent

tumor metabolism, highlighting the function of self-assembly

peptides against chemotherapy resistance.

Docetaxel (DTX), which can disturb mitosis in the cell cycle

to induce cell death, is the standard chemotherapy in advanced

PC (Bharali et al., 2017). However, the side effect and drug

resistance are inevitable, as shown in clinical trials. Curcumin

(CUR), a natural drug, has been shown to affect PC.

Furthermore, many molecules that explain the inhibitory

effect, such as nuclear factor (NF)-κB and p53, are relevant to

DTX resistance. Hence, CUR can prevent DTX resistance and

reduce PC cell survival. In a study, the lipid-polymer

nanoparticles were synthesized, containing PLGA, lecithin,

and PEG-DSPE (LPNs). LPNs were conjugated with DTX and

CUR, termed DTX-CUR-LPNs. PLGA nanoparticles without

lecithin and PEG-DSPE were used as a control to encapsulate

DTX and CUR, named DTX-CUR-NPs. The in vivo antitumor

efficacy was evaluated. Compared with LPNs, free CUR, free

DTX, CUR-LPNs, DTX-LPNs, DTX-CUR-NPs, and DTX-CUR-

LPNs exhibited the highest activity against PC, proving the

synergistic effect of DTX and CUR (Yan et al., 2016). This

was an example of effective combined drugs, paving the way

for a double drug release system to prevent tumor progression.

3.2 Gene therapy

Gene therapy is usually used in tumors and monogenic

diseases. It has achieved significant progress, such as in the

treatment of hemophilia and leukemia (Nathwani et al., 2014;

Kuehn, 2017). Many therapeutic regimens have been approved,
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such as Zynteglo, authorized by European Union for treating β-
thalassemia (Harrison, 2019) and Luxturna (Darrow, 2019) and

Kymriah (The, 2017), permitted by the FDA for the cure of

genetic eye disease and acute lymphocytic leukemia, respectively.

Although it has been developing for many years and many

patients have been cured, there are still some failures, such as

the death of an American boy, Jesse Gelsinger (Lehrman, 1999),

and phase II clinical failure of a drug for heart failure, CUPID2

(Ratner, 2015).

There are some reasons for the mentioned failures, such as

inappropriate vectors and limited target-gene expression. As the

vector of a target gene, viruses are the most widely used for their

high transfection efficacy. Nonetheless, a virus has non-negligible

safety problems. For example, in 2000, after the treatment of

severe combined immunodeficiency disease (SCID) by a

retrovirus, some patients had genetic mutations and

symptoms similar to those of leukemia (Check, 2003).

Adenovirus can lower this risk because it functions not

necessarily to insert its genome into the host genome.

However, the immunogenicity of adenovirus is too high

(Lehrman, 1999). According to the research, adeno-associated

virus (AAV) has become a very promising vector for its low

immunogenicity, but its capacity is poor, usually less than 5 kb.

Meanwhile, although the virus vector has been remodified to

delete a pathogenic gene, uncertain genetic recombination still

exists in virus packing, increasing the risk of causing an illness.

Some physical methods, which are not dependent on the carrier,

usually need very expensive equipment, and they are generally

harmful to cells, causing the limitation of wide employment.

Therefore, a non-viral vector is emerging to overcome these

drawbacks.

Non-viral vector is currently in the basic research phase. This

kind of vector does not necessarily insert its genetic material into

the host genome, which is relatively safe. Additionally, the length

of the loaded gene is not restricted. There are many non-viral

vector types, such as mesoporous silicon (Wang et al., 2020),

metal nanoparticles (Peng et al., 2018), linear and dendritic

polymers (Han et al., 2018), liposome and its derivatives

(Fenton et al., 2017), proteins (Ping et al., 2017), and peptides

and their derivatives (Guan et al., 2019). The research on non-

viral vectors is not limited to in vitro experiments, and some in

vivo experiments have had a very good effect. Therefore, the non-

viral vector is developing for practical applications and has a

remarkable efficiency in some diseases, such as eye disease (Jiang

et al., 2019), degenerative disease, and cancer (Guo et al., 2012;

Liu et al., 2019).

The most widely used commercial transfection agent is

polyethylenimine (PEI). However, PEI has no targeting motif,

limiting its applications. Therefore, there are large amounts of

PEI derivatives to enhance transfection efficacy. There are some

reports about the usage of two receptors of some viruses for

uptake into host cells. Hence, simultaneously targeting two

receptors to mimic a virus is a clever design. In a study,

B6 peptide (Ac-CGHKAKGPRKNH2) was employed to

substitute transferrin (Tf), a protein capable of increasing the

interaction with tumor cells. Another peptide motif was RGD,

well known for its facilitation of attaching to cells. In this work,

PEI derivatives were designed, containing B6/RGD dual-targeted

system, B6, or RGD single targeted system. Luciferase expression

was used to evaluate the transfection efficiency. The dual-

targeted polyplex showed almost equal efficacy compared to

PEI in two PC cells and higher efficacy than any of the single

systems (Nie et al., 2011). This work provided a dual-targeted

system of gene therapy, paving the way to find more effective

transfection agents.

Small interfering RNA (siRNA), which knockdowns the

complementary mRNA to regulate gene expression, has been

developed in the cancer therapy field (Li et al., 2020a). O’Driscoll

et al. have reported a polymer nanocarrier to deliver siRNA. The

compound of PEGylation of poly-L-lysine-cholic acid (PEG-

PLL-CA) was designed. The linker between PEG and PLL was

acid-sensitive, which made it cleavable in a tumor site. The

release of PEG made it a more appropriate system to load

drugs into cells. In this work, the vascular endothelial growth

factor (VEGF) siRNA was used to inhibit tumor proliferation in

transgenic adenocarcinoma of the mouse prostate cell (TRAMP

C1) tumor mice. The efficacy of PEG-PLL-CA was comparable

with JetPEI, a commercial in vivo PEI (Guo et al., 2012). This

work showed siRNA encapsulated in polymer to inhibit tumors,

which might stimulate the development of more efficient

polymers, even surpassing the commercial transfection agents.

Polymers, such as PEI, have the drawbacks of low

transfection efficacy and high toxicity to cells. There are

commercial substitutes, such as lipo2000 and lipo3000. In a

study, membrane vesicles, which have the targeting capability,

were used to deliver drugs for many diseases, such as cancer and

HIV/AIDS. This system was termed nanoghosts (NGs). In this

work, plasmid cDNA was used to encode the C-terminal motif of

matrix metalloprotease-2, named the hemopexin-like domain

(PEX). This kind of protein is toxic to cancer cells. As shown in

Figure 5A, the tumor size after the treatment with NG-pPEX

showed obvious shrink compared with control, proving its

effective transfection (Kaneti et al., 2016). This work used

innovative NGs as the vector, highlighting the development of

membrane systems in gene therapy.

The above-discussed projects showed different carriers.

Sometimes, there are other technologies added to enhance the

transfection. A schematic illustration is shown in Figure 5B. The

dickkopfs (DKKs) protein family is related to PC development.

DKK-2 pDNA-loaded chitosan/perfluorohexane nanodroplets

(CNDs) are added to the LNCaP cells, and then ultrasound is

applied. The expression of DKKs protein prevents the

proliferation of PC cells. Figure 5C exhibits the transfection

effect of different groups, proving the importance of

ultrasound (pDNA also encodes enhanced green fluorescent

protein [EGFP] to evaluate transfection efficacy) (Liu et al.,
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2021a). This approach, dependent on ultrasound, is innovative

and might be used in PC therapy in further clinical research.

3.3 Therapeutic nanomaterial

Nanomaterial functions not only as a carrier but also as a

drug. Some nanomaterials are toxic to cancer cells, specifically

inhibiting tumor proliferation. The trace element selenium can

prevent cancer, and selenium nanoparticles (Nano-Se) are safer

than other selenium compounds, such as sodium selenite and

selenomethionine. Gao et al. have reported the function of Nano-

Se. It showed the inhibitory activity of LNCaP cells, proving the

potential of selenium nanomaterial in cancer therapy (Kong

et al., 2011).

It is well known that metastasis of tumors is an issue in cancer

therapy, dramatically shortening patients’ lives. Wei et al. have

reported the function of graphene in tumor migration and

invasion. In their work, graphene (Gra) and graphene oxide

(GO) were used to suppress three kinds of cancer cells (MDA-

MB-231: human breast cancer cell line, PC3, and B16F10: mouse

melanoma cell line). The inhibitory activity was dose-dependent,

and 90% of cells were viable after the treatment with Gra or GO at

20 μg/ml for 24 h. Nonetheless, under this condition, migration

and invasion were prevented compared with control (Zhou et al.,

2014). This work proved the function of Gra and GO in tumor

migration and invasion, providing innovative insight into future

cancer therapy.

Targeting agents are very indispensable in designing

functional nanomaterial. Self-assembled peptides are very

useful for inhibiting pathogenic cells, such as tumor cells and

bacteria, and maintaining the physiological functions of normal

tissues (Wang et al., 2021). In a study, tandem self-assembled

peptide systems based on the targets were designed. As shown in

Figure 6A, compound 1 contained four motifs: 1) NBD as the

capped fluorescent motif, 2) GFFRY as the self-assembly and

alkaline phosphatase (ALP)-targeting motif, 3) ss as the

glutathione (GSH) targeting motif, 4) RGD as the targeting

motif to cancer cells. Adding ALP to compound 1 formed

compound 2, which was a nanoparticle imaged by a

transmission electron microscope (TEM) scan. By further

using GSH, compound 3 was formed, generating the hydrogel.

TEM image showed the nanofibers in the yellow hydrogel. Some

cell experiments were conducted to further prove the tandem

self-assembly. In many cancer cells, ALP and GSH are

overexpressed. Nanoparticle formation by ALP catalysis and

further formation of nanofibers by GSH cleavage in liver

cancer cells had been evidenced by confocal laser scanning

microscopy. This tandem self-assembly system was toxic to

various cancer cells containing PC3 but was almost innocuous

FIGURE 5
(A) Prostate tumor volume after the treatment with NG-pPEX using the untreated group as the control. Reprinted with permission from (Kaneti
et al., 2016). Copyright 2016, American Chemical Society. (B) Schematic illustration of DKK-2 pDNA delivery into LNCaP cells. (C) Relative
fluorescence intensity of pDNA/pDNA + US/pDNA + CND/pDNA + CND + US in LNCaP cells. Reproduced with permission from (Liu et al., 2021a).

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Hao et al. 10.3389/fbioe.2022.1046234

68

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1046234


to normal liver cells, LO2 and QSG7701, as shown in Figure 6B

(Zhan et al., 2018). Although this system had a less inhibitory

effect on PC cells than liver cancer ones, it provided the

theoretical and experimental basis for tandem self-assembly,

which might benefit the development of more efficient

nanomaterials in future research on PC.

This review mainly introduced chemotherapy, gene therapy,

and therapeutic nanomaterial. Besides these methods, there are

some other PC therapies, such as photodynamic therapy (PDT)

(Lin et al., 2016), sonodynamic therapy (SDT) (Hadi et al., 2021),

and combined therapy (Lee et al., 2011; Min et al., 2017; Mirjolet

et al., 2017). Immunotherapy is effective in many diseases, such

as allergic rhinitis (Liu et al., 2015), diabetes (Bluestone et al.,

2015), HIV infection (Caskey et al., 2015), and especially cancer

(Kanapathipillai et al., 2012; Hu et al., 2015; Stephan et al., 2015).

Immunotherapy combination with other therapies, such as

chemotherapy, is very popular and efficient. Jon et al. have

reported a delivery system based on chemoimmunotherapy.

CpG is an oligonucleotide that can stimulate the immune

system. CpG-dendrimer conjugate was used as the carrier to

load doxorubicin (Dox), an antitumor drug in the clinic. This

system showed more effective antitumor activity than free Dox

with the same dose in the 22RV1 (a kind of PC cell line) tumor

model (Lee et al., 2011). Chemotherapy can combine not only

with immune treatment but also with radiotherapy. Docetaxel

(DTX) can sensitize cells to radiotherapy, but side effects and

drug resistance limit its applications. There was a report based on

titanate nanotubes (TiONts) to solve this challenge. This nano-

carrier-loaded docetaxel (TiONts-DTX) enhanced the

radiosensitivity. The effect of radiotherapy correlated with

TiONts-DTX was assessed in PC3 tumor mice. The dual

therapy system had stronger inhibitory efficacy compared to

single therapy (Mirjolet et al., 2017). These data confirmed the

effect of chemotherapy with other treatments. Additionally,

combined gene therapy has been reported. Gold nanorods

(GNR) were decorated with dipicolyl amine (DPA), which

could bind Zn2+ cations, forming Zn (II)/DPA-GNR

nanoparticles. They could deliver siRNA because of the

interaction between Zn (II)/DPA and siRNA. More

importantly, this system also enabled photothermal therapy,

benefiting from GNR, exhibiting significant inhibitory activity

in PC3 tumor mice (Min et al., 2017). In summary, a combined

therapy system, which is superior to a single therapy, is a

direction in future research and more applicable to

individualized treatment.

4 Outlook

Most cases of PC are diagnosed at an advanced stage, III or

IV, missing the best time to treat cancer. Aspiration biopsy is

invasive to patients. Therefore, less invasive diagnosing methods

in the early stage are requisite. Nanomaterial provides a strategy

to enhance the sensitivity and accuracy of these methods.

Traditional therapies for cancer include surgery,

chemotherapy, and radiotherapy. However, some issues, such

as side effects, MDR, metastasis, and relapse, limit the

development of cancer therapy. Some innovative approaches

based on nanotechnology are emerging, such as PDT and

SDT. However, sometimes, the bioavailability of these drugs is

still very low. Real-time detection and treatment become urgent

needs. The word “theranostics” has been first introduced by John

Funkhouser (Choudhury and Gupta, 2018). It means using one

nanomaterial system to simultaneously diagnose and treat

disease. For example, Ray et al. have reported a

multifunctional gold nanoparticle system based on surface-

FIGURE 6
(A)Molecular structures of compounds 1, 2, and 3, tandem self-assembly formation, and a photograph after adding ALP and GSH to compound
1. (B)Cell viability after the treatment with different concentrations of compound 1 for 48 h of six cancer cells and two normal cells. Reproduced with
permission from (Zhan et al., 2018)
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enhanced Raman scattering (SERS). It had a triple function:

diagnosis and treatment of PC cells and monitoring the

photothermal regimen response (Lu et al., 2010). Therefore,

integration of diagnosis and treatment may be another

direction to overcome the barriers in PC therapy. Although

most of these methods are in the basic research stage, they lay

the foundation should the nanomaterial apply in the clinic in the

future.

Although some anticancer nanomedicines have been applied

in the clinic, such as Myocet, approved by European Medicines

Agency (EMA) in 2000 to fight against breast cancer and DHP

107, authorized by South Korea in 2016 for gastric cancer therapy

(He et al., 2019), there are still some disadvantages of

nanomaterials, limiting their development. For example, the

degradation and biodistribution of nanomaterial inin vivo are

uncontrollable. Appropriate degradation rate and biodistribution

of nanomaterial in vivo are necessary in the PC diagnosis and

therapy. Therefore, precise design of nanomaterial is

indispensable, containing charge, hydrophilia, size,

configuration, and so on (Yang et al., 2015). To simplify the

procedure, computer aided design is popularly used (Lai et al.,

2017; Shao et al., 2020). Another common uncertain factor of

nanomaterial used in vivo is the biocompatibility. Many of the

nanomaterials are toxic to the vital organs or trigger the

inflammatory response of the body, which makes us urgently

establish an integrated evaluation system to screen

nanomedicines (Heller et al., 2020). Although there are some

difficulties in screening cancer nanomedicines, it is more

attractive to scientists to study the characteristics of

nanomaterial and further overcome the challenges (Sun et al.,

2020).

Since the first nano-based cancer drug (Doxil) was approved

by FDA in 1995, nanomedicines have been authorized in a few

kinds of cancers therapies, such as ovarian and non-small-cell

lung cancer, myeloma, osteogenic sarcoma (He et al., 2019; Zhao

et al., 2022). There are a few PC nanomedicines employed in

clinical phase Ⅱ, such as BIND-014, Tecemotide, and CT-2103

and clinical data shows the positive efficiency of BIND-014

(Autio et al., 2018; He et al., 2019). BIND-014 is a docetaxel

nanoparticle which targets the prostate-specific membrane

antigen (PSMA). Although PC, especially in the advanced

period, can shorten the lives and cause the pain of patients, it

is still hopeful by the effective clinical data. More importantly, the

basic researches have been developing fast, and they might

provide theoretical and experimental foundation for the

clinical progress in the future.
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The application of
nanotechnology in treatment of
Alzheimer’s disease

Yanyan Cao* and Run Zhang
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The buildup of beta-amyloid plaques in the brain results in Alzheimer’s disease

(AD), a neurodegenerative condition. A permanent treatment for AD is not yet

available. Only a slowing down of its advancement is possible with the current

pharmaceutical options. Nevertheless, nanotechnology has proven to be

advantageous in medical applications. It has a lot of potential for AD

therapy, particularly in diagnosing the condition and providing an alternative

course of treatment. In this review, we outline the developments and benefits of

nanomedicines in treating AD. Prospective nanomedicines for diagnosing and

surveillance therapeutic interventions for AD and other diseases of the central

nervous system (CNS)may be clinically accessible, persuading the development

of investigation in this field.

KEYWORDS

nanotechnology, nanomedicine, brain disorder, Alzheimer, chronic disease

Introduction

Themost prevalent type of dementia, Alzheimer’s disease (AD), affects close to 50million

people worldwide. Because of the rise in the average life expectancy, it is anticipated that this

population will reach 150 million in the year 2050 (Gaudreault and Mousseau, 2019). Then,

AD is expected to remain a clinical, social, and economic concern. Several approaches are

being investigated to find novel treatments for AD (Loureiro et al., 2014). Dealing with the

pathology of AD has some restrictions. The intranasal administration of drugs targeting

neurotransmitters or enzyme modulation is exploited to treat the cognitive deficits caused by

AD (Sood et al., 2014). Only four treatments for AD have been approved by the Food and

Drug Administration (FDA), and these all target different aspects of the disease’s two main

molecular pathways: the buildup of Aβ peptide and neurofibrillary tangles (NFT) of p-tau

protein (Sabbagh, 2020). However, using these medications causes a significant increase in

therapy failures because of their poor absorption in the neuronal cell membranes, instability,

neurotoxicity, and a number of other pharmacokinetic and pharmacodynamic characteristics

(Suri et al., 2015; Guo et al., 2020). This emphasizes the necessity for developing alternative

therapeutic interventions. Recognition of different molecular targets that could result in new

treatments is anticipated to result from the finding of new biomarkers, which are also expected

to strengthen previous AD diagnoses. The development of novel therapies needs to describe

the pathophysiological mechanisms underlying AD and the best biomarkers to discover them.

Furthermore, it is essential to deliver diagnostic and therapeutic compounds to the target sites
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in these mechanisms effectively and precisely. Because of their

diverse chemical properties and their predisposition for chemical

change to modulate and refine desired characteristics, nanoparticles

(NPs) have enabled significant advancements in drug delivery,

treatment, and disease diagnosis (Duskey et al., 2017; Mulvihill

et al., 2020). Due to the enhancement of the medicine’s

pharmacological effects, the necessary doses to generate

therapeutic effects are reduced when drugs are delivered using

nanocarriers. This results in a reduction in the number of

adverse effects experienced by patients (Wais et al., 2016). The

main components of NPs involve a wide range of substances

encapsulating compounds with various chemical properties,

including lipids, polymers, and metals. The ability of NPs to

deliver compounds to difficult-to-reach organs, like the CNS,

where the blood-brain barrier (BBB) must be crossed and

controlled kinetic drug releases are necessary for long-term

therapies, is indispensable for chronic CNS diseases (Wilczewska

et al., 2012). The purpose of this study is to provide a high-level

summary of how AD treatment has evolved as a direct result of the

application of nanotechnology. A strong focus is also put on the

significant challenges that currently exist as well as the prospects for

the future of this industry.

Alzheimer’s disease pathogenesis and
molecular basis

AD is a massively complicated and progressive

neurodegenerative disorder (Association, 2015). Extracellular

accumulations of Aβ plaques and intracellular accumulations

of NFTs constituted of hyperphosphorylated microtubule-

associated τ have been reported as AD’s histopathological

features. Plaques composed of Aβ first appear in the brain’s

basal, temporal, and orbitofrontal neocortices. As the disease

progresses, however, it spreads throughout the neocortex,

hippocampus, amygdala, diencephalon, and basal ganglia. In

severe cases, the mesencephalon, cerebellar cortex, and lower

brain stem contain Aβ. The development of tau-tangles, which

can be observed in the locus coeruleus and the transentorhinal

and entorhinal regions of the brain, is triggered when a

concentration of Aβ is present. It propagates to the

hippocampus and neocortex during the critical phase

(Figure 1) (Goedert, 2015). Also, AD development is

influenced by several physiological variables summarized in

Table 1.

Despite the progress made in understanding the biology of

the AD and developing treatments for it, we do not yet have a

molecule that may postpone and/or prevent the progression of

the disease in aged people and patients with AD. There are two

distinct etiologies of AD: early-onset familial AD and late-onset

sporadic AD. Investigations of Alzheimer’s disease brains

obtained via autopsies found that there are no discernible

differences between the early-onset familial form of the

disease and the late-onset sporadic form (Ayodele et al.,

2021). Early-onset familial AD is caused by mutations in three

different loci: the amyloid precursor protein (APP), presenilin 1

(PS1), and presenilin 2 (PS2). It is hypothesized that these genetic

changes make a person more susceptible to increased

mitochondrial dysfunction (Hyman et al., 2012; Reddy et al.,

2018). If a person has these genetic antecedents, it is more

probable that they will get AD in their 50s rather than in

their 70s or later in life. In addition, having the

FIGURE 1
The role of Tau in AD pathogenesis. Tau is known to spread in a predictable way along neuronal networks in neurofibrillary tangles (NFTs). It is
possible that the characteristic development of AD neuropathology is caused by interneuron transfer of the pathogenic form of tau.
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apolipoprotein E allele 4 (APOE4) increases a person’s risk of

developing late-onset sporadic AD since this allele plays a role in

the accumulation of amyloid protein (Hyman et al., 2012). In

addition, the development of both types of AD is caused by age-

related variables such as reactive oxygen species (ROS),

malfunction in mitochondria, and phosphorylation of tau

(Kritsilis et al., 2018; Reddy et al., 2018). Additionally,

synaptic loss and mitochondrial dysfunction are early events

or triggers in the progression of the disease. Mitochondria,

sometimes known as the “powerhouses of the cell,” are

accountable for the vast majority of the metabolic activities

that are necessary for human survival. Unfortunately, when

these super organelles are not functioning properly, it leaves

us open to the development of serious, debilitating illnesses

(Oliver and Reddy, 2019).

Blood-brain barrier in Alzheimer’s
disease

The BBB plays a pivotal role in the movement of

biomolecules into and out of the brain’s neuronal system.

Hence, to enhance the delivery of drugs to the brain, it is

necessary to gain a comprehension of the structural and

functional features of the BBB (Sharifzad et al., 2019;

Alahmari, 2021). Two specialized barriers, the cerebrospinal

fluid barrier (CSFB) and BBB distinguish the complex human

CNS (Pathan et al., 2009; Dabbagh et al., 2022). Both cognitive

impairment and dementia are caused by cerebrovascular

dysfunction, which may result in cerebral amyloid angiopathy

in AD. In addition, it acts as a mediator for the buildup of Aβ
peptides within the brain. The advanced glycation end product

(RAGE) receptor and the low-density lipoprotein receptor

related protein 1 (LRP1) are the two main receptors that

enable the BBB to control the regulation of Aβ transport to

the brain (Sagare et al., 2012).

The perseverance required for the selective transport of small

molecules over the BBB is provided by cohesive domains bound

to the endothelial cells (Abbott et al., 2010). A regulated

intracellular transport via transcytosis takes place to fulfill the

needs of proteins and peptides for brain homeostasis. Endothelial

cells, with the assistance of a wide variety of specialized

transporting proteins, can enable the transport of molecules.

However, this ability is contingent on the nature of the

compounds (hydrophilic or hydrophobic). In preclinical

investigations, several various nanocarriers have been reported

as having the potential to cure brain illnesses like AD. To cross

the BBB, these carriers encapsulate the AD medications as cargo

(Mulvihill et al., 2020).

Nanotechnology in Alzheimer’s
disease

Nanotechnology aims to design, produce, and use

nanomaterials-materials with at least one dimension falling

between 1 and 100 nm. At this scale, materials frequently

exhibit bulk-independent properties that are considered

interesting to the medical community, including

superparamagnetism or surface plasmon resonance (Khan

et al., 2019). Additionally, because proteins and nucleic acids

are in the same size range as nanomaterials, particularly

nanoparticles, they are well-suited for interacting with those

biomolecules and, as a result, with cells. Likewise, a large

surface-volume ratio associated with nanometric size offers

benefits in applications of biological recognition, particularly

in sensing. Therapeutic uses of these compounds have

undergone extensive testing (Auría-Soro et al., 2019; Li et al.,

TABLE 1 The involvement of physiological factors in AD pathogenesis.

Variable Distinction Reference

Hypertension It is thought that hypertension can influence AD through its relationship with cerebrovascular pathology.
Hypertension, commonly known as high blood pressure, is another factor that may have a role in the
pathophysiology of AD. According to the research, hypertension is the cause of increased plaque development
in the brain

Nehls (2016)

Homocysteine It contributes to the progression of beta amyloid (Aβ) plaque development. In addition, there is speculation
that homocysteine plays a role in the elevation of oxidative stress in the brain, which is a factor in the
advancement of AD diseases

Pacheco-Quinto et al. (2006)

Inflammation A significant correlation with the overall risk of dementia Mrak and Griffin (2005)

Physical activity Exercising produces anti-inflammatory effects and offers a myriad of additional advantages through a variety
of routes, all of which have the potential to slow or stop the advancement of AD.

Schlegel et al. (2019); Valenzuela et al.
(2020)

Diabetes
mellitus

There is a theoretical support has been depicted on the relationship between diabetes and Alzheimer’s disease,
along with novel strategies to prevent diabetic people from developing AD. It has also been found that AD can
be alleviated by taking preventative measures against diabetes such as maintaining a healthy weight and diet,
participating in sports, and engaging in other physically active pursuits

Sun et al. (2020)
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2019; He et al., 2021). Applications of nanomaterials have also

been studied in the field of precision medicine for the past few

years (Mura and Couvreur, 2012). Because of the drug’s inability

to circumvent the BBB, the only treatment for AD currently on

the market focuses on symptomatic relief. Due to its many

benefits, nanotechnology-based therapy may overcome this

restriction (Ling et al., 2021). The FDA has given its blessing

for the use of commercially available medications to a wide

variety of nanocarriers that range in size from very tiny to very

large. These nanocarriers are used in the treatment of

neurological conditions such as AD and brain cancer

(Association, 2013; Patra et al., 2018). Nanomedicines are

comprised of various nanocarriers containing different drugs.

The potential for nanomaterials to manage the pathologies of AD

is receiving extensive investigation. The treatment of AD

currently uses nanostructure-based delivery systems, which

will be discussed in the following sections. Most of them are

classified as either metallic NPs, organic nanostructures, or lipid-

based nanoparticles.

Liposomes

The phospholipid bilayer of liposomes is the most

probable solution to the problem of transporting

medications across the BBB. However, it is forbidden to

cross the BBB. Numerous surface modifications have been

implemented to boost liposomal carrier transport across the

BBB (Spuch and Navarro, 2011). Numerous proteins,

peptides, antibodies, and other ligand receptors may be

present on the surface of the BBB. Transcytosis can be

facilitated by applying surface-active ligands, including

those found in these compounds. Transcytosis and cationic

liposome absorption into the BBB take place simultaneously.

Liposomes are typically coated with nutrients like glucose to

make it easier for them to move through the body. Once the

liposomes have entered the brain, the passive diffusion

mechanism can proceed. This process is triggered by the

brain’s passive efflux (Noble et al., 2014). Through

associated receptors on BBB cells, curcumin-loaded

liposomes can substantially improve drug delivery to the

CNS (Lajoie and Shusta, 2015). The liposome carrier system

that has been modified with a surface with mannose ligand and

cell-penetrating peptides (CPPs) has been employed to deliver

apolipoprotein E (ApoE2) in the brain injured by AD. The

findings show that functionalized liposomes can deliver a

significant concentration of genes to the target tissues safely

and effectively for the treatment of AD (Arora et al., 2020).

Osthole (Ost) is an anti-AD compound because of its

prophylactic impacts on hippocampus neurons and anti-Aβ
characteristics. Bioavailability and exposure to target sites in

the AD mice brain have been addressed by developing an Ost-

liposomes carrier system (Kong et al., 2020).

Polymeric-based nanoparticles

Designing and testing polymeric biodegradable NPs

functionalized with antibody and polyethylene glycol (PEG) in

transgenic AD mice was productive. According to recent

research, exposure to PEGylated NPs can rectify memory

deficits and significantly lower levels of Aβ-soluble peptides.

The AD disease can therefore be treated with the designed

formulation (Carradori et al., 2018). Research has been carried

out in which biodegradable polymeric NPs are synthesized using

the double emulsion method. The purpose of this study is to

determine whether or not loading memantine into these NPs will

increase its effectiveness in treating AD. Memantine-loaded NPs

can significantly reduce Aβ plaques and AD-related

inflammatory processes when used to treat AD brain tissue

(Sánchez-López et al., 2018). When applied to mice with AD,

targeting the brain with zinc-loaded polymeric NPs can reduce

the size of amyloid plaques and help alleviate other neuronal

deficiencies (Vilella et al., 2018). To transport the

acetylcholinesterase inhibitor known as huperzine A,

mucoadhesive and target poly lactic-co-glycolic acid

nanoparticles (PLGA-NPs) that have had their surfaces

changed with lactoferrin-conjugated N-trimethylated chitosan

have been used. The formulation has shown promising results in

both its sustained-release action and its ability to target AD

pathology (Meng et al., 2018).

Thymoquinone (TQ), a bioactive component found in

Nigella sativa seed essential oil, has been demonstrated to

have a variety of medicinal applications (Javidi et al., 2016).

Numerous preliminary pharmacological investigations have

been carried out to study the therapeutic utilization of TQ;

however, further research is required to decide whether or not

it is beneficial in treating neurological diseases. Recent studies

have demonstrated that TQ is a potential treatment for AD

(Abulfadl et al., 2018).

TQ-containing NPs coated with polysorbate-80 (P-80) may

be a viable and dependable method of delivering nanoscale to the

brain through the BBB (Yusuf et al., 2021). PLGA is a

biodegradable polymer because it can be hydrolyzed into its

non-toxic endogenous metabolites, including glycolic acid and

lactic acid. Hydrophobic PLGA tends to opsonize and be

eliminated by the reticuloendothelial system (RES), despite its

widespread use for CNS-targeted drug administration. Since the

PLGA-NPs are coated with surfactant P-80, non-toxic, non-

ionic, biodegradable, and hydrophilic, they are protected from

being opsonized and cleared (Sempf et al., 2013).

The significant contribution of drug release from the matrix

through diffusion caused by pore formation comes from the

autocatalytic hydrolytic breakdown of PLGA to lactic and

glycolic acid. Through the autocatalytic breakdown of the

matrix, it may be possible to accomplish both high porosity

and strong drug diffusion. Because of the hydrophilicity of the P-

80 coating, TQ from P-80-TQN could be easily derived (Tığlı
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Aydın et al., 2016; Zeng et al., 2020). The interaction between TQ

and PLGA may have led to an additional delayed discharge,

which may have restricted the amount of TQ delivery. The

primary mechanism by which TQ exerts its effect is by

inhibiting the enzyme xanthine-oxidase, thereby lowering the

production of superoxide radicals. In contrast, the semi-TQ

produced by cytochrome 450 reductase offers electron-

deficient platforms at the first and fourth positions, thereby

supplying electron-deficient centers for superoxide radicals.

Because of the reduction in OS and AD, these processes can

bring the number of superoxide radicals in the environment

down to a safer level (Figure 2).

The cationic mucoadhesive polymer chitosan (CH) was also

used in the study because it can form gels by absorbing water,

extending the period at the site of action. When medications are

taken orally, CH is said to enhance medication penetration

through the nasal mucosa and assist in opening tight

junctions, as stated in several studies (Ariful Islam et al., 2015;

Wang et al., 2018; Duan et al., 2022). Utilizing this material as a

shell makes it possible to employ CH to increase the residence

period and improve medication permeation.

Accumulation of inhibitors of Aβ could help treat AD.

Various drugs can destabilize the A fibrils in vitro, preventing

Aβ accumulation and neurotoxic effects. Much research has been

done on the inhibitory action of NPs. The functional NPs have

the potential to avoid the aggregation of proteins efficiently.

Light-activated gold nanoparticles (AuNPs) containing peptides

have the potential to cause the disintegration of preformed fibrils.

Detrimental ions are precluded from being released from the

nanocarrier whenever the surface is appropriately functionalized

(Meenambal and Bharath, 2020).

NPs may disrupt small fibers and avoid their accumulation.

Experiments may successfully avoid Aβ accumulation and

fibrillation when applying the small AuNPs because they

decelerate the nucleation mechanism. Theoretical perspectives

for therapeutic candidates to treat AD may thus be gained

through synthesizing AuNPs.

Curcumin is an antioxidant with low toxicity and a free

radical scavenger, a naturally occurring phytochemical (Azizi

et al., 2018; Sharifi-Rad et al., 2020). The most appealing method

for treating AD is administering curcumin to the brain,

inhibiting tau protein accumulation and exhibiting anti-

amyloid characteristics at concentrations in the micromolar

range (Yang et al., 2022a). Poor stability and bioavailability of

curcumin during brain delivery contribute to its reduced brain

absorption (Gao et al., 2020). The use of nanocarriers is favored

as a means of addressing these concerns because of the safety

benefits associated with this method and the increased and

sustained brain exposure it provides. It is also possible to

establish a stable and sustained distribution of curcumin

across the BBB by utilizing a nanoemulsion of red blood cell

membrane-coated PLGA particles loaded with T807 molecules

implanted on the surface of the red blood cell membrane (T807/

RPCNP). The mutual actions of these proteins show strong

inhibitory effects of T807, 807/RPCNP on tau-associated

pathogenesis (Gao et al., 2020). Additionally, to expedite the

FIGURE 2
Themechanism of action of thymoquinonewith regard to oxidative stress-mediated AD symptoms. The interaction between TQ and PLGAmay
have led to a further sluggish release, which may have restricted the amount of TQ that was released. The TQ primarily exerts its effect by inhibiting
the enzyme xanthine-oxidase and lowering the production of superoxide radicals. In contrast, the semi-TQ that is produced by cytochrome
450 reductase offers electron-deficient platforms at the first and fourth positions, which in turn offers electron-deficient centers for superoxide
radicals.
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phagocytosis of the Aβ peptide and enhance drug permeation,

curcumin loaded with chitosan and bovine serum albumin NPs is

used to mitigate AD manifestations (Yang et al., 2018). Through

various kinase pathways, curcuminoids control the proliferation

of neuronal stem cells in the Aβ-induced rat model (Ling et al.,

2021). In order to alleviate the symptoms of AD, curcumin that

has been loaded with chitosan and bovine serum albumin NPs

has been shown to boost the drug penetration and speed the

phagocytosis of the Aβ peptide. Other biological benefits of

curcumin-based nanomedicines for treating brain disorders

include their ability to protect neurons against dopaminergic

toxicity by activating the transcription factor Nrf2, which is

renowned as a master regulator of the antioxidant response

(Szwed and Miłowska, 2012; Yang et al., 2018; Chen et al., 2021).

Nanogels

It has been shown that the use of nanogels for the delivery

of pharmaceuticals is more effective than the administration of

free drugs. This was established in comparison to the

effectiveness of the administration of free drugs. This

happens as a result of a number of reasons, some of which

include enhanced cellular absorption of the medication,

decreased drug toxicity, higher drug loading, and controlled

release of the loaded drug at the targeted site (Neamtu et al.,

2017). The potential of nanogels to bind active compounds,

macromolecules, and drugs make them attractive drug

delivery systems that have been used to address many

problems related to various pathologies, such as AD

(Aderibigbe and Naki, 2018). According to a recent study,

one of the most effective treatments for AD involves delivering

deferoxamine as nanogels employing the chitosan and

tripolyphosphate approach (Ashrafi et al., 2020).

Polysaccharide pullulan backbones modified with

cholesterol moieties serve as artificial chaperones that have

been proven to alleviate AD pathology by preventing the

development of Aβ amyloids (Ikeda et al., 2006). The nose-

to-brain delivery of insulin, a candidate drug for AD, has been

assessed and found to be increased by employing nanogels as a

carrier during a preclinical experiment conducted on mice

(Picone et al., 2018). When combined with polysaccharides,

the NPs had a number of benefits, including the fact that they

were non-toxic, very stable, hydrophilic, and biodegradable

(Meng et al., 2018).

Dendrimers

For the treatment of AD, dendrimers are viewed as a

potentially useful compound (Aliev et al., 2019). Combining

low-generation dendrimers and lactoferrin to deliver

memantine to specific brain regions in AD-induced mice has

resulted in a discovery. An important effect on target mice’s

memory aspects was noted in recent research (Gothwal et al.,

2019).

Dendrimers with an ethylenediamine core, generation

4.0 and 4.5, are commonly used to improve the drug

solubility and bioavailability for greater permeation across the

BBB to target the damaged parts in the brain to increase the

efficacy of drug-related CNS disorders such as AD and

polyamidoamine (PAMAM). This is done to increase the

efficacy of drug-related CNS disorders such as AD and

PAMAM (Igartúa et al., 2018; Yang et al., 2022b). Dendrimers

composed of a poly (propylene imine) core and a maltose-

histidine shell (G4HisMal) have been effectively developed,

and they may show significant alleviation of AD

manifestations like memory dysfunction. To improve

biocompatibility and lessen the toxic effects of medications

employed to treat AD, tacrine has also been administered in

combination with generation 4.0 and PAMAM dendrimers as

nanocomposites (Jin and Wang, 2016; Igartúa et al., 2020).

Moreover, the disposable immune platforms for the

concurrent identification of the biomarkers for AD have been

designed using the nanocomposites of PAMAM dendrimers and

gold NPs (Figure 3) (Serafín et al., 2021).

Micelle

In the form of drinking water, double transgenic ADmice are

given a micelle water-soluble formulation of coenzyme Q10

(UbisolQ10). The findings indicate that it is effective in

enhancing long-term memories and lowering the

concentrations of circulated Aβ plaques (Muthukumaran

et al., 2018). The availability and effectiveness of curcumin in

treating AD symptoms have been found to increase when Tween-

80 is mixed with micelles to develop curcumin micelles (Hagl

et al., 2015). In recent research, neuronal N2 cells have examined

how PEG ceramide nanomicelles influence the cells.

Nanomicelles have been demonstrated to be an efficient tool

for mediating tau protein disintegration and inducing autophagy

in target cells (Gao and Jiang, 2006). Another study demonstrates

the use of curcumin-loaded polymeric nanomicelles as a targeted

therapeutic delivery system in conjunction with the glycation

method of bovine serum albumin in the presence of phosphate-

buffered saline results in significant inhibition of the

amyloidogenesis process in mice with AD (Mirzaie et al.,

2019). In addition to this, it was demonstrated that an

artificial chaperone comprised of mixed-shell polymeric

micelles (MSPMs) has been developed with variable surface

characteristics that serves as a suppressor of AD. This

artificial chaperone was inspired by a natural molecular

chaperone. MSPM-based chaperones have the ability to

maintain A homeostasis through a variety of mechanisms,

including the inhibition of A fibrillation, the facilitation of A
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aggregate clearance, and the reduction of A-mediated

neurotoxicity at the same time (Huang et al., 2014). MSPMs

were able to lessen the load of A, dampen the inflammation

caused by A, and ultimately repair the cognitive abnormalities

shown in APP/PS1 transgenic AD mice (Yang et al., 2019). An

additional nanochaperone was developed by designing a

VQIINK hexapeptide that was obtained from the tau protein

onto the surface of a self-assembly micelle that was outfitted with

chaperone-like hydrophobic microdomains and restricted

spaces. This nanochaperone is able to collect pathogenic tau

without affecting normal tau, and it inhibits their ability to

aggregate by a significant amount because to the synergistic

action of tau-recognizing peptides and limited hydrophobic

microdomains on the surface (Xu et al., 2022).

Selenium nanoparticles

As was mentioned earlier, one of the most important steps in

treating AD is lowering the level of ROS in the brain. Active ROS

inhibitors can be found in many different trace elements,

including selenium (II), sodium selenite (VI), and sodium

selenite (IV). Because selenium and selenite are essential

micronutrients for the human body and have the potential for

use in biomedical applications of selenium nanoformulation,

nanoparticles containing selenium and selenite have been

shown to reduce oxidative stress and prevent the cytotoxicity

of cells. As a result, they can potentially be used in the treatment

of neurodegenerative disorders such as AD (Rajeshkumar et al.,

2019). The BBB has been discovered to be permeable to modified

selenium NPs containing sialic acid, and their exposure has been

shown to inhibit the Aβ accumulation reactions (Yin et al., 2015).

Aβ aggregation might also be blocked by using sialic acid-

modified selenium NPs coated with high BBB permeability

peptide-B6 and epigallocatechin-3-gallate (EGCG) (Zhang

et al., 2020). One promising delivery system for AD treatment

is a newmodified nanoformulation of seleniumNPs entrapped in

PLGA nanospheres with curcumin, demonstrating potent

inhibitory impacts against Aβ accumulation in a transgenic

AD mouse model (Huo et al., 2019).

Antibody-based nanoparticles

When immunotherapy doses are given to treat AD,

complications such as meningoencephalitis could emerge

(Hoskin et al., 2019). Applying NPs coated with antibodies

directed against specific target proteins is the most effective

alternative to immunotherapy for locating and dissolving

protein aggregates in brain cells. Secondary ion mass

spectrometry is employed to image proteins associated with

AD in the brain using antibodies coated with metal oxide NPs

(Moon et al., 2020). Nanovehicles coated with chitosan and Aβ
fragments have been used to target amyloid-containing cells in

AD. NP-Aβ absorption across the BBB is boosted by contrast

agents like fluorescein isothiocyanate (FITC) and Alexa Fluor

(Agyare et al., 2008). The therapy of AD with the class A receptor

activator XD4 (W20/XD4-SPIONs) and the A oligomer-specific

FIGURE 3
Dendrimers and their potential role in improving AD pathogenesis. Polyamidoamine dimers, also known as PAMAM, serve as modulators for
amyloid fibrillar production. This, in turn, enhances biocompatibility and degradation of synapses against A oligomers, hence preventing a
deterioration in memory associated with Alzheimer’s disease.
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scFv-AbW20 coupled to superparamagnetic iron oxide NPs

(SPIONs) has shown some encouraging results (Liu et al.,

2020a). Outstanding early diagnostic potential for AD was

found in superparamagnetic iron oxide NPs when they were

associated with an A-oligomer-specific antibody and a category

A scavenger receptor activator (Liu et al., 2020b).

Receptor-based targeted treatment of
Alzheimer’s disease

Through a process known as receptor-mediated transcytosis,

macromolecular ligands such as proteins (plasma proteins),

hormones, enzymes, and growth factors are transported to the

brain. This process begins with the ligand binding to a specific

trans-membrane receptor; next, the membrane invaginates, and the

receptor-ligand complex forms a vesicle that is transported across

the endothelial barrier; finally, the vesicle dissociates In the case of

drug carriers, targeting ligands are first linked to the surface of the

carrier so that theymay bind to the receptors, and only after this step

can the medication be released into the intended target region. For

the treatment of AD, researchers have investigated a number of

receptors, including transferrin lactoferrin, insulin, low density

lipoproteins, and toll-like receptors, in the hopes of delivering the

drug moiety to the target region in the brain while avoiding the BBB

(Wong et al., 2019).

The brain’s capillary endothelial cells contain low-density

lipoprotein (LDL) receptors and LDL receptor related protein

receptor 1 (LRP1), which may accept or bind a variety of ligands

for signaling and scavenging. They are therefore appropriate for

the targeted delivery of drugs to the brain. LRP1 is likewise an

APOE and APP receptor (Holtzman et al., 2012).

Lactoferrin is an iron-binding glycoprotein and a member of

the transferrin family. Both neurons and brain endothelial cells

have been found to have high levels of lactoferrin receptor

expression. Therefore, lactoferrin receptors may be targeted by

employing lactoferrin ligands to deliver medications to the brain

in order to treat AD. Transferrin receptors are found in high

concentrations in the endothelium of brain capillaries. It is

possible to circumvent the BBB when it comes to the delivery

of medications for AD by conjugating the drug delivery system

with ligands that target the transferrin receptor. In a similar

manner, substantial amounts of insulin receptors have been

discovered on the cell surface of brain vascular endothelial

cells. When compared to transferrin receptors, insulin

receptors are substantially more successful in crossing the

BBB, which means that targeting insulin receptors could more

effectively carry therapeutic molecules into the brain (Wong

et al., 2019).

Combinatorial nanomedicines in the
management of Alzheimer’s disease

In view of the failure of treatments aimed at a single target, it

would seem that multi-target combination therapies, which

include the simultaneous administration of a number of

drugs, offer the most potential for treating AD. It has been

shown that nanomaterials are capable of delivering many drugs

(such as chemical compounds, genes, peptides, and antibodies)

all at once, suggesting that they may have a future use in the

treatment of AD. There have been some really ground-breaking

advances made in the treatment of AD as well as in its diagnosis

because to nanomaterials (Chopra et al., 2022).

For instance, in the Chinese patent CN110559454B (2022),

CRT (cathode ray tube) targeting peptides and QSH

(quadrupole superparamagnetic ferrite) are used to modify

a medicine-carrying nano micelle. This nano micelle is used to

transport a medication that contains an anti-amyloid protein

and superparamagnetic ferrite, and it is intended to treat AD.

The nano composite medicine incorporates both the diagnosis

and treatment of AD as well as image tracing using MRI

technology. The invention combines a QSH targeting peptide

and a CRT targeting peptide in order to enable drug-loaded

nano-micelles to pass across the BBB by targeting both AD

protein and transferrin. This is accomplished by combining

the QSH targeting peptide and the CRT targeting peptide. By

concurrently focusing on AD protein and transferrin, it is

possible to boost the concentration of a medicine at a specified

spot while also extending the amount of time it takes for the

drug to have its effect (Patents, 2022a).

The invention protected by patent CN110507830A centers

on a particular kind of nano-probe and the process of producing

it for the purpose of detecting AD pathogenic protein

(CN110507830A, 2022). In order to create the multi-modal

nano-probe that is the subject of the present invention, a

polyethyleneglycol derivative and a phenothiazine derivative

are used as key building blocks. An extra-small ferrite

nanometer particle is located in the center of the nano-probe,

and the nano-outside probe’s layer is composed of a polyethylene

glycol segment that is coupled with the phenothiazine derivative.

In addition to its one-of-a-kind impact of improving the contrast

of near-infrared fluorescent labels and its effect of improving the

contrast of T1–T2 nuclear magnetic resonance images, the multi-

modal nano-probe may be particularly useful when used in

conjunction with beta-amyloid protein patches. The probe has

a high application potential in the early detection of AD, in

addition to its small size, great biocompatibility, radiation-free

features, and a range of without any neurotoxicity (Patents,

2022b).
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Gene therapy

Recently, gene therapy for AD has received a lot of interest. A

gene that expresses an enzyme or growth factor was included into

the medication as a generic option. The fundamental objective of

this strategy is to maintain the therapeutic expression levels of

chosen genes over the long term. Altering or activating certain

proteins that are involved in the pathological process of

neurodegenerative illness is one way to achieve neuroprotection

and neurorestoration. These two goals can be accomplished

simultaneously. When it comes to the treatment of

neurodegenerative diseases, gene therapy is an exceedingly

complex process that involves a number of variables, including

the specificity of time and place, the regulation of genes, the

transport of genes, and more (Sudhakar and Richardson, 2019).

The target illness dictates whether an integrating or non-integrating

form of gene transfer is used, and whether in vivo or ex vivo therapy

is administered for treatment (genetic disease vs. complex acquired

ailment). To a large extent, this is achieved by the enhancement of

the gene, the inhibition of the gene, and editing of the genome

(Soofiyani et al., 2013). Additionally, there are small, single-stranded

antisense oligonucleotides that connect with RNA messengers to

prevent a particular gene from being translated (also known as AS-

Ons). The antisense oligonucleotides known as IONIS MAPTRx,

which are intended to restrict the synthesis of tau, have been in

clinical studies with the intention of serving as a novel technique to

reduce tau production in the brain, as has been known for some time

(Jadhav et al., 2019).

Conclusion and future prospective

Improving the delivery of drugs, therapeutic proteins, and

antiamyloids across the BBB is one of the applications of

nanotechnology that can be found in treating AD. Bioimaging

and proteomics advancements are potential uses of

nanotechnology in treating AD. The potential for chronic

toxicity needs to be further investigated for potential clinical

applications, notwithstanding the recent developments in using

nanotechnology for AD treatment. The future of nanomedicines

utilized in AD seems bright. We recommend that the existing

procedures be revised in order to take into account the aspects

that have been ignored at the nano–bio interface. This will help to

reduce the likelihood that the results will be misinterpreted in the

future. It is also advised that multifunctional NPs with many

therapeutic capabilities be used (for example, providing a range

of therapeutic moieties to regulate inflammation, oxidative stress

tau phosphorylation, and mitochondrial dysfunctionality).

Furthermore, the difficulties of producing reproducible NPs

on a big scale must be addressed. Given the present

medications’ major targets of tau proteins, neuroinflammation,

and Aβ proteins, there is an urgent need to create treatments with

novel targets that may not only cure symptoms but also prevent

disease development at an early stage, eventually leading to a

higher quality of life.
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Osteosarcoma is the malignant tumor with the highest incidence rate among

primary bone tumors and with a high mortality rate. The anti-osteosarcoma

materials are the cross field between material science and medicine, having a

wide range of application prospects. Among them, biological materials, such as

compounds from black phosphorous, magnesium, zinc, copper, silver, etc.,

becoming highly valued in the biological materials field as well as in orthopedics

due to their good biocompatibility, similarmechanical properties with biological

bones, good biodegradation effect, and active antibacterial and anti-tumor

effects. This article gives a comprehensive review of the research progress of

anti-osteosarcoma biomaterials.

KEYWORDS

osteosarcoma, material, black phosphorus, magnesium, zinc, copper, silver

1 Introduction

Osteosarcoma is the malignant tumor with the highest incidence among primary bone

tumors (Mirabello et al., 2009; Rojas et al., 2021). It usually occurs in children and

adolescents and often occurs in the distal femur, proximal tibia, and proximal humerus

(Ritter and Bielack, 2010). For primary osteosarcoma without metastasis, the current

clinical methods are surgery such as amputation, combined with radiotherapy and

chemotherapy and others, with a high 5-year survival rate reaching 70% (Souhami,

1989; Heng et al., 2020). However, there are still 20% of patients who will have metastasis

during treatment, especially prone to lung metastases (Ward et al., 1994; Meazza and

Scanagatta, 2016). Once metastasis occurs, such as lungmetastasis, the 5-year survival rate

may be less than 30% (Tsuchiya et al., 2002). Until recently, extensive radical resection was

used as the main treatment for osteosarcoma. More importantly, the continuous

emergence of chemotherapy resistance in osteosarcoma further reduces the survival

rate of patients, leading to low clinical benefits and poor postoperative quality of life for

patients (Li et al., 2015). But, with the development of imaging, the application of

angiography and interventional techniques, advances in neoadjuvant chemoradiotherapy
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and surgical techniques as well as rapid progress in

immunotherapy, the treatment of osteosarcoma has

undergone major changes and limb preservation surgery has

an increasing ratio (Ferrari et al., 1997; Muscolo et al., 2005;

Wong and Kumta, 2013; Takeuchi et al., 2019; Gill and Gorlick,

2021). Regrettably, to completely remove the tumor, a large

number of tissues need to be removed during a limb-

preserving surgery, which results in some challenges to the

preservation and functional reconstruction of limbs.

Therefore, the treatment of primary lesions is very important,

especially those osteosarcomas that grow in the pelvis or the

spine, which cannot be completely removed due to surgical

limitations. Inevitably, there will be residual tumor tissue after

surgery. However, the currently used autologous bone, allogeneic

bone, and prosthesis only play the role of reconstruction, and

cannot eliminate the local residual tumor tissue. Meanwhile, the

various physical and chemical inactivation methods commonly

used at present, such as neoadjuvant radiotherapy and

chemotherapy, may damage the normal tissues while

destroying the tumor tissue simultaneously, and these

methods have no reconstruction effect. Therefore, finding an

ideal material that can not only fill in but also kill the residual

tumor cells, reducing the probability of recurrence, and

metastasis and thereby promoting bone repair to treat

osteosarcoma, has become a hot topic (Marques et al., 2014;

Ma et al., 2020; Liao et al., 2021).

For this reason, many kinds of anti-osteosarcoma materials

have emerged, and previous studies have mainly focused on the

polymer compounds, such as poly (lactic acid-co-glycolic acid)

(PLGA) and chitosan, etc., (Ma et al., 2014; He et al., 2022). These

polymer compounds often require multiple modifications before

they can function as anti-osteosarcoma, and they have no

obvious advantages in promoting osteogenesis and mechanical

properties (Table 1). For that matter, there’s a limitation to the

clinical application of these polymers.

But, in recent years, biological materials, such as black

phosphorous (BP), magnesium (Mg), zinc (Zn), copper (Cu),

silver (Ag), etc., have become more and more valuable in tissue

engineering and orthopedics fields due to their good

biocompatibility, mechanical properties similar to those of

biological bones, biodegradation, antibacterial and anti-tumor

effects (Figure 1) (Choi et al., 2018; Ambrosio et al., 2021). For

instance, copper, magnesium and other metal ions can inhibit

inflammation by promoting the polarization of macrophages

from M1 to M2, which is conducive to bone regeneration and

repair (Yang et al., 2021c; Diez-Tercero et al., 2021). Of these, the

anti-tumor effect of biomaterials is mainly reflected in

phototherapy. Phototherapy, as a minimally invasive and

high-efficiency anticancer approach, has sparked extensive

research interest (Hou et al., 2018). Phototherapy includes

photodynamic therapy (PDT) and photothermal therapy

(PTT) which have very different therapy mechanisms under

the same stimulus. For PTT, a light at a specific wavelength

irradiates photothermal agents, which heats up and kills tumor

cells; however, in PDT, photosensitizers can produce large

amounts of singlet oxygen (1O2) that can kill tumor cells

under specific light exposure. Besides, several studies have

found that local hyperthermia can activate heat shock proteins

and promote the expression of osteogenesis-related genes, such

as RUNX2, and BMP2, through the PI3K/AKT signaling

pathway and ERK1/2 signaling pathway (Chen et al., 2015;

Sayed et al., 2019; Wang et al., 2022). It can also increase the

expression of alkaline phosphatase and promote bone

differentiation (Shui and Scutt, 2001; Norgaard et al., 2006).

TABLE 1 The Comparison of features of different biomaterials.

Type of material Anti-tumor effect Toxicity Inflammatory
response

Bone
regeneration
capacity

Flaw

Magnesium Phototherapy and
nanoparticle targeting

effects

Electrolyte disturbances Less, depending on the
concentration

Excellent Rapid degradation rate
and local hydrogen

production

Zinc nanoparticle targeting
effects

Anemia and impaired
immune function

Less, depending on the
concentration

Good Poor corrosion resistance

Copper Photothermal therapy and
nano drug delivery system

Liver function lesions and
tubular necrosis and

nephritis

Less, depending on the
concentration

Good Potential toxicity

Silver nanoparticle targeting
effects

Potential cytotoxicity Less General Complex preparation
process

Black phosphorus Phototherapy and
nanoparticle targeting

effects

No obvious cytotoxicity Less Excellent Unstable properties and
low preparation

efficiency

Poly (lactic acid-co-
glycolic acid) (PLGA)

nanoparticle targeting
effects

No obvious cytotoxicity More General Poor mechanical
properties

Frontiers in Molecular Biosciences frontiersin.org02

Wang et al. 10.3389/fmolb.2022.1105540

86

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1105540


These make phototherapy, especially PTT, attract the interest of

many researchers in the process of bone repair after

osteosarcoma surgery. At the same time, nanomaterials, such

as nano-silver, BP nanosheets, etc., have shown great advantages

in drug loading, tumor imaging, promoting osteogenesis, and

anti-tumor properties (Gui et al., 2018; Qing et al., 2020; Ge et al.,

2022; Zhu et al., 2022). Nanoparticles (NPs) usually refer to

particles with a diameter between 1 nm and 100 nm, which can

be used as biocatalysts, infrared absorbing materials, etc. Studies

have shown that particles with a diameter of 5.5 nm–100 nm are

not easily filtered by the kidney, but when passing through the

tumor blood vessels, they can pass through the leaking blood

vessels at the tumor, and then accumulate in large quantities in

the tumor (Maeda, 2001; Poon et al., 2019). This is known as the

enhanced permeability and retention (EPR) effect, which makes

nanomaterials excellent for tumor therapy (Wu, 2021). Overall,

this review describes recent advances and challenges in

biomaterials for osteosarcoma treatment, inspiring future

osteosarcoma research.

2 Magnesium, zinc, and their alloy

Mg, Zn, and their alloys exert excellent anti-tumor effects by

influencing the metabolism and phenotype of tumor cells,

inducing tumor cell proliferation inhibition, cell cycle arrest,

and cell apoptosis (Krol et al., 2017; Zhou et al., 2021). Studies by

Wu et al. have shown that magnesium-zinc alloy can inhibit the

proliferation of osteosarcoma cell line U20S cells by arresting the

G2/M phase of the cell cycle, and promote the apoptosis of U20S

tumor cells through a mitochondrial-dependent pathway; at the

same time, the alloy solution can inhibit the metastasis of U20S

tumor cells through the MAPK pathway (Wu et al., 2016).

Moreover, Mg, as an essential trace element in the human

body, indirectly affects mineral metabolism through its role in

ATP metabolism and as a cofactor for more than 300 enzymes

(Palacios, 2006). Therefore, Mg plays a more prominent role in

bone tissue engineering by its excellent biocompatibility and

biodegradability. Besides, the PTT of mg and the hydrogen

generated from its degradation have also received increased

attention in tumor therapy. On the ground, Long et al. have

designed innovative multifunctional PLGA/Mg porous scaffolds

with excellent biodegradability and biocompatibility by low-

temperature three-dimensional (3D) printing technology

(Long et al., 2021). In vivo experiments, Mg particles exhibit

excellent photothermal effects for tumor eradication andMg ions

released from PLGA/Mg porous scaffolds could promote bone

regeneration, which gives the PLGA/Mg scaffolds dual functions

of inhibiting OS recurrence and continuously repairing bone

defects. On the other hand, after intra-tumoral injection, Zhou

et al. found that micro-scale Mg/PLGA exhibited stronger

cytotoxicity, PTT, and anti-tumor effect than nano-scale Mg/

FIGURE 1
Biomaterials in bone reconstruction after osteosarcoma surgery. (A) Under near-infrared (NIR) light, biomaterials eliminate residual
osteosarcoma cells through PTT and PDT to prevent a recurrence. (B) Biomaterials can be used as drug-loaded systems to target residual
osteosarcoma cells, release chemotherapeutic drugs, and kill osteosarcoma cells. (C) After osteosarcoma resection, the 3D printed biomaterial
scaffold can not only play the role of bone support and bone connection but also release some active particles, such as Ag+, Cu+, PO4

3-, etc., to
up-regulate the expression of osteogenesis-specific genes and promote bone regeneration.
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PLGA (Zhou et al., 2021). This inspires the design ofMg scaffolds

in the reconstruction of bone defects after osteosarcoma surgery.

Besides, Zan et al. designed a magnesium-based biomaterial that

can release hydrogen in a controlled manner, giving full play to

the anti-tumor effect of Mg (Zan et al., 2022). Then, the

generated hydrogen can promote the expression of tumor

suppressor gene P53 and activate the mitochondria-related

apoptosis pathway. At last, several studies also revealed that

Mg can induce the apoptosis of osteosarcoma cells (MG63 and

U2-OS cells) by shortening the half-life of Snail1 (Zan et al.,

2020). However, although the human toxicity of Mg has been

controversial, recent studies have reported that high

concentrations of magnesium particles can inhibit osteoblast

activity (Wang J. L. et al., 2020). This contradicts the potential

osteogenic ability of Mg, which may be related to the

concentration of Mg2+ in the bone microenvironment. The

underlying mechanism is still unclear, and more research is

needed to explore the metabolic mechanism of Mg2 in the

bone microenvironment. In general, the toxicity study of

magnesium-containing bone repair materials requires further

studies (Table 1).

Nano-zinc biomaterials have also received increased

attention in anti-tumor. For instance, He et al. (2018) revealed

that zinc ions from ZnO NPs could suppress osteosarcoma cell

proliferation by causing S phase arrest. Intercellular Zn ions also

can target and damage the mitochondria, which could contribute

to excessive reactive oxygen species (ROS) generation to promote

apoptosis, which contributes to osteosarcoma cell death. They

also found that there is an enhancing autophagosome formation

and impaired lysosomal function with an upregulation of the

LC3-II/LC3-I ratio after ZnO NPs treatment. Furthermore, there

is crosstalk, in which apoptosis inhibition would contribute to

autophagy, between apoptosis and autophagy in ZnO NPs-

induced human osteosarcoma cell death. In addition, He et al.

also revealed firstly an interplay between HIF-1α and the

autophagy−Zn2+−reactive oxygen species (ROS)−autophagy

cycle axis and confirmed that ZnO NPs could up-regulate

HIF-1α in osteosarcoma cells mainly due to the combined

effect of Zn2+ and ROS (He et al., 2020). Then, the studies in

vivo experiments have shown that ZnO NPs could inhibit

subcutaneous osteosarcoma proliferation with good biosafety

by activating HIF-1α, apoptosis, and autophagy. Besides, Zn,

like Mg, is mostly stored in the bones and may play a significant

role in bone disease and osteogenesis (Palacios, 2006; Huang

et al., 2020; Song et al., 2020). Based on this, a zinc-containing

hydroxyapatite nanorod that promotes osteogenic differentiation

of bone marrow mesenchymal cells in the absence of osteo-

inductive factors is engineered (Fernandes et al., 2020). However,

scaffolds of Mg, Zn, and their alloys often require a high-

temperature fabrication process and are prone to corrosion

after being placed in the body, which limits their clinical

application (Table 1) (Koons et al., 2020). Therefore, while

ensuring the degradability of metals, future research also

needs to focus on the corrosion resistance of metallic

materials. Additionally, to further exert the role of Zn and Mg

biomaterials in bone repair after osteosarcoma surgery, the

underlying molecular mechanisms need to be further explored.

3 Copper

As a constituent microelement of the human body and a

cofactor for metalloenzymes, Cu plays an important role in

human tissue regeneration, hemostasis, antibacterial, and anti-

tumor (Harris, 1992; Palacios, 2006; Mendel et al., 2007; Yang

J. et al., 2021). Thus, the imbalance of Cu in the internal

environment will affect the normal function of tissues and

organs, leading to adverse reactions such as anemia,

malnutrition, neurodegenerative disease, and osteoporosis

(Palacios, 2006; Brewer, 2010). Recently, some studies

reported the design of scaffolds with antitumor and bone

repair promotion by adding Cu elements (Kargozar et al.,

2021; Solak et al., 2021). A new type of metal framework

copper tetrakis (4-carboxyphenyl) porphyrin (Cu-TCPP)

nanosheet interface structure is combined with β tricalcium

phosphate (TCP) to make a Cu-TCPP-TCP scaffold (Dang

et al., 2020). On one hand, the Cu-TCPP-TCP scaffold

material uses near-infrared (NIR) irradiated light to exhibit

photothermal performance, then killing the osteosarcoma cells

by releasing heat energy. On the other hand, in vitro studies have

found that the Cu-TCPP-TCP scaffold stimulates human bone

marrow stromal stem cells (hBMSCs) and human umbilical vein

endothelial cells (HUVEC), and significantly enhances the

expression of osteogenic differentiation-related genes in

hBMSCs and differentiation-related genes in vascular

endothelial cells. In animal experiments, implanting a Cu-

TCPP-TCP scaffold into a rabbit’s bone defect site can

promote bone regeneration.

In addition, it is worth noting that a nano-Cu-based drug-

targeted delivery system will also bring new benefits to

osteosarcoma patients (Figure 2). For example, Wang et al.

(2016) reported that a smart therapeutic nanoplatform based

on CuS@Zeolitic imidazolate framework-8 (ZIF-8) NPs have

been developed (Gao et al., 2019). On this basis, they observe for

the first time that after the loading of DOX the CuS@ZIF-8 NPs

have synergistic chemo- and PTT effects on tumor cells in vitro/

vivo studies. The low pH-sensitive property of the ZIF-8

framework makes a progress in integrating light/low

pH triggered the release and chemo-photothermal therapy

into one system which shows superior anticancer effects over

the chem- or phototherapy alone. However, the toxicity of Cu

limits further applications (Brewer, 2010; Ameh and Sayes,

2019). Several works of literature point out that Cu2+ can

combine with a variety of organic substances and disrupt the

normal homeostasis and physiological processes of the human

body. In the body, Cu2+ is often accumulated in the liver, affecting
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liver metabolism and causing liver function lesions; in the kidney,

it can cause tubular necrosis and nephritis (Table 1) (Chen et al.,

2006). Based on this, more research is needed to explore the

biodegradability or controlled release of Cu2+ in bone repair

scaffolds.

4 Silver

Ag has been employed for biomedical purposes since ancient

times owing to its anti-microbial properties (Xu et al., 2020).

And, in the early 19th century, Ag preparations were developed

for wound disinfection and burn care, and Ag nitrate was used

for wound care and instrument disinfection. Regrettably, in the

1940s, the medical use of Ag gave way to the clinical use of

antibiotics. But, with the development of nanotechnology, nano-

silver particles (AgNPs) have received special interest due to their

excellent antibacterial and antitumor effects. They are also used

to promote wound repair and bone healing, as well as vaccine

adjuvants, anti-diabetics and biosensors, etc., (Qing et al., 2018).

Besides, several studies have also reported the role of Ag

nanorods in photoacoustic (PA) imaging of inflammatory

tissue, which is worthy of further exploration in the role of

osteosarcoma imaging (Mei et al., 2020).

Then, AgNPs have been observed to exhibit good anticancer

activities in breast cancer, cervical cancer, colon cancer, ovarian

cancer, pancreatic ductal adenocarcinoma, lung cancer,

hepatocellular carcinoma, melanoma, osteosarcoma, etc.,

(Chugh et al., 2018; Xu et al., 2020). And several studies have

confirmed that the anticancer activity of AgNPs varies in various

sizes, shapes, and doses/concentrations in different cancer cells

(Jo et al., 2015; Dziedzic et al., 2016). In general, AgNPs show

broad-spectrum anticancer effects through size, dose/

concentration, and time-dependent ways. Smaller AgNPs can

induce enhanced endocytosis and more significant cytotoxicity

and genotoxicity. Compared with other shapes, spherical AgNPs

exhibit greater cytotoxicity due to a higher surface-volume ratio.

And higher doses of AgNPs generally lead tomore apoptosis than

lower doses. On the basis, taking advantage of the lack of function

of the P53 gene in a variety of tumors, Kovacs et al. proposed a

clever idea based on a therapeutic strategy that stimulates the

function of P53, prepared Ag nanoparticles, and tested their

cytotoxic effect on the osteosarcoma cells (U20S, Saos-2) which

lack the function of P53 tumor suppressor gene (Kovacs et al.,

2016). The results showed that the mitochondrial structure and

function of osteosarcoma cells treated with citric acid-coated

AgNPs were disordered, and the apoptosis rate was increased,

indicating that the NPs did not depend on the functional state of

P53 in killing the osteosarcoma cells. This feature makes AgNPs

become another choice for chemotherapy strategies.

Furthermore, Recent research further explores the use of

smaller-scale angstrom silver (one-tenth of a nanometer, AgAP)

in cancer therapy. On the one hand, Xie et al. announced for the

first time the broad-spectrum anti-cancer properties of AgAP

and the body’s good tolerance (no obvious side effects) to AgAP

(Wang Z. X. et al., 2019). It is precise because smaller particles

have greater cellular toxicity, Xie et al. speculated that AgAP

particles have stronger anti-tumor effects (Jo et al., 2015). And

FIGURE 2
Nano-copper-based drug targeted delivery system. (A) Under the irradiation of NIR light, the nano-Cu-chemotherapy drug targeted delivery
system decomposes and releases Cu2+ locally in the tumor, which can destroy the tumor cell membrane structure through PPT, kill tumor cells, and
improve the sensitivity of chemotherapeutic drugs. (B) Under NIR light, the released chemotherapy drugs target tumor cells, causing DNA damage.
At the same time, the damage to normal tissue cells is reduced.
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they independently developed automatic “metal vapor-

condensation” equipment based on physical high temperature

and pressure gasification methods for the preparation of

angstrom material. At the same time, by using fructose to

modify AgAP, AgAP stably existing in the solution was

obtained. The results of cell and animal experiments show

that AgAP injection exhibits killing effects on lung cancer,

pancreatic cancer, and other tumors, but has no obvious toxic

or side effects on normal tissues. Furthermore, Xie et al. found

that fructose-coated angstrom silver (F-AgÅPs; 9.38 nm ±

4.11 nm) can effectively kill a variety of osteosarcoma cell

lines and primary osteosarcoma cells (Hu et al., 2020).

Compared with cisplatin, one of the first-line drugs for

osteosarcoma treatment, F-AgÅPs can more effectively inhibit

the growth of osteosarcoma transplanted subcutaneously in nude

mice and situ osteosarcoma, reduce the damage of in situ

osteosarcoma to bone and inhibit its metastasis to lung, and

has no obvious effect on normal cells and tissues at therapeutic

doses. Tissue distribution and metabolism results show that after

intravenous injection of F-AgÅPs, Ag presents a high level of

accumulation in tumor tissues and is mainly excreted through

feces (the excretion rate through feces after one week is about

68% of the injected dose). On the other hand, tumor cells still

mainly use glycolysis rather than mitochondrial oxidative

phosphorylation to break down glucose and produce ATP

(Warburg effect) even under the condition of adequate oxygen

supply (Bonnet et al., 2007). Aerobic glycolysis can prevent

tumor cells with active oxidative metabolism from producing

excessive ROS and protect them from apoptosis caused by ROS

(Stacpoole, 2017; Woolbright et al., 2019). Pyruvate

dehydrogenase kinase (PDK) is a mitochondrial enzyme that

can selectively phosphorylate pyruvate dehydrogenase (PDH)

E1α subunit to inactivate it, thereby prompting the cell glucose

metabolism to switch from aerobic oxidation to glycolysis.

Mechanism studies have shown that F-AgÅPs can activate

PDH by inhibiting PDK so that the glucose metabolism state

of osteosarcoma cells changes from glycolysis to mitochondrial

aerobic oxidation, thereby selectively inducing osteosarcoma

cells (rather than normal cells) to generate ROS-mediated

apoptosis (Hu et al., 2020).

Moreover, several studies have reported on the creation of

nanocomposites that promote bone regeneration (Xu et al.,

2020). AgNPs are one of them, exhibiting an excellent ability

to promote bone repair. For example, Zhang et al. have

uncovered that AgNPs induce proliferation and osteogenic

differentiation of MSCs in vitro, stimulate callus formation

and accelerate the healing of fractured bone in an osteogenic

mouse model (C57BL/6 mice) (Zhang R. et al., 2015). Mahmood

et al. have confirmed that AgNPs significantly enhanced

osteocyte mineralization and differentiation in MC3T3-E1

cells (an in vitro model) compared with several other NPs and

many genes related to the osteogenesis pathway were expressed

in both control cell cultures and those exposed to AgNPs (Qing

et al., 2018). However, in response to AgNPs exposure, there was

a significant increase in key factors including Bmp4, Bmp6, and

Fosl1, associated with osteoclast pathways. At last, they revealed

that AgNPs accelerated the differentiation and proliferation of

McT3-e1 cells by the differential expression genes (DEGs) and

functional analysis. Besides, Han et al. fabricated AgNPs-loaded

Gel hydrogels (AgNPs/Gel) by a simple method under sunlight

using gelatin as a stabilizing agent which shows an excellent effect

on bone regeneration and fracture treatment (Han et al., 2021).

These innovative explorations reveal the advantages of AgNP as a

multifunctional biomaterial, which may help to solve the

problem of large bone defects and recurrence after

osteosarcoma surgery.

In addition, Xie et al. also first reported that Carbomer gel

loaded with AgAPs (simplified as AgAPs gel) can promote the

repair and regeneration of damaged skin by potent sterilization

and reducing inflammation (Chen et al., 2020). It has been

proved that AgAPs gel can effectively kill a variety of bacteria

in vitro (including Pseudomonas aeruginosa, methicillin-

resistant, and methicillin-sensitive Staphylococcus aureus),

inhibit the bacteria colonization in skin defect sites of diabetic

mice, and the large scalded area of the common mice, reduce the

inflammation of the wound, and thus accelerate the healing of the

wound. The AgAPs r gel of therapeutic dose has no significant

effect on the in vitro activity of normal skin repair-related cells

and the multiple physiological functions and organ tissue

structures in mice and the topical application of AgAPs gel

for several days did not cause Ag accumulation in other

organs in mice. This significant discovery will inspire us to

further explore the potential and more meaningful

applications, such as bone repair, of AgAPs s in nanomedicine.

However, despite the remarkable effects of AgAPs and

AgNPs in anti-inflammatory, anti-tumor, and promoting bone

repair, the process requirements and high energy consumption of

its fabrication also hinder wide clinical applications (Zhang X. F.

et al., 2016). Moreover, due to the natural high affinity of Ag to

sulfur, AgAPs and AgNPs can bind proteins or sulfur-containing

macromolecules in vivo, thereby promoting membrane damage,

ROS generation, protein oxidation, and denaturation,

mitochondrial dysfunction, DNA damage and inhibition of

cell proliferation (Table 1) (Tortella et al., 2020). But, there is

no doubt that AgNPs biomaterials still hold great promise in

bone tissue engineering, and further exploration to obtain slow-

release or locally degraded silver biomaterials may help to

address these challenges.

5 Black phosphorus

BP nanomaterials, also known as phosphenes, a new member

in the two-dimensional (2D) material family, have sparked

considerable research interest (Kou et al., 2015). In the

monolayer BP, each phosphorus atom is covalently linked
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with three adjacent phosphorus atoms to form a puckered

phosphorus layer structure, and the phosphorus layer and

surface are closely bonded by the van der Waals force (Choi

et al., 2018). Compared with other 2D nanomaterials, the BP at

the nanometer level has a fold structure and a bilayer structure

along the Zigzag direction, which makes the BP have a higher

specific surface area. This structural anisotropy contributes to its

excellent properties, including its optical properties, mechanical

properties, electrical conductivity, thermoelectric properties, and

properties that distinguish its topology from other 2D materials.

In addition, another zero-dimensional structure nanomaterial of

BP, black phosphorus quantum dots (BPQDs), was successfully

synthesized by chemical methods and attracted wide attention

(Sun et al., 2015). In 2015, Zhang et al. achieved the first

breakthrough in the preparation of BPQDs (Zhang X. et al.,

2015). Using a facile liquid-phase sonication technique to

fabricate BPQDs, Zhang and colleagues successfully prepared

BPQDs with uniform size and better dispersion. Then, BPQDs

have exhibited significant application in biomedicine (Gui et al.,

2018). In general, BP nanomaterials have attracted widespread

attention for biomedical applications, such as PTT, PDT, drug

delivery, bioimaging, and tissue engineering since it was first

discovered in 2014 (Figure 3). For example, Yang et al. (2018)

based on the PTT and osteogenesis of BP, made a breakthrough

in integrating 2D BP nanosheets into 3D printed bioglass (BG)

scaffolds (Figure 4A). From the micro-scale to the macro-level,

Yang successfully prepared multifunctional biomaterials with

osteogenic and anti-osteosarcoma properties in vitro and in

vivo. And, in this section, we will discuss the biomedical

applications of the properties of black phosphorus.

5.1 Anticancer properties of BP

Owing to its excellent photothermal conversion properties,

black phosphorus has been explored and used as a PTT agent or a

photosensitizer in PDT in vivo cancer therapy (Qi et al., 2021).

Shao et al. (2016) used the emulsification solvent

volatilization method to prepare core-shell structured

nanospheres with high polymer (PLGA) encapsulating

BPQDs. PLGA is a degradable hydrophobic biomedical

polymer, and the formed polymer shell can isolate the

internal BPQDs from the physiological environment, ensuring

the stable performance of the BPQDs during the treatment

process. After the PTT is over, the BPQDs will be slowly

released and degraded with the gradual degradation of the

PLGA shell, and then safely metabolized out of the body. Cell

and animal experiments show that BPQDs/PLGA has good

biological safety and passive tumor targeting, and shows high

PTT efficiency. Five minutes of near-infrared light can effectively

kill tumors. This promotes the actual clinical application of PTT.

In addition, several reports have revealed that a large number of

tumor antigens and alarmins, acting as an endogenous

stimulatory signal that can improve tumor immunogenicity,

are produced when BP kills tumors through PDT (Li W.

et al., 2019; Alzeibak et al., 2021).

More importantly, recent studies have attempted to combine

BP phototherapy with tumor immunotherapy, to achieve

innovative breakthroughs in the treatment of osteosarcoma.

Generally speaking, in the tumor microenvironment, when

interacting with signal regulatory protein-alpha (SIRPα) which
is expressed on macrophages, CD47 can realize the function of

“do not eat me” (Liu M. et al., 2019). On the ground, Xie et al.

(2020) found that BP-based PTT plus in combination with anti-

CD47 antibodies (aCD47) can prompt the repolarization of

tumor-associated macrophages (TAMs) from M2-like to M1-

like macrophages, block the “do not eat me” signal of CD47-

SIRPα in tumor cells and promote phagocytosis of macrophages

(Figure 4B). Then, activated macrophages may enhance the local

cross-presentation of tumor-specific antigens and facilitate the

production of tumor antigen-specific T cells against distant

metastatic tumor cells. Yang et al. (2017) have fabricated a

novel nanocomposite, showing highly biocompatible and

excellent tumor suppression due to synergistic PTT and PDT

mediated by low-power near-infrared lasers, by assembling iron

oxide (Fe3O4) NPs and Au nanoparticles on BP sheets (BPs@

Au@ Fe3O4). Besides, there are also several reports that more

precise and efficient PTT and PDT have been obtained by

modifying black phosphorus or combining it with other

materials. For example, by combining the plasmonic

photothermal effect of Au nanoparticles with MRI of Fe3O4

FIGURE 3
Biomedical applications of BP. With its unique structure, BP
has been more and more favored in anti-tumor, drug-targeted
delivery, photoacoustic imaging, and bone tissue engineering after
various modifications.
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NPs for the first time, BPs@Au@ Fe3O4 shows a more significant

photothermal treatment effect and more selective targeted

therapy. However, although BP-based phototherapy has

achieved some gains in cancer treatment, its clinical

application in osteosarcoma remains a formidable challenge,

and more research is needed to achieve this translation.

Meanwhile, the damage of PTT of BP to the normal tissue

around the tumor has also sparked controversy, and the

subsequent mild photothermal therapy may be its potential

solution (Jiang et al., 2021).

5.2 BP-based drug delivery system

For cancer, traditional drug therapy often has more or fewer

defects, such as easy degradation, adverse reactions, and lack of

targeting ability. But, Over the past decade, as 2D nanomaterials,

such as graphene oxide (GO), BP, and molybdenum disulfide

with various unique physical and chemical properties have been

widely studied, more and more research is turning interest in

these biomaterials to overcoming these challenges (Biju, 2014;

Yin et al., 2017; Liu et al., 2018). Among them, BP has also been

widely discussed as a drug delivery system with a large surface

area, fold-like structure, good biodegradability, and active nano-

interactions (Tao et al., 2017; Wang S. et al., 2019; Liu W. et al.,

2021).

On the one hand, the current exploration is mainly to modify

BP through polymer compounds, such as hydrogels, and PLGA,

to increase the anti-tumor drug carrying capacity of BP

nanosheets, increase the stability of the BP structure, and

achieve a controllable and sustained drug release (Tao et al.,

2017; Choi et al., 2018). Qiu et al. (2018) used the non-contact

probe ultrasonic liquid peeling method to successfully prepare

two-dimensional layered phosphorene nanosheets, and integrate

them with anticancer drugs into the biodegradable temperature-

sensitive hydrogel material to prepare black phosphorus hydrogel

material. Under the irradiation of near-infrared light, the black

phosphorus in the material can generate local high heat, which

can not only kill tumor cells directly through photothermal

action but also target tumor tissue to release drugs. The rate

of drug release can be more precisely controlled by various

parameters such as the intensity of the laser light field,

irradiation time, and black phosphorus concentration, and

ultimately achieve the effect of treating tumors. Besides, Li Y.

et al., 2021 have designed a BP nanosheet-based nano-assembly

containing cisplatin and used polydopamine (PDA) and

hyaluronic acid (HA) to modify the surface of black

phosphorus, achieving higher stability, a stronger

photothermal effect, and targeting ability. Then in the tumor

microenvironment, cisplatin/BP/PDA-HA (CBPH) would start

to degrade and release cisplatin in a controlled manner by

responding to internal or external stimuli, such as low pH,

hydrogen peroxide, and near-infrared light. Therefore, in vivo

experiments further revealed that there is a greater accumulation

of cisplatin in tumor tissue and smaller primary tumors, and

fewer lung metastases under the stimulation of light.

FIGURE 4
(A) 2D-Black-Phosphorus-Reinforced 3D-Printed Scaffolds. Schematic illustration of the fabrication process for BP-BG scaffold and the
stepwise therapeutic strategy for the elimination of osteosarcoma followed by osteogenesis by BP-BG. (B) Black phosphorus-based photothermal
therapy with aCD47-mediated immunotherapy. Black phosphorus in combination with anti-CD47 antibody activates innate and adaptive immunity
and promotes local and systemic anticancer immune responses, thereby providing a synergistic enhancement in inhibiting tumor progression
and suppressing metastatic cancer. (A): Yang et al. (2018). 2D-Black-Phosphorus-Reinforced 3D-Printed Scaffolds: A Stepwise Countermeasure for
Osteosarcoma. Adv Mater 30(10). doi: 10.1002/adma.201705611. (B): Xie et al. (2020). Black phosphorus-based photothermal therapy with aCD47-
mediated immune checkpoint blockade for enhanced cancer immunotherapy. Light Sci Appl 9, 161. doi: 10.1038/s41377-020-00388-3.
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On the other hand, it has been pointed out that after black

phosphorus is taken up by tumor cells, the active phosphorus

produced can play an anti-tumor effect. Studies by Geng et al.

(2020) have found that due to the vigorous endocytosis of cancer

cells compared to normal cells, faster metabolic rate, and strong

oxidative pressure, BP nanosheets are easily taken up by cancer

cells rather than normal cells through endocytosis, and are

rapidly degraded, resulting in the production of a lot of

phosphate ions in the cell. This process leads to changes in

the internal environment of cancer cells, causing G2/M phase

blockade, thereby effectively inducing apoptosis and autophagy

in cancer cells, which brings a better therapeutic effect than the

traditional chemotherapy drug doxorubicin (DOX) in vitro and

in vivo experiments. The research team named this selective

killing of cancer cells derived from the natural biological activity

of black phosphorus, “Bioactive Phosphorus-based

Therapy” (“BPT”).

So, the deepening of biomaterial research also provides new

therapy options for the treatment of recurrent or metastatic

osteosarcoma.

5.3 BP for cancer imaging

Recently, with high image contrast and sensitivity, high

spatial resolution with depth up to several centimeters, and

depth resolution 3D imaging, photoacoustic (PA) imaging has

attracted widespread interest, then reducing unnecessary biopsies

and facilitating image-guided therapy (Lemaster and Jokerst,

2017). However, although PA imaging has been researched to

be superior to many other traditional optical imaging techniques,

there are still many problems to be solved in its clinical

application. In the early stage of the tumor, the PA signal

from the tumor is very low, so we need a contrast agent to

enhance the signal and obtain more accurate in vivo imaging of

PA. Lately, several studies have reported nanomaterials, such as

metals, semiconductors, and reduced graphene oxide (RGO)

with NIR absorption as contrast agents for better imaging, but

have been limited by their potential toxicity in clinical

applications (Fu et al., 2019).

Fortunately, BP is emerging as an alternative material for

contrast agents in photoacoustic imaging, considering its

excellent electronic and optical properties (Gui et al., 2018).

On the other hand, the degradation of black phosphorus to

phosphate in vivo avoids potential toxicity limitations. In the way

that mixes BPQDs prepared by a liquid exfoliation technique and

titanium ligand (TiL4) in N-methyl-2-pyrrolidone (NMP) at

room temperature for 15 h, Sun et al. (2017) have fabricated

TiL4-coordinated BPQDs, showing better PA performance in

vivo. Titanium ligand sulfonates made BPQDs more stable in

aqueous media through the surface ligands of BPQDs. In

addition, a few studies have further reported that BPQDs

exhibit higher spatial resolution, deeper penetration, lower

optical absorption and scattering from biological tissues, and

lower autofluorescence for PA imaging in the second NIR (NIR-

Ⅱ, 950 nm–2,000 nm) window (Fu et al., 2019; Xu et al., 2019).

On this basis, an exogenous NIR stimulus responsive BPQDs

vesicle (BP Ve) was constructed by Li Z. et al. (2020) and can

chelate and release Ag+ ions. Then Ag+ ions-coupled BP Ve

shows not only more effective NIR-II PA imaging ability but also

synergistic photodynamic/Ag+ therapy owing to enhanced light

absorption and PA intensity in the NIR-II window. Therefore,

more research is needed to further explore the potential value of

BP in oncology, to address these challenges in the early diagnosis

and treatment of recurrent or metastatic osteosarcoma.

5.4 BP for bone tissue engineering

According to recent research, BP nanomaterials have many

advantages in bone regeneration. First, compared with other 2D

materials, they have good biocompatibility and are biodegradable

in the physiological environment (Qing et al., 2020). The BP is

completely biodegradable, and the final degradation products are

harmless H2O, CO2, and PO4
3-, which can be used as essential

bone components (Tong et al., 2019). Based on this, the

preparation of a photo-responsive BP@Hydrogel provides an

in situ mineralized model controlled by timing and direction of

light, exhibiting high potential for mechanical properties and

bone induction (Shao et al., 2020). Therefore, this platform

provides a good mimicking extracellular matrix (ECM)

microenvironment for promoting osteoblast differentiation

and bone regeneration (Figure 5A).

Besides, due to the strong light absorption capacity of BP in

the NIR, BP based nanomaterials or 3D printed scaffolds have a

stable and reliable light-controlled release mode, to achieve the

purpose of targeted and sustained release. Simultaneously, its

unique photothermal conversion ability can both promote bone

regeneration and repair by up-regulating alkaline phosphatase

(ALP) and heat shock proteins (HSP) through hyperthermia, and

also killing tumor cells by increasing local temperature

(Figure 5B) (Qing et al., 2020). In this regard, a chitosan/

hydroxypropyl trimethylammonium chloride chitosan/

hydroxyapatite/black phosphorus (CS/HC/HA/BP) composite

scaffold is designed to take advantage of these characteristics

of black phosphorus, aiming to deal with the clinical problems of

tumor recurrence, bone defect and chronic bone loss after bone

tumor surgery (Zhao et al., 2023).

At last, due to their large surface area and fold-like structure,

BP nanomaterials have greater active agent-carrying capacity

including various drugs, biomolecules, and nanoparticles. For the

first time, Li Z. et al. (2021) designed a Ca+ ion-supplying BP-

based 3D nanocomposite fiber scaffold via microfluidic

technology, which brings new therapeutic prospects to elderly

patients with bone defects or bone damage caused by calcium

loss. In addition, by integrating BP nanosheets and
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hydroxyapatite-silica (SiO2) nanoparticles onto 3D PLGA

nanofibers, the scaffold has a better Ca/P ratio, variable pore

size distribution, and highly porous interconnected structure,

providing a better microenvironment for the bone repair

compared to other composites based on BP. Further, based on

black phosphorus can provide a negative surface and strong bone

morphogenetic protein2 (BMP2) loading capacity, BMP2-

modified black phosphorus (BP@BMP2) nanosheets are used

to bind on a polylactic acid (PLLA) electrospun fibrous scaffold

by microsol-electrospinning technique, realizing successfully a

bioinspired staged bone regeneration strategy (Figure 5C)

(Cheng et al., 2020). On this basis, BMP-2 can recruit pre-

osteoblasts and promote their differentiation. Phosphate

generated from BP also chelates Ca+ ions to deposit on

electrospun fibrous scaffolds in a 3D manner. At last, P-BP@

BMP2 nanofibrous scaffolds exhibit excellent bone regeneration

ability.

A recent study has also found that the binding of extracellular

vesicles (EVs) to black phosphorus can regulate intercellular

communication to promote bone regeneration. In 2019, wang

et al. engineered matrix bioinspired matrix vesicles (MVs),

termed Apt-bioinspired MVs, through the intercalation of

black phosphorus and functionalization of cell-specific

aptamers (Apt) (Wang Y. et al., 2019). MVs, as a kind of

EVs, are involved in the regulation of mineralization in the

body (Hasegawa, 2018). Apt-bioinspired MVs can be directed

to osteoblasts in bone tissue under the guidance of the aptamer

and take advantage of the photothermal effect of black

phosphorus to achieve the up-regulation of heat shock

proteins and alkaline phosphatase. Simultaneously, the

degradation product phosphate, as a component of bone,

from BP can also promote the biomineralization process as a

component of bone.

6 Other bio-materials

With the continuous progress of physical and chemical

processing, other innovative smart multi-functional materials

provided with both structural and therapeutical properties have

been also discovered and prepared (Ambrosio et al., 2021). These

biomaterials, such as bio-ceramics, molybdenum disulfide

(MoS2), selenium (Se), natural polymers, etc., have also

received more and more attention in the process of bone

reconstruction after bone tumor surgery due to excellent

osteogenesis-promoting ability, biodegradability, drug-loading

ability, and anti-tumor effect of phototherapy, etc. (Table 2)

(Turnbull et al., 2018; Koons et al., 2020).

FIGURE 5
Black phosphorus in bone tissue engineering. (A) Black phosphorus is completely degraded in the body into harmless H20, CO2, and PO4

3-.
PO4

3- is one of the basic components of the bone matrix, which is beneficial to promote bone repair. (B) Under NIR light, BP locally generates heat
through the photothermal effect, activates heat shock proteins, and then promotes the expression of osteogenic-specific genes, such as RUNX2,
BMP2, and the differentiation of pre-osteoblasts into osteoblasts through activating ERK1/2 signaling pathway and PI3K/AKT signaling pathway.
(C)With their unique structure, black phosphorus nanosheets can carry BMP2, etc., and regulate bone formation in the bonemicroenvironment. For
example, BMP2 promotes the differentiation of pre-osteoblasts into osteoblasts.
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Bio-ceramics can release lots of bioactive ions, such as

calcium ions, copper ions, silicon ions, magnesium ions, etc.,

to play the role of promoting osteogenesis and angiogenesis

(Hoppe et al., 2011; Jones, 2013). In addition, some new

breakthroughs have been made in bio-ceramics as a repair

material for bone defects after osteosarcoma surgery recently

(Chen et al., 2019; Elfeky et al., 2020; Yang et al., 2020). Firstly,

bio-ceramics tend to mimic the extracellular matrix during bone

tissue regeneration by providing mechanical support and an

appropriate environment for mesenchymal stem cell

attachment, proliferation, and differentiation (Shin et al., 2003;

Kim et al., 2017). Besides, the bio-ceramic scaffold,

functionalized with appropriate materials, also has the effect

of photothermal anti-tumor. Meanwhile, bio-ceramic-based

composites have important roles in anticancer drug delivery

systems, including the treatment of osteosarcoma (Liu Y.

et al., 2021; Oliveira et al., 2021). For, example, a 3D-printed

calcium silicate material, after high photothermal

functionalization, has the functions of anti-osteosarcoma,

promoting bone regeneration and drug loading (Truong et al.,

2021). On this basis, He et al. designed a 3D printed polymeric

polycaprolactone fibers coated with porous calcium carbonate

structures (PCL/CaCO3) scaffold and surface-modified it with

2D inorganic Egyptian blue nanosheets (CaPCu) (He et al.,

2021). Here, Egyptian blue (EB, CaCuSi4O10), one of the

oldest synthetic pigments containing silicon, copper, and

calcium, has been revealed in previous studies to promote

osteogenesis. To conclude, compared with other bone repair

materials, the scaffold has greater advantages in terms of stronger

photothermal ability under NIR-II laser irradiation, synergistic

osteogenesis and antitumor ability, and orthotopic

transplantation. Finally, bio-ceramics, as a biomaterial with

both anti-tumor and promotion of bone repair, have also

made some progress in the study of its mechanism. For

instance, several reports have also found that nanoscale

hydroxyapatite can inhibit the proliferation and migration of

osteosarcoma by down-regulating the FAK/PI3K/Akt signaling

pathways in vitro and in vivo (Wang R. et al., 2020). However,

despite the advantages of bio-ceramics in high compressive

modulus and provision of bioactive ions, the excessive

brittleness limits further clinical applications. Therefore, the

synthesis of potentially tough bio-ceramic polymer hybrids

may help to overcome this challenge.

Beyond graphene and BP nanosheets, a new 2D material,

MoS2, is attracting researchers’ attention due to its unique visible

photoluminescence with high absorption (Shi et al., 2020). MoS2
disulfide has been reported to exhibit an indirect-to-direct

semiconducting transition in the exfoliation from bulk to

monolayer, which has led to the widespread use of MoS2 in

electronic devices and catalysts (Voiry et al., 2016). More

importantly, the application of MoS2 in the biomedical field

has been continuously explored due to its large two-dimensional

surface area and high near-infrared strong absorbance (Chou

et al., 2013). For example, by combining MoS2 with hyaluronic

acid, the instability of MoS2 and the low efficiency of the PTT in

tissues are overcome (Shin et al., 2019). Meanwhile, hyaluronic

acid promotes the accumulation of MoS2 in tumor cells through

its mediated endocytosis, which enhances the efficiency of PTT

and PA imaging of tumors (Lemaster and Jokerst, 2017; Fu et al.,

2019). On this basis, Liu J. et al. (2019) designed a nanoplatform

based on MoS2 and functionalized with hyaluronic acid for

tumor MRI and synergistic chemo-photothermal therapy. This

nanoplatform enables co-targeted delivery of gadolinium (Gd)

based contrast agents and gefitinib (Gef). Both in vitro and in vivo

experiments have demonstrated that under near-infrared

radiation, MoS2-HA-DTPA-Gd/Gef can induce tumor cell

apoptosis through the phosphatidylinositol 3 kinase (PI3K)/

protein kinase B (Akt) signaling pathway, which provides new

ideas for tumor diagnosis and treatment. Unfortunately, reports

on the application of MoS2 in bone reconstruction after

osteosarcoma surgery are rare. Besides, MoS2, as a transition

metal dihalide, has a non-negligible low toxicity (Chen et al.,

2018). In general, based on its unique properties, the application

of MoS2 in the treatment and diagnosis of bone tumors deserves

further exploration.

Selenium (Se), as one of the essential trace elements in the

human body and a cofactor for dozens of enzymes in the body, is

an indispensable part of the body’s oxidation, stress, immunity,

TABLE 2 The main features of other bio-materials.

Type of bio-
materials

Strengths Flaws Instance

Bio-ceramics Corrosion resistance; good biocompatibility; bioactive ions,
pressure resistance

Excessive brittleness Calcium silicate CaCO3-
PCL scaffold

MoS2 two-dimensional surface area; high near-infrared strong
absorbance

Potential toxicity MoS2-HA-DTPA-Gd/Gef

Selenium Thermal and chemical stability Acute or chronic poisoning; lack of targeting Se-doped HA scaffolds
Se-CaP

Natural polymers Mimicking extracellular matrix; no toxicity Potential immunogenicity; lower mechanical
properties

Chitosan Curcumin
Alginate
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and other reaction (Prabhu and Lei, 2016). Several previous

reports have revealed the toxic effects of Se in various tumors,

such as colon cancer, prostate cancer, breast cancer, etc. (Pang

and Chin, 2019). Recently, it has also been reported that Se can

improve the multidrug resistance (MDR) of osteosarcoma cells

by inducing apoptosis in osteosarcoma treatment. For instance,

Wang et al. found that selenium-doped nano-hydroxyapatite

(Se-HANs) could exert an antitumor effect through the

synergistic effect of caspase-dependent apoptosis and ROS-

induced apoptosis (Li X. et al., 2020). On this basis, selenium-

doped calcium phosphate (Se-CaP) organisms were engineered

to carry the chemotherapeutic drug doxorubicin to target

doxorubicin-resistant osteosarcoma cell line MG63/DXR in a

xenografted BALB/c nude mice (Hu et al., 2021). In addition to

caspase-dependent apoptosis and ROS-induced apoptosis, Se-

CaP can downregulate the expression of MDR-associated ATP-

binding cassette (ABC) transporters (ABCB1 and ABCC1) to

reverse MDR (Hu et al., 2021). Besides, an article found that

compared with hydroxyapatite, Se-doped hydroxyapatite

scaffolds can synergistically promote the differentiation of

human adipose-derived mesenchymal stem cells (hAD-MSCs)

into bone tissue, thereby enhancing ALP activity and

osteogenesis (Zakhireh et al., 2021). Furthermore, Li et al.

found that the porous Se@SiO2 nanocomposite avoided the

apoptosis of H2O2 on BMSCs through the BMP/SMAD

pathway and promoted the osteogenic differentiation of

BMSCs (Li C. et al., 2019). Overall, Se-doped bio-scaffolds

may offer new clinical benefits for bone tissue engineering

(Zeng et al., 2013). However, although Se deficiency may be

associated with some biological disturbances, Se can also cause

acute or chronic poisoning, often manifesting as brittle and

falling nails, gastrointestinal disturbances, rashes, fatigue,

irritability, and neurological abnormalities (Cao et al., 2012;

Cardoso et al., 2021). Therefore, the design of Se-doped

scaffolds for sustained release of Se to obtain a safe

concentration in the body may be the focus of future research.

Natural polymers, such as chitosan, curcumin, alginate, etc.,

have received a lot of attention in bone tissue engineering due to

their advantages of mimicking ECM, providing cell adhesion

sites, and low cost. Recently, unlike previous studies, an article

has revealed that extracellular matrix elasticity, rather than

matrix adherence, modulates tumor cell growth through

integrin-mediated focal adhesion (FA) signaling (Chaudhuri

et al., 2014; Jiang et al., 2019). In contrast, normal cells, such

as osteoblasts, are primarily affected by ECM adhesion ligands

through integrin-mediated regulation of the adherens junction

(AJ) signaling pathway (Steinbacher and Ebnet, 2018). This

provides new insights into bone tissue engineering. Based on

this, Tan et al. designed an injectable curcumin microsphere/

IR820 hybrid bifunctional hydrogel, which can not only play the

role of photothermal anti-tumor but also promote bone

remodeling through the sustained release of curcumin (Tan

et al., 2021). Meanwhile, the heat generated by PTT in vivo

accelerates the release of curcumin and induces apoptosis of

osteosarcoma cells. In addition, studies have confirmed that 3D-

printed hydroxyapatite scaffolds added with chitosan can further

promote the development of new bone tissue in vitro and vivo,

which is beneficial to osseointegration (Zafeiris et al., 2021). The

degradability of the scaffolds will benefit patients in terms of

improved quality of life while avoiding some complications.

However, although natural polymers are more and more

widely used as multifunctional materials in bone defects after

osteosarcoma surgery, their existing problems, such as potential

immunogenicity and lower mechanical properties, should also be

paid attention to several studies have made progress on the lack

of rigidity by 3D-printing hybrid scaffolds made by combining

natural polymers with bio-ceramics. But this is not enough, more

modified natural polymers are needed for better clinical

application.

Recently, ferroptosis as a form of regulated cell death has also

attracted great interest in tumor research (Dixon et al., 2012;

Zhang et al., 2022). The earliest studies found that ferroptosis

is mainly caused by an iron-dependent accumulation of lipid

peroxidation, inactivation/depletion of anti-lipid peroxidation

molecules, and increased mitochondrial membrane density. On

this basis, several studies have made some progress in the non-

surgical treatment of tumors by inducing ferroptosis of tumor cells

through biomaterials (Yang et al., 2021d; Han et al., 2022). For

example, Fu et al. (2021) designed a mesoporous silica

nanoplatform integrating doxorubicin and ferrate by assembling

a solid-liquid phase change material of n-heneicosane, thus

realizing the co-release of doxorubicin and ferrate under

ultrasound (US). Surprisingly, exogenous iron derived from the

metabolism of this nanodrug can induce ferroptosis in tumor cells

and exert a synergistic anti-tumor effect. Furthermore, an article

found that singlet oxygen generated by photodynamic therapy of

nanomaterials can promote the ferroptosis of tumor cells (Li

J. et al., 2021). In conclusion, combining photothermal therapy,

photodynamic therapy, and ferroptosis with nanomaterials

provides a new perspective for dealing with the issue of tumor

tissue recurrence after osteosarcoma surgery and the

chemoresistance of osteosarcoma. However, the current

problem is that studies on ferroptosis in osteosarcoma are rare.

Therefore, new explorations based on nano-biomaterials are

highly required to deal with the challenges of killing residual

tumor cells and bone remodeling after osteosarcoma surgery.

7 Prospects and clinical translation

With excellent anti-tumor and bone-promoting effects, the

above biomaterials have become a hot spot in the current

spotlight, and have also been preliminaries explored in clinical

translational research. Then, we briefly describe the prospects

and clinical translation of magnesium, silver and black

phosphorus.
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7.1 Magnesium

Mg has been regarded as a promising bioactive material for

bone regeneration due to its sufficient mechanical properties,

biodegradability and osteogenic activity. But in fact, the

application of pure Mg implants still faces some challenges,

such as rapid degradation, excessive hydrogen formation, and

the difficulty of fabricating magnesium-based multi-pore

scaffolds.

Encouragingly, the use of orthopedic devices or implants, for

instance screws based on magnesium or its alloys in fracture

repair has been reported in China and Germany in recent years,

with promising osteogenic results compared to titanium

(Windhagen et al., 2013; Zhao et al., 2016; Zhao et al., 2017).

Besides, as mentioned earlier, magnesium particles are integrated

into biodegradable polymer substrates such as PLGA to create

composite scaffolds (PLGA/Mg) to circumvent these defects

(Long et al., 2021). On the other hand, the surface

modification of Mg alloy, enhancing the corrosion resistance

and mechanical strength of Mg metal and avoiding a large

amount of local hydrogen accumulation, can also pave the

way for the clinical translation of Mg implants (Gao et al., 2021).

Less noticed but as important, magnetic hyperthermia

(MHT) was found to be able to ablate the tumor using an

alternating magnetic field (AMF) to heat a magnetothermal

agent (magnetic nanoparticles including magnesium particles)

applied to the tumor (Yang N. et al., 2021). The potential

interaction between human biological magnetic field and this

MHTmay bring different prospects for clinical application of Mg

materials.

Mg-induced osteogenesis is mediated by local neuronal

production of calcitonin gene-related peptide 1 (CGRP1) and

has been demonstrated in fractured mice suggesting that

magnesium may be involved in the neural regulation of bone

defects and thus in the regulation of bone homeostasis (Zhang Y.

et al., 2016). This means that other roles of magnesium in the

process of bone reconstruction after bone tumor surgery, such as

pain regulation and angiogenesis, are also worth further

investigation.

7.2 Silver

As described above, silver has been used in our clinical

practice for hundreds of years, from antibacterial and

regenerative to today’s anti-tumor. At present, the academic

research mainly focuses on nanoscale silver particles, such as

AgNP and AgAP, due to their excellent tumor targeting, killing

effects and potential osteogenesis.

Consequently, current clinical studies aim to improve cancer

treatment by modifying Ag NPs to track and specifically bind

tumor cells in vivo, thereby improving cancer treatment with

minimal risk to normal cells. Beyond that, the exploration of

different nanoparticle shapes for optimal drug delivery is the

focus of current clinical research (Malik and Mukherjee, 2018).

But regrettably, this part of clinical research is lacking in

osteosarcoma. Therefore, the potential widespread application

of silver nanoparticles in preclinical and clinical stages of

osteosarcoma should not stop exploration, although the

current research and development is still in its infancy and

face many difficulties.

7.3 Black phosphorus

Black phosphorus not only can be completely degraded into

non-toxic phosphate, but also can fully kill tumors through

phototherapy, making it a favorite in the field of biomaterials,

especially in the field of bone tumors.

The broad prospect of clinical translational application of BP

has attracted the attention of researchers mainly because of its

unique pre-osteogenic ability in the field of bone repair. For

example, chitosan thermal response hydrogel therapy can be

used to treat bone defects caused by arthritis rheumatoid arthritis

(RA) by adding BP nanosheets to platelet-rich plasma (PRP)

(Pan et al., 2020). Yet, in the case of osteosarcoma, the clinical

translation of black phosphorus-based biomaterials is still in the

infant segment, despite ongoing exploration of the immune and

metabolic microenvironment during bone defect reconstruction.

Fortunately, black phosphorus, with its high electrical

conductivity, seems to be a breakthrough point for clinical

translational research by participating in nerve fiber repair to

promote bone regeneration (Grassel, 2014; Qian et al., 2019). In

conclusion, the clinical application prospect of BP can be

predicted, based on its three major properties of promoting in

situ mineralization through degradation product phosphate,

inducing nerve regeneration and regulating bone repair, and

photothermal treatment killing tumor although the mainstream

research of black phosphorus in osteosarcoma is still

concentrated in the experimental stage.

8 Summary and discussion

This article introduces biomaterials of recent years, such as

black phosphorus, magnesium, zinc, copper, silver, etc., with

their good biocompatibility, biodegradation antibacterial, and

anti-tumor effects, they have received high attention and

consideration from researchers. Many studies have been

successful in cell or animal experiments. However, in looking

for an ideal material that can not only fill in but also kill the

residual tumor cells, reducing the probability of recurrence and

metastasis, and hence promoting bone repair, there is still a long

way to go in the clinical treatment of osteosarcoma.

Overall, magnesium-zinc alloys and copper are relatively

under-studied, while silver and black phosphorus are relatively
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studied and are on the rise due to their various functions and safe

use. Additionally, MoS2 and bio-ceramics, etc. have also attracted

a lot of interest in bone tissue engineering. Above all, for the

study of silver, the advantage is that it has anti-tumor and

antibacterial effects, but there are few studies on long-term

toxic and side effects, and it is worth continuing to explore.

At the same time, currently, the targeted therapy of AgNPs and

AgAPs is mainly targeting the acidic environment of tumors

through the effect of EPR, so more accurate targeted therapy for

tumors is urgently needed. For black phosphorus, the biologically

active phosphorus-based drug therapy has just started, and the

specific molecular mechanism may be a direction worth

exploring. However, although a controlled degradation mode

can be obtained by irradiation with near infrared light, how to

improve the targeting of black phosphorus nanomaterials is also

a clinical problem. But targeted therapy based on specific

molecules on the surface of the osteosarcoma may help

improve targeting although osteosarcoma is a highly

heterogeneous tumor. Secondly, for zinc, magnesium, and

copper, the rapid development of nanotechnology has made

them another breakthrough after being used as the substrate

for 3D printing scaffolds. Among them, potential toxicity and

rapid degradation of zinc limit its application in bone

reconstruction after osteosarcoma surgery. However,

combining zinc coating with 3D-printed scaffolds, such as

PLGA, BG may produce unexpected applications. Due to

excellent osteogenic activity and surface modification, Mg has

made great strides in clinical conversion applications, despite its

rapid degradation rate and excessive local hydrogen production.

In the meantime, the research on the MHT and neural regulation

of magnesium has opened up a new direction for the study of

magnesium. Then, MoS2, a discovery of two-dimensional

materials after black phosphorus nanosheets, possesses

excellent anti-tumor effects and photoacoustic imaging

capabilities. However, research in osteosarcoma is rare, and its

application in osteosarcoma deserves further exploration. Finally,

the research of modified polymer compounds and selenium in

bone tissue engineering has also attained a new turning point.

In general, we consider the latest application of biomaterials

in bone reconstruction after osteosarcoma surgery as a remedy

for large bone defects after osteosarcoma surgery as well as

recurrence and metastasis caused by residual tumor tissue. At

the same time, advances in nanomaterials have enabled the better

use of phototherapy, tumor imaging, and targeted drug delivery.

It is expected that this will inspire future research to bring

further developments in the treatment of patients with

osteosarcoma.
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With the rapid innovation of nanoscience and technology, nanomaterials have also
been deeply applied in the medical and health industry and become one of the
innovative methods to treat many diseases. In recent years, bioactive nanomaterials
have attracted extensive attention and have made some progress in the treatment of
somemajor chronic diseases, such as nervous systemdiseases and variousmalignant
tumors. Bioactive nanomaterials depend on their physical and chemical properties
(crystal structure, surface charge, surface functional groups, morphology, and size,
etc.) and direct produce biological activity and play to the role of the treatment of
diseases, compared with the traditional nanometer pharmaceutical preparations,
biological active nano materials don’t exert effects through drug release, way more
directly, also is expected to bemore effective for the treatment of diseases. However,
further studies are needed in the evaluation of biological effects, fate in vivo,
structure-activity relationship and clinical transformation of bionanomaterials.
Based on the latest research reports, this paper reviews the application of
bioactive nanomaterials in the diagnosis and treatment of major chronic diseases
and analyzes the technical challenges and key scientific issues faced by bioactive
nanomaterials in the diagnosis and treatment of diseases, to provide suggestions for
the future development of this field.

KEYWORDS

nanomaterials (A), neurodegenerative disease, cancer, bioactivity, biomimetic
nanomaterials, inorganic nanomaterials, organic nanomaterials, nanozyme

1 Introduction

Nanomaterials are short for nanoscale structural materials. In a narrow sense, they refer
to solid materials composed of nanoparticles with a size of no more than 100 nm, and in a
broad sense, they refer to all kinds of solid ultra-fine materials with at least one dimension
of the three-dimensional spatial scale of microstructure in the nanometer scale (1–100 nm)
(Cheng et al., 2020). Nanotechnology is a comprehensive subject with strong intersection,
and the research content involves a broad field of modern science and technology, from
microtechnology including microelectronics to nanotechnology. Human beings are
becoming more and more in-depth to the microscopic world, and the level of people’s
understanding and transformation of the microscopic world has increased to an
unprecedented height. At present, nanotechnology has included nano-electronics, nano-
mechanics, nanomaterials science, nano-chemistry, nano-biology, and other disciplines.
With the continuous research and development of nanoscience and technology, it has been
widely used in energy and environment, electronics and information, medicine, and health
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(Zheng et al., 2015; Li et al., 2017a; Kumawat et al., 2017), etc., and
has a profound impact on the rapid development of related
industries. Biological detection, drug delivery, and disease
diagnosis and prevention have become the research hotspots of
nanoscience in the field of health care. Currently, ph-responsive,
and enzyme-responsive nanomaterials, which are widely used in
targeted drug delivery and controlled drug release (Zhao et al.,
2021), are materials that can change their physical and chemical
properties (such as surface charge and chemical structure) in
response to external stimuli such as light and heat, reactive
oxygen species (ROS) levels, and pH changes. In recent years,
bioactive nanomaterials have attracted extensive attention and
attention. Bioactive nanomaterials are bioactive nanomaterials
that interact with proteins, cells or tissues in vivo and cause
biological reactions depending on their physical and chemical
properties (crystal structure, surface charge, surface functional
group, morphology and size, etc.) (Zhou et al., 2019a; Xu et al.,
2021). Since Larry Hench in the 60 s of last century Since the
concept of bioactive materials was first proposed in the 1960s by
discovering that bioactive glass can closely integrate with the
surrounding bone tissue at the interface (Henchll, 2002),
bioactive nanomaterials have been developed with nanoscale size
and precise structure, which enable them to accurately regulate the
interaction between materials and biological systems, and thus
exhibit unique biological activities (Islam et al., 2020). This is also
far beyond the scope defined by Larry Hench in the past. Due to the
absence of therapeutic drug loading and drug release process,
bioactive nanomaterials are more direct than the target mode of
action, which is expected to achieve better therapeutic effects, and
have made certain research progress in the treatment of some
major chronic diseases such as nervous system diseases and various
malignant tumors. However, there are still few systematic
summaries of bioactive nanomaterials and their related
applications. This article reviews the latest research progress and
reports of bioactive nanomaterials in the diagnosis and treatment
of major chronic diseases, systematically introduces the typical
applications of bioactive nanomaterials in the biomedical field and
analyzes the technical challenges and key scientific issues faced by
bioactive nanomaterials in the diagnosis and treatment of diseases,
to provide suggestions for the future development of this field.

2 Influencing factors of biological
activity of nanomaterials

Traditional biological nanomaterials respond to external
stimuli such as pH changes, reactive oxygen species levels, light
and heat, and then change their physical and chemical properties
such as surface charge and chemical structure to play a role.
However, the chemical structure and surface properties of
bioactive nanomaterials are usually relatively clear
(Kerativitayanan et al., 2015), and they directly interact with
proteins, cells, or tissues in vivo and cause biological reactions
through their physical structure, surface properties and nano-
topography (Zhou et al., 2019b). Therefore, these characteristics
such as structure and properties are important factors affecting the
biological activity of materials.

2.1 Nano-morphology

Studies have found that the adhesion of Embryonic stem cells
(ESCs) is affected by the roughness of the surface (Chen et al., 2012).
Compared with the rough surface, the smooth surface is easier to make
undifferentiated cells adhere. In addition, rough surfaces can induce
the differentiation of ESCs, while smooth surfaces can maintain the
self-renewal ability of ESCs. Kwon et al. also showed that cells on
surfaces with different roughness or different nanotopography would
exhibit distinct behaviors (Kwon et al., 2012), and these studies
revealed that cell behaviors were affected by nanotopography.

2.2 Surface properties

The biological activity of bioactive nanomaterials is affected by surface
properties. For example, bioactive ligands such as small molecules,
peptides and proteins are modified to the surface of materials by
chemical modification (Eivazzadeh-Keihan et al., 2020), and the
surface charge, hydrophilic and hydrophobic properties of bioactive
nanomaterials are adjusted to become bioactive nanomaterials with
specific biological functions. Some studies have found that the use of
polymer nanoparticles to modify the surface of cellular-mesenchymal
epithelial transition factor (c-MET) peptide bioactive nanoinhibitors and
Mesenchymal epithelial transition factor (MET). The affinity of MET is
three orders of magnitude higher than that of free c-MET peptide (KD =
3.96 × 10-7 mol/L) (KD = 1.32 × 10-10 mol/L) (Wu et al., 2018). It has
also been found that positively charged (+7 mV)AuNPs have no effect on
the aggregation of Aβ protein, while negatively charged (−38 mV)AuNPs
can effectively inhibit the aggregation of β-amyloid (Aβ) to form toxic
oligomers.

2.3 Physical structure

The physical structure of nanomaterials can affect their biological
activity. For example, Molecular imprinting polymer (MINP) can bind
target biomolecules with high affinity. The specific biological activity
depends on the fine structure of the nanoparticle itself. Different fine
structures show different biological activities. Some scholars have
developed a MINP that can capture vascular epidermal growth
factor and thus reduce angiogenesis in the tumor to inhibit tumor
growth (Koide et al., 2017), and some studies have reported a borate-
based MINP that inhibits tumor growth by blocking the human
epidermal growth factor receptor-2 signaling pathway (Dong et al.,
2019). These studies have shown that MINP with different fine
structures can be developed for the treatment of various diseases
such as cancer (Tang et al., 2017; Zhang, 2020). In addition, the
particle size of the material also plays an important role in the
influence of its biological activity. The specific surface area of
nanoparticles is opposite to the particle size, the smaller the
particle size, the larger the specific surface area. Jong et al. (Park
et al., 2011) found that Ag NPs and Ag+ with large particle size
were less toxic by measuring the cytotoxicity of Ag NPs, which are
widely used inmedicine for antibacterial treatment. Therefore, particle
size plays an important role in determining the biological activity of
nanomaterials.
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3 Classification of bioactive
nanomaterials

With the rapid development of materials science and the
development of various bioactive nanomaterials, bioactive
nanomaterials have been widely used in biomedicine. Bioactive
nanomaterials can be classified into organic nanomaterials,
inorganic nanomaterials, bioactive nanoenzymes, and biologically
active biomimetic nanomaterials.

3.1 Bioactive organic nanomaterials

Bioactive organic nanomaterials include bioactive nanofibers and
bioactive tree molecules. Nanofibers have the characteristics of high
specific surface area, high porosity, and good mechanical properties
(Shikhi-Abadi and Irani, 2021). One-dimensional nanolinear
assemblies with a diameter of 50–500 nm and an aspect ratio of
more than 1: 200 are prepared from organic polymer solutions or
melts, which have antibacterial and anti-inflammatory properties. For
example, poly (ε -caprolactam)—β -poly (ethylenimine) (PCL- β -PEI)
nanofibers can prevent CpG oligodeoxynucleotide (ODN) from
stimulating dendritic cells and macrophages to secrete cytokines α,
tumor necrosis factor (TNF-α) and interferon-γ by electrostatic
adsorption of ODN (Kang and Yoo, 2014). While N-trimethyl
chitosan nanofibers can generate pressure by electrostatic binding
of polycations on the membrane to negatively charged parts of the
bacterial cell wall, leading to lysis and death of bacterial cells, and then
inhibit inflammatory response (Cheah et al., 2019). However, such
nanofibers are prepared based on cationic polymers, and the cell
membrane of mammals is also negatively charged, so it is easy to
produce cytotoxicity. Tree molecules are usually a kind of spherical
nanoscale molecules (Figure 1) composed of three parts: a central core,
a branching unit, and a terminal group. The more generations they
have, the larger the particle size. Tree molecules can inhibit virus entry
into host cells by modifying groups that block the ability of virus to
attach to host cells, modifying cationic groups such as zwitterions
(Mintzer et al., 2012), organic metals (Abd-El-Aziz et al., 2015), amino
acids, and glycopeptides (Michaud et al., 2016), etc. The introduction
of hydrophobic chains can damage the cell membrane (Zielińska et al.,
2015) or enhance the electrostatic interaction with the bacterial cell

membrane to play a role in anti-infection and anti-inflammation.
Polyamide amine tree molecules with carboxyl and benzene ends can
inhibit the aggregation of β-amyloid peptides through hydrophobic
binding and electrostatic repulsion, thus playing a role in nervous
system diseases (Wang et al., 2018; Wang et al., 2019a).
Polyacylthiourea tree molecules can be modified by polyethylene
glycol (PEG) to efficiently chelate copper ions, thereby
downregulating the expression of vascular endothelial growth factor
(VEGF) in tumor sites and inhibiting the formation of tumor
neovascularization (Shao et al., 2017), thus achieving anti-tumor
effects. However, few bioactive tree molecules have entered clinical
research and application, and only one naphthalene disulfonate-
modified polylysine tree molecule has been approved as an
antiviral additive for condoms in Australia, which needs to be
further evaluated for safety and biocompatibility.

3.2 Bioactive inorganic nanomaterials

Inorganic nanomaterials are a class of nanomaterials with
inorganics as the main body (Nethi et al., 2019), including
biologically active carbon nanomaterials, biologically active
precious metal nanomaterials, biologically active metal oxide
nanomaterials, and biologically active non-metallic nanomaterials.
They usually have higher mechanical stability.

3.2.1 Bioactive noble metal nanomaterials
Nanomaterials prepared from gold, silver, platinum, etc., are

commonly referred to as precious metal nanomaterials. It has been
found that gold nanomaterials can exert antibacterial, anti-
inflammatory, anti-tumor, and other biological activities according
to their specific size, morphology and surface sealing groups. Gold
nanoparticles with a size of about 1 nm can induce the production of
many reactive oxygen species (ROS) in bacteria, and gold nanopins
with high aspect ratio can induce bacterial dissolution through
mechanical pressure to achieve the purpose of antibacterial (Zheng
et al., 2017; Elbourne et al., 2019). It can also achieve anti-
inflammatory effect by regulating related signaling pathways. Some
studies have found that gold nanomaterials also have a certain effect
on anti-tumor (De Carvalho et al., 2018; Hao et al., 2021), but the
structure-activity relationship and biological effect need to be further
studied. In particular, the potential toxicity caused by long-term
accumulation of inorganic materials in organs and tissues needs to
be further clarified.

3.2.2 Biologically active non-metallic nanomaterials
Common bioactive non-metallic nanomaterials mainly include

selenium and black phosphorus. As one of the essential non-metallic
elements for human body, selenium exerts its biological activity by
binding to the structure of selenoproteins in the body. Selenium
nanoparticles can exert anti-inflammatory and anti-oxidative effects
by activating Nrf2 and its downstream genes, inhibiting ROS
production and scavenging superoxide and DPPH free radicals
(Cheng et al., 2017; Song et al., 2017). It can also achieve
antibacterial effects by inducing ROS production, consuming
internal ATP to interfere with bacterial metabolism, destroying
membrane structure, disturbing membrane potential, and
decomposing mature extracellular polysaccharide matrix produced
by bacteria (Cremonini et al., 2016; Huang et al., 2019). Black

FIGURE 1
Schematic of the basic structure of the tree molecule.
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phosphorus (BP) nanosheets can induce bacterial apoptosis by
producing ROS, and can cause physical damage to the bacterial cell
membrane to kill bacteria to achieve antibacterial effect (Xiong et al.,
2018). At the same time, it can also interfere with cell multipolar
spindle and mitosis, and cause cell apoptosis, thereby exerting great
anti-tumor potential (Shao et al., 2021).

3.2.3 Biologically active carbon nanomaterials
Carbon nanomaterials have attracted increasing attention due

to their unique electrical, optical, thermal, and mechanical
properties (Wang et al., 2014; Lin et al., 2016; Tiwari et al.,
2016; Zhang et al., 2017) Carbon nanomaterials include
graphene, fullerene (C60), carbon nanotubes, carbon dots,
graphene quantum dots, etc., (Figure 2). Carbon nanomaterials
are widely used in the biomedical field due to their excellent
biological activity and controllable functional design. Studies
have found that carbon nanomaterials not only have
nanoenzyme activity, but also have antibacterial, anti-infection,
anti-tumor, and other biological activities. For example, graphene
oxide (GO) nanosheets can affect the formation of dendritic cell
-T cell synapses and enhance the activation and proliferation of
antigen-specific CD8+ T cells as DC vaccine adjuvants, thus playing
an anti-infection role (Zhou et al., 2021). Quaternary ammonium
modified carbon quantum dots (QCQD) can play an antibacterial
role by interfering with protein translation, post-translational
modification, and protein transport in bacteria (Zhao et al.,
2020). Graphy-oxide acetylic acid (GDYO) can interact with
signal transduction proteins and transcription factor STAT3 in
the intracellular, and turn the pro-tumor M2 macrophages into

anti-tumor M1 macrophages, thereby reversing the tumor
immunosuppressive microenvironment and playing an anti-
tumor role (Guo et al., 2021a). However, there are some key
problems in the cli nical transformation of carbon
nanomaterials, such as the metabolism and clearance process in
the body cannot be fully elucidated, and their safety in vivo needs to
be further studied.

3.2.4 Bioactive metal oxide nanomaterials
Metal oxide refers to the binary compounds composed of oxygen

and another metal chemical element, including basic oxide, acid oxide,
peroxide, superoxide, amphotericin oxide, etc. In addition to the high
specific surface area and high mechanical strength due to its size effect,
metal oxide nanoparticles also have the advantages of wide source and
stable structure. They play a very important role in many fields such as
physics, chemistry, and materials science. It can exhibit insulator,
semiconductor or metal characteristics depending on the oxidation
state of the metal and the environment. Studies have confirmed that
metal oxides of specific sizes have anti-inflammatory, antibacterial,
anti-tumor, and other biological activities. For example,
tiO2 nanoparticles can inactivate thrombin by promoting the
formation of thrombin-antithrombin complex in plasma, thereby
blocking the way that thrombin causes inflammatory response
through protease activated receptors, and can inhibit oxidative
stress response induced by the activation of Toll-like receptors on
the surface of platelets (Seisenbaeva et al., 2017). In addition, zno
nanoparticles can also improve the antioxidant capacity of the colon
and reduce inflammatory damage (Li et al., 2017b). Nanoparticles
such as zinc oxide, copper oxide and iron oxide can achieve anti-tumor

FIGURE 2
Different types of carbon nanomaterials.
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effects by causing membrane leakage of tumor cells, inducing
oxidative stress and promoting apoptosis (Wahab et al., 2014;
Nagajyothi et al., 2017; Yousefvand et al., 2021).

3.3 Bioactive nanozymes

Nanomaterials containing catalytic properties like those of
natural enzymes are called nanozymes (Wei and Wang, 2013;
Wu et al., 2019), including multiple enzyme-like active
nanozymes, peroxidase-like and oxidases, catalase-like active
nanozymes, superoxide dismutase-like active nanozymes, etc.,
due to their low cost, good stability, and easy mass production.
They are widely used in many fields such as biomedicine, physical
chemistry, materials, agriculture, environmental management,
national defense, and security (Wang et al., 2016). A variety of
enzyme-active nanozymes can exhibit different types of enzyme-
like activities under different conditions. For example, manganese
dioxide doped nanoparticles (MnO2 NPs) have a variety of
enzyme-like activities that are more stable than natural
enzymes, and nitrogen carbon nanomaterials (N-CNMs) can
simulate a variety of enzyme-like activities, which can change
the intracellular microenvironment of tumor cells and achieve
anti-tumor effects (Fan et al., 2018).

3.4 Biologically active biomimetic
nanomaterials

By learning the micro and nano multi-scale structure,
composition, function and principle in life systems,
nanomaterials are designed and prepared to imitate various
functions in life systems, which are called biomimetic
nanomaterials. These materials include bioactive biomolecular
assembly nanomaterials, bioactive cell-like nanomaterials, etc.
Biomacromolecules in the body can achieve similar biological
activities by rationally designing the physical and chemical
properties of materials and mimicking the structure and
properties of natural biomacromolecule assemblies. For example,
the synthesis of quinazolinone derivatives with arylboric acid
connecting groups (BQA-GGFF) can simulate the neutrophil
extracellular traps to capture pathogenic microorganisms in
vivo, thus playing an antibacterial role (Huang et al., 2020).
Polymer micelles prepared by polyuamine- β -polycaprolactone
(PAE- β -PCL) and polyethylene glycol- β -polycaprolactone (PEG-
β-PCL) mimic the role of heat shock protein molecular chaperones
to specifically recognize and adsorb hydrophobic fragments in
abnormal proteins, so as to play a therapeutic effect in
inflammatory response and nervous system diseases (Xu et al.,
2019).

4 Application of bioactive nanomaterials
in biomedicine

After decades of development, bioactive nanomaterials have been
widely used in real life. They have been well used in anti- infection
therapy, inflammatory disease treatment, cancer treatment, and
neurodegenerative disease treatment.

4.1 Application of bioactive nanomaterials in
anti-infection

In recent years, researchers have found that bioactive
nanomaterials can play an excellent role in anti-inflammatory and
anti-infection (Yang et al., 2019a). In the treatment of infectious
diseases, some nanomaterials can strongly interact with cell
membranes, thereby destroying the integrity of biofilms. For
example, N-trimethyl chitosan nanofibers can electrostatically
combine with negatively charged parts of bacterial cell wall
through polycations on the membrane to generate pressure, leading
to lysis and death of bacterial cells (Cheah et al., 2019). Zinc oxide
nanoparticles have a positive charge, which can bind to and damage
the negatively charged bacterial cell membrane, leading to the leakage
of bacterial cell contents and bacterial death (Król et al., 2017).
However, gold nanonail with high aspect ratio can induce bacterial
dissolution through mechanical pressure, thus effectively inhibiting
bacterial adhesion and bacterial biofilm formation (Elbourne et al.,
2019). In addition, copper/carbon nanozymes modified by copper
oxide can release Cu2+ and cause membrane damage of Gram-
negative bacteria, while selenium nanoparticles can kill bacteria by
disturbing membrane potential and destroying membrane structure
(Cremonini et al., 2016; Huang et al., 2019). Other researchers (Joseph
et al., 2016) have reported a series of quaternary phosphine and
quaternary ammonium groups modified columnar aromatic
hydrocarbons for antibacterial applications. Wang et al. (Guo et al.,
2021b) constructed a new type of Guanidinium-modified pillar (Zhao
et al., 2021) arene (GP5), which can rapidly combine with the negative
electrical components on the biofilm and the phospholipid
components on the bacterial membrane through a salt bridge to
dissolve the bacteria, to achieve antibacterial and anti-infection
effects. Some nanomaterials can also play a role in inhibiting
bacteria by trapping or blocking bacteria. For example, Wang et al.
(Zhang et al., 2020) designed a human defensin-6 mimic peptide,
which can specifically recognize bacteria and form a nanofiber
network in situ to trap bacteria (Figure 3). Other nanomaterials
can directly kill bacteria by producing reactive oxygen species
(ROS). Two types of nanozymes, peroxidase-like and oxidase-like
active nanozymes, can catalyze the production of ROS (Gao et al.,
2014; Fang et al., 2018a). For example, copper-modified copper/
carbon nanozymes can kill bacteria by producing ROS through
peroxidase-like catalysis (Figure 4); Metal-based nanomaterials such
as Au, ZnO, TiO2 and graphene-based nanomaterials can also show
good bactericidal effect by producing ROS (Liu et al., 2019).

4.2 Application of bioactive nanomaterials in
inflammatory diseases

Routine physiological activities of the human body produce
large amounts of free radicals, including reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Mittal et al., 2014;
Kwon et al., 2021), and the production and clearance of free
radicals are balanced in the body through a variety of
mechanisms (Closa, 2013). As one of the by-products of
respiration, ROS play an important role in the occurrence of
many inflammatory diseases. Inflammation can activate
epithelial cells, neutrophils, and macrophages to produce a
variety of inflammatory cytokines and other inflammatory
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mediators, which in turn impair the free radical scavenging
function or reduce the expression of enzymes in the body (Jena
et al., 2012; Piechota-Polanczyk and Fichna, 2014; Zhang et al.,
2021a). The production and clearance of free radicals in the body
cannot be balanced, leading to oxidative damage to proteins, DNA,
and lipids. And further accelerate the progression of inflammation
(Kawanishi et al., 2006; Zhu and Li, 2012; Vaghari-Tabari et al.,
2018). Therefore, the timely removal of excessive free radicals plays
a crucial role in inhibiting inflammation (Zhao et al., 2019; Zhang
et al., 2021b; Weng et al., 2021). In recent years, nanomaterials have
found many applications in scavenging ROS. Xie et al. (2022)
reported a simple and inexpensive method to synthesize
Mose2—PVP NPs with high physiological stability and biosafety
levels, which mimicked the intrinsic antioxidant properties of
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD),
and glutathione peroxidase (GPx). It can eliminate a variety of ROS
(such as H2O2, OH and O2−) and RNS (such as DPPH) in
mitochondria and cells, thereby improving acute pancreatitis
(AP). In recent years, the incidence of inflammatory bowel
disease (IBD) has gradually increased, and the pathogenesis of

IBD is usually related to genetic, environmental, intestinal barrier,
and immune factors (Ramos and Papadakis, 2019). With the
increasing understanding of the pathogenesis of IBD, more and
more new drugs and therapeutic avenues have been investigated,
such as nanoparticles (Scarpignato and Pelosini, 2005), natural
algae (Zhang et al., 2022), and hydrogels (Liu et al., 2021). Among
them, hydrogels have become one of the most competitive
materials due to their loose and porous 3D network structure
and hydrophilicity. Hydrogels used to treat IBD are made of
natural polymers such as chitosan (Xu et al., 2017), alginate
(Cheng et al., 2022), hyaluronic acid (Liu et al., 2021), and
dextran (Pitarresi et al., 2007) as well as proteins such as
chondroitin sulfate (Zhang et al., 2019) and gelatin (Zhang
et al., 2021c). A recent review (Ouyang et al., 2022) summarized
relevant reports on the types of hydrogels used to load drugs,
peptides, and proteins and immunomodulators, as well as
probiotics, and found that hydrogel carriers have excellent
physical and chemical properties and are well used in IBD
treatment. In addition, phosphorus- based dendrimer-based
molecules can inhibit the maturation of pro-inflammatory CD4+

FIGURE 3
HDMP for antibacterial applications.
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T lymphocytes and dendritic cells (DC), Poly (ε-caprolactone)—β-
poly (ethylenimine) (PCL—β- PEI) nanofibers can inhibit the
secretion of cytokines α, tumor necrosis factor α (TNF- α) and
interferon- γ (Ifn- γ) by dendritic cells and macrophages
stimulated by CpG oligodeoxynucleotides (ODNs) through
electrostatic adsorption. Thus, the nanofibers can inhibit
inflammation (Kang and Yoo, 2014). Gold nanoparticles in
precious metal nanomaterials can treat liver injury in rats by
regulating AKT/PI3K and MAPK signaling pathways,
downregulating the activity of Kupffer cells and hepatic stellate
cells in the liver, inhibiting proinflammatory cytokines oxidative
stress and fibrosis (De Carvalho et al., 2018). Zinc oxide
nanoparticles in metal oxide nanomaterials can inhibit the
secretion of pro-inflammatory cytokines IL-1 β and TNF- α and
the activity of peroxidase in the colitis model by down-regulating
the production of ROS and malondialdehyde in the colon (Li et al.,
2017b). Selenium nanoparticles can protect the intestinal barrier
from oxidative stress-induced inflammatory damage by activating
Nrf2 and its downstream genes. Song et al. (2017) In addition,
PLGA bioactive cellmionic nanoparticles coated with neutrophil
membranes can effectively a dsorb the pro-inflammatory cytokines
TNF- α and IL-1β in the joint cavity of RA. In addition, PLGA
bioactive nanoparticles can effectively adsorb the proinflammatory
factors Tnf- α and Il-1β in the joint space of RA (Deng et al., 2018).

4.3 Application of bioactive nanomaterials in
cancer therapy

In recent years, bioactive nanomaterials have also been more
and more widely used in cancer treatment. For example, PLGA
bioactive cell-like nanomaterials coated with natural killer cell
membranes can induce or enhance the polarization of local
M1 macrophages in tumors to play an anti-tumor role (Fang
et al., 2018b). Polyethylene glycol (PEG) modified

polyacylthiourea tree molecules can down-regulate the
expression of vascular endothelial growth factor (VEGF) at the
tumor site and inhibit the formation of tumor neovascularization
by highly efficient chelation of copper ions, thereby inhibiting
tumor cells and tumor metastasis (Shao et al., 2017). In addition,
graphite oxide acetylene (GDYO) can interact with signal
transduction proteins and transcription factor STAT3 to reverse
the tumor immunosuppressive microenvironment, thereby
improving the role of tumor immunotherapy (Guo et al.,
2021a). Gold nanoparticles can inhibit the growth of prostate
cancer cells by inhibiting the expression of related
metalloproteinases (Hao et al., 2021). Copper oxide and iron
oxide nanomaterials can cause leakage of tumor cell membrane.
Copper oxide and iron oxide nanoparticles play an anti-tumor role
by activating caspase-9 and caspase-3 mediated pro-apoptotic
effects (Nagajyothi et al., 2017; Yousefvand et al., 2021), while
zinc oxide nanoparticles can kill tumor cells by inducing oxidative
stress and pro-apoptotic pathways (Wahab et al., 2014). Black
phosphorus (BP) nanosheets have shown great anticancer
potential by causing cell multipolar spindle and mitosis to be
delayed, and eventually cell apoptosis (Shao et al., 2021). In
addition, catalase like active nanoenzymes catalyze hydrogen
peroxide to generate oxygen at the tumor site, thereby
enhancing the anti-tumor effect of photodynamic therapy or
photothermal therapy. Bioactive nanomaterials can also regulate
the interaction between Tumor-associated antigens (TAAs) and
APC, thereby enhancing the uptake and presentation of TAAs by
APC, thereby enhancing the degree of immune activation and
playing an anti-tumor effect. For example, Min et al. (2017)
constructed a biodegradable antigen-capturing nanoparticles
(AC-NPs) based on Poly (lactic-co-glycolic acid) (PLGA). Yang
et al. (2020) proposed a mannose-modified stearic acid-grafted
chitosan micellar particle (MChSA), and (Wang et al., 2019b)
proposed a Upconverting nanoparticle (UCNP) antigen-
capturing nano system (UCNP/ICG/RB-MAL), thereby

FIGURE 4
Cu/carbon hybrid nanozymes modified with different valence states.
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promoting antigen presentation and inducing tumor-specific
immune response to play an anti-tumor effect. It has also been
reported that nanoparticles effectively promote the maturation of
APC by directly activating inflammatory cytokine receptors,
thereby inducing T cell-mediated anti-tumor immunity (Roy
et al., 2014). It has also been found (Kim et al., 2019) that
folate-functionalized bioactive glass nanoparticles BGN (F) can
effectively alleviate the immunosuppression of TME by depleting
or repolarizing immunosuppressive cells. Lee et al. (2021) reported
an antibody-like polymer nanoparticle (APN), which can
effectively remove the immunosuppressive factor Gal-1 in the
tumor, to alleviate the immunosuppression of TME and achieve
the effect of anti-tumor immunity. In addition, Zhang et al. (2021d)
designed a hydrogel that combines the ability of tumor
photodynamic therapy (PDT) and photothermal therapy (PTT)
for anti-tumor recurrence. This hydrogel is biocompatible and
biodegradable, with good photothermal conversion, drug loading
and CT imaging capabilities, laying the foundation for the rational
design of biodegradable multifunctional hydrogels. Liu et al. (2022)
reported the use of a gelatin methacrylate/oxidized dextran/
montmorilite-strontium/polypyrrole (GOMP) hydrogel for
synergistic treatment of osteosarcoma and potential bone
regeneration. This hydrogel has a dual network structure,
formed by photoinitiator-initiated double bond polymerization
and Schiff base reaction. The hydrogel has good
biocompatibility and excellent biodegradability in vitro and in
vivo. This multifunctional DOX-loaded GOMP hydrogel with
bone regeneration, photothermal therapy, and chemotherapy
functions has great potential for application in the treatment of
osteosarcoma.

4.4 Application of bioactive nanomaterials in
the treatment of neurodegenerative diseases

Neurodegenerative diseases (ND), usually referring to Alzheimer’s
disease, Parkinson’s disease, etc., (Marie-Therese, 2016). affect many
people worldwide and are often debilitating; unfortunately, there are
few treatment options for such diseases. The application of some
bioactive nanomaterials with unique properties, which can play a role
by inhibiting protein aggregation or eliminating formed protein aggregates,
has shown great potential in the treatment of neurodegenerative diseases,
providing more options for therapeutic drugs. It has been found that
(Huang et al., 2014) Mixed shells polymer micelles (MSPMs) which has a
unique surface phase separation structure composed of hydrophilic chain
segments and hydrophobic microregions can be used for the treatment of
AD. In addition, Yang et al. (2019b) reported A bioactive nanocomposite
with a surface-integrated Aβ-capturing peptide (LVFF), and Xu et al.
(2019) reported a new method for the treatment of AD by co-assembling
Calixarene (CA) and Cyclodextrin (CD) and the preparation of
supramolecular nanoparticles (CA-CD), Zhu et al. (2021) reported a
TLK [(D)-TLKIVW] integrated polymer micelle particles, etc., which
can play a role by inhibiting protein aggregation. In addition, in the
treatment of Alzheimer’s disease, polyamide amine dendrimer molecules
with carboxyl and benzene rings can inhibit the aggregation of β-amyloid
peptides through hydrophobic binding and electrostatic repulsion, thus
playing an anti-Alzheimer’s disease function (Wang et al., 2018; Wang
et al., 2019a). It has also been found that bioactive nanomaterials can
promote the removal of protein aggregates by regulating the interaction

between microglia and proteins (Waisman et al., 2015; Pan et al., 2021)
combined Aβ42 with A novel Aβ inhibitor (Gca-CD) to form A positively
charged Gca-CD/Aβ copolymer to promote the removal of Aβ aggregates
by microglia. Gu et al. (2021) reported A neuroprotective nano-scavenger
that could remove Aβ oligomers from the brain and significantly improve
the cognitive behavior of AD mice.

5 Discussion

The application of bioactive nanomaterials in biomedicine provides
more options for the treatment of diseases. Compared with traditional
nanomedicine preparations, bioactive nanomaterials do not exert drug
effects through drug release but rely on their physical and chemical
properties to interact with proteins, cells, or tissues in vivo and cause
biological reactions to play a role in the treatment of diseases. Their
biological activity is mainly affected by their physical structure, surface
properties, and nanomorphology. In recent years, bioactive nanomaterials
have been more and more widely studied and applied in the treatment of
diseases, such as anti-inflammatory diseases, anti-infectious diseases, anti-
tumor, and anti-neurodegenerative diseases. However, the development of
bioactive nanomaterials still faces some challenges, such as biological effect
evaluation, in vivo fate, structure-activity relationship, and clinical
translation, etc. Further research is still needed. The main problems are
summarized as follows:

(1) There are many uncertainties in the mechanism of action: At present,
most of the pharmacological activities of bioactive nanomaterials refer
to the ideas of pharmacological activities of small molecule drugs.
However, the structure-activity relationship related to their special
physical and chemical characteristics, such as size effect, interface effect,
and mechanical properties, still need to be further studied to provide
guidance for the rational design and development of bioactive
nanomaterials.

(2) Lack of in vivo safety evaluation: At present, most of the research on
bioactive nanomaterials focuses on their biological activity and
mechanism of action, such as bioactive tree molecules, which lack
safety and biocompatibility evaluation, and mostly stay at the in vitro
level. The research on in vivo metabolism needs to be further
improved, and the distribution, metabolism, and clearance process
in vivo need to be further studied. In addition, the tissue targeting,
biodistribution, biodegradation and immunogenicity of biomaterials
need to be further solved to accelerate the in vivo application and
clinical transformation of bioactive nanomaterials.

(3) Lack of safe and effective nanomaterials: The safety of bioactive
nanomaterials includes the safety of the starting materials for
preparing nanomaterials and the safety of nanomaterials
themselves, and their pharmacological activity is closely related
to their physical and chemical properties. Therefore, it is still a
great challenge to develop nanomaterials with good biological
safety. Therefore, the development of nanomaterials with good
biological safety is still a great challenge. The processes and
technologies that are suitable for the preparation of bioactive
nanomaterials on industrial scale while ensuring uniformity and
batch-to-batch stability need to be further developed.

(4) Clinical transformation needs to be further studied: The clinical
application and research of bioactive nanomaterials have obvious
interdisciplinary aspects, including nanoscience, materials science
and engineering, and life science. In the future, it is necessary to

Frontiers in Molecular Biosciences frontiersin.org08

Liu et al. 10.3389/fmolb.2023.1121429

110

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1121429


strengthen the cooperation and communication among various
disciplines, integrate advantages, and focus on the safety evaluation
of materials in vivo, how to prepare, sterilization and storage in large
amounts, to accelerate the clinical translation of bioactive
nanomaterials.

Although there are still various problems in the clinical translation
and application of bioactive nanomaterials, with the continuous
deepening of research and breakthroughs in key scientific issues, it
is believed that bioactive nanomaterials will play a greater role in the
treatment of diseases in the future.
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Organic metal matrix Mil-88a
nano-enzyme for joint repair in
the osteoarthritis mouse model

Hao Hu, Xu Huang, Yankun Dai, Kairun Zhu, Xuwen Ye,
Shengdong Meng, Qing Zhang and Xueguan Xie*

Huai’an Second People’s Hospital, Huaian, China

Introduction: In this paper we tried to conduct a novel nanomaterial strategy to
overcome osteoarthritis (OA) in a mouse model.

Methods: In this regard, after synthesizing the Mil-88a nanozyme, as a certain
Fe-MOF, its toxic effects were detected by CCK-8 method and live-dead
staining. The OA model of mouse was constructed, and paraffin sections of
joints were taken for histological evaluation. In addition, immunofluorescence
and immunohistochemistry were used to identify the OA progression and
OARSI was used to evaluate the OA grades. We observed that Mil-88a could be
easily synthesized and has high biocompatibility.

Results: We observed that Mil-88a could significantly promote the expression of
OA anabolism-related genes such as Col2 and also significantly inhibit the
expression of OA catabolism-related genes MMP13. Besides, we observed
better OARSI score in animals treated with Mil-88a nano-enzyme loading on
organic metal matrix.

Discussion: Overall, Mil-88a nano-enzyme could be used as a novel strategy to
treat OA.

KEYWORDS

nano-enzyme, osteoarthritis, mouse model, Mil-88a, organic metal

Introduction

Osteoarthritis (OA) is also known as degenerative bone disease, and its clinical
symptoms are usually manifested as joint swelling and pain, limited mobility, etc., and
even lead to joint deformity and muscle atrophy (Wang et al., 2020). Clinically, the
symptomatic treatment for OA is to mainly relieve pain and reduce deformity (Zhang
et al., 2019). At present, a large number of basic research studies have carried out a closer
understanding of the occurrence and development of OA, but its specific pathogenesis is still
unclear. It is mainly believed that the most important reason for the pathogenesis of OA is
the imbalance of reactive oxygen species (ROS) (Ding et al., 2020).

Reactive oxygen species (ROS) are known to be essential to cellular processes and are
essential byproducts of cell metabolism, including superoxide anions (O2•), hydrogen peroxide
(H2O2), and hydroxyl radicals (•OH) (Tsvetkov et al., 2022). ROS typically play a key role in
the regulation of cell signaling pathways that normally control cell proliferation, growth, cycle,
and death (Yi et al., 2021). ROS break the structure of signaling proteins by oxidizing redox-
reactive residues on proteins, leading to the regulation of protein function (Gaurav et al., 2021).
However, due to the oxidation of proteins, DNA, and membrane lipids, excess ROS may be a
major cause of various inflammatory diseases (Zhai et al., 2021). Strategies to remove ROS by
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antioxidant molecules such as vitamins or natural enzymes such as
superoxide dismutase (SOD) when the anti-ROS system is disrupted
have a wide range of effects (Sun et al., 2018).

Spectroscopic capabilities have been shown to be effective biological
therapeutic agents to combat oxidative stress in the treatment of various
inflammatory diseases (Li et al., 2022). While there is promise in
reducing ROS levels, many conventional antioxidant molecular
treatments are less efficient than natural enzymes (He et al., 2020).
At the same time, natural enzymes are subjected to many limitations,
such as sensitivity to environmental conditions, limited functional
stability, and difficulty in large-scale production (Li et al., 2017;
Chen et al., 2018; Wan et al., 2020; Zhang et al., 2023). Recently,
with the rapid and significant advances in nanotechnology, a series of
biocatalytic or antioxidant nanostructures have been designed with
unique ROS-scavenging capabilities, demonstrating promising activity
to overcome these core challenges in clinical anti-ROS and anti-
oxidation (Chen et al., 2020; Shetty et al., 2021). This is compared
to conventional anti-inflammatory drugs, where biocatalytic or
antioxidant nanostructures can achieve anti-inflammatory effects by
eliminating a broad spectrum of reactive oxygen species, rather than
targeting only specific inflammatory pathways ormolecules, whichmay
provide better therapeutic efficiency and greater biosafety than current
clinical drugs (Zhang et al., 2018; Zhu et al., 2020; Cheng et al., 2021).

Thus, the idea of using biocatalytic or antioxidant nanostructures
opens up new avenues for ROS clearance of ROS-related biotherapeutics,
such asmetal–organic framework (MOF) and polyphenol nanoparticles.
Overall, biocatalytic or antioxidant nanostructures exhibit significant
advantages, such as a remarkable ROS-scavenging capacity compared to
natural enzymes, a broad spectrum of ROS elimination activity, robust
stability in physiological environments, and satisfactory biocompatibility
and biosafety (Li et al., 2020).

Eventually, we can regulate ROS levels to treat inflammatory
diseases. It has also been reported that MOF nanoparticles have the
ability to remove reactive oxygen species (Bian et al., 2020). ROS
cleared byMOFs is a promising candidate for therapeutic applications
due to its high biocompatibility, 3D matrix, and modification
capabilities. Therefore, a novel, safe, and effective drug targeting
ROS imbalance needs to be developed urgently. Nanozyme is a
kind of nanomaterial with enzymatic activity similar to proteins.
Mil-88a belongs to the family of metal–organic framework (MOF)
nanozyme with peroxidase mimetic activity and good
biocompatibility (Kasula et al., 2022) and thus is considered to be
a promising nano-enzyme repair system for promoting OA repair.
This study investigated the role of Mil-88a nanozyme co-loaded with
the organic metal matrix in promoting OA repair in a mouse model.

Materials and methods

Material synthesis

The preparation process of Mil-88a was carried out based on the
improved techniques of the existing literature (Gaurav et al., 2021; Yi
et al., 2021). First of all, 0.9744 g (8.4 mmol) fumaric acid and 2.2722 g
(8.4 mmol) FeCl3 were weighed. Then, the mixture was dissolved in
42 mL ultrapure water and stirred for 2 h. The solution was placed in
the reaction kettle in a blast drying oven and then in a drying oven.
The reaction was carried out at 85°C for 2 h. The reactor was taken out

and cooled to room temperature. After the reaction kettle was cooled,
the solution was centrifuged at 10,000 rpm for 10 min to obtain a
brick-red solid. The precipitate was washed three times with absolute
ethanol and dried in a vacuum drying oven at 100°C for 6 h.
Ultimately, the solid obtained by drying was the metal–organic
framework Mil-88a and was stored for future use.

Characterization of Mil-88a

The aforementioned dried precipitate was used for SEM, XRD,
TGA, and FTIR characterization. In addition, a small amount of the
powder was ultrasonically dispersed in ultrapure water for particle
size analysis by DLS.

Detection of the SOD clearance rate of
Mil-88a

Using the principle of the xanthine oxidase system to generate
superoxide anion, according to the kit instructions (Beijing Solarbio
Science & Technology Co., 100T/48S), the WST working solution and
the enzyme working solution were prepared, respectively. A small
amount of the sample powder was prepared as the mother solution,
and then different proportions of the mother solution were mixed with
pure water in a 1.5-mL tube to obtain sample solutions of different
concentrations. The solution was incubated at 37°C for 20min and was
fully centrifuged to remove the material. The absorbance at 450 nm of
the supernatant was measured, calculated, and compared with the
control group, and the process was repeated three times for each group.

Detection of the hydroxyl radical-
scavenging rate of Mil-88a

Using the principle that hydroxyl radicals are generated by
the Fenton reaction and the interaction between hydroxyl
radicals and chromogenic reagents (BOXBIO, AKAO013M),
different concentrations of Mil-88a solutions were prepared
according to the kit instructions, and the hydroxyl radical-
scavenging efficiency of Mil-88a at different concentrations was
measured. The process was repeated three times.

Primary culture of chondrocytes

Cartilage tissue was isolated from 5-day-old SD rats and washed
with PBS containing 10% double antibody to remove blood clots.
After incubation with 0.25% trypsin for 1.5 h at 37°C, 0.02% type II
collagenase was replaced with 0.02% collagenase overnight to separate
free cells. After the dissociated cells adhered to the wall, the medium
was changed every 2 days and passed to the P3–P5 generation for use.

Biocompatibility testing

CCK-8 method: A density of 5×104 P3–P5 chondrocytes was
inoculated in a 96-well plate overnight. After the cells adhered to the
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wall, the medium was changed and 100 μL, 1 μg/mL, and 2 μg/mL
chondrocytes were added, respectively. Mil-88a was resuspended in
0.25 mL of fresh media to get different concentrations (0 μg/mL,
1 μg/mL, 2 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 50 μg/mL, and
100 μg/mL). After allowing culturing in the cell incubator for 24 h,
the medium was completely removed and rinsed with PBS twice to
completely remove the material. A measure of 110 μL of CCK-8
containing the medium prepared at a ratio of 1:10 was added and
incubated at 37°C for 1 h. After incubation, the supernatant medium
was carefully pipetted to a new 96-well plate, and the absorbance at
450 nm was measured using a microplate reader. Then, the process
was repeated three times per set. Staining of live and dead cells: A
total of 5,000 P3–P5 chondrocytes were seeded in a 96-well plate
overnight, and then the original medium was replaced by 0.2 mL of
the fresh medium containing different concentrations of Mil-88a
(0 μg/mL, 1 μg/mL, 2 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 50 μg/
mL, and 100 μg/mL) for 24 h. The medium was removed and
washed two times with PBS. A measure of 100 μL of calcein-AM/
PI staining working solution was added in the dark for 20 min, PBS
was used to remove excess dye, and three fields of view were
randomly selected for observation under a confocal microscope
at ×100 magnification.

PCR detection

A density of 3 × 105 cells per well was inoculated in a six-well
plate, and after culturing for 24 h, the old medium was removed and
washed thoroughly with PBS, and then 1 mL of H2O2 induction
solution prepared in a serum-free medium with a concentration of
450 μmol/L was added. After the cells were fully induced, equal
volumes of Mil-88a solutions prepared with the serum-free medium
of different concentrations were added, and culturing was continued
for 24 h. Subsequently, the medium containing nanomaterials was
removed by thorough rinsing with PBS. Ultimately, RNA was
extracted for PCR experiments.

Immunofluorescence

Each well was seeded with 75,000 chondrocytes of the same
generation in a 24-well plate that had been placed on the slides.
After adhering overnight, the cells were induced by oxidative stress
in 0.25 mL of the serum-free medium mixed with H2O2 for 20 min.
Then, the serum-free medium was replaced by 0.25 mL of the fresh
medium containing different concentrations ofMil-88a (0 μg/mL, 1 μg/
mL, 2 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 50 μg/mL, and 100 μg/
mL). The treated cells were incubated for another 24 h, and it was
washed three times with PBS buffer, fixed with 4% paraformaldehyde
for 25min, washed with PBS three times, then incubated with 3%H2O2

for 15 min, washed with PBS three times, and then incubated with goat
serum for 30 min. After the blocking treatment, the diluted IL-1β
primary antibody (1:200) was added dropwise to the slides and
incubated overnight in a refrigerator at 4°C. Subsequently, the cells
were incubated with biotinylated goat anti-rabbit secondary antibody
(1:500) and allowed dilution for 1 h. Finally, the nuclei were labeledwith
4′,6-diamidino-2-phenylindole (DAPI), incubated in the dark for
10 min, washed with buffer three times, dried the water on the

slide, and sealed with neutral resin. After slicing, the sections were
observed and photographed using a fluorescence microscope.

OARSI score

In this study, the Osteoarthritis Research Society International
(OARSI) score was used to evaluate the degree of articular cartilage
degeneration (Chen et al., 2018). OARSI grade (grade) is divided into
six grades, and the higher the score, the more serious the cartilage
degeneration. Grade 0: normal, with normal cartilage surface and
chondrocytes; grade 1: slight fibrosis on the articular cartilage surface,
unevenness, but no cartilage loss, and no involvement but middle and
deep cartilage; grade 2: fissures on the articular cartilage surface and
cartilage loss, the middle layer of cartilage is involved, fibrosis,
chondrocyte proliferation and death, abnormal cartilage matrix
staining, etc.; grade 3: the fissure involves the deep cartilage, and
chondrocyte death and proliferation are mainly distributed along the
fissure; grade 4: the matrix around the fissure is lost and articular
cartilage erosion; grade 5: articular cartilage erosion, full-thickness
erosion of unmineralized hyaline cartilage, mineralized cartilage, and
subchondral bone exposed on the articular surface; grade 6: joint
deformation, articular surface fibrocartilage, osteophyte formation,
etc. In this study, the OARSI score was independently completed by
two sports medicine doctors with clinical work experience under
the light microscope (×100) according to the scoring rules, and
the average score was taken as the final score, and the sample
grouping was not informed.

Statistical analysis

SPSS and GraphPad Prism statistical software were used to
analyze data, measurement data were expressed as mean ± standard
deviation (xˉ ± s), and a t-test was used for the comparison between
groups. Comparisons among multiple groups were performed using
one-way analysis of variance (ANOVA). p < 0.05 was regarded as a
statistically significant difference.

Results

Evaluating Mil-88a by scanning electron
microscopy and characterization by XRD,
TGA, and FTIR

Electronmicroscopy showed that the synthesizedMil-88a was in
the shape of hexagonal rods, as shown in Figure 1A. The overall
main peak of Mil-88a did not show a large shift in the whole
spectrum. There were three characteristic peaks in the range of
6°–15°, which were 2.8°, 10.4°, and 12.9°, respectively, as shown in
Figures 1B and C. The mass retention of Mil-88a was basically
unchanged in the range of 100°C–300°C. FTIR showed that Mil-88a
had all the characteristic peaks of FeCl3 and fumaric acid, as shown
in Figures 1D, E. Next, the size of Mil-88a was characterized by
dynamic light scattering (DLS) analysis, which demonstrated an
ideal and uniform morphology with an average diameter of
approximately 100 nm (Supplementary Figure S1).
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Biocompatibility evaluation of Mil-88a

CCK-8 method: When the concentration of Mil-88a was in the
range of 1–10 μg/mL, the chondrocyte survival rate was maintained
above 80%, as shown in Figure 1F. Staining of live and dead cells:
When the concentration was greater than 10 μg/mL, it showed
strong toxicity to chondrocytes (p < 0.001), as shown in Figures
2A, B. ROS-scavenging effect of Mil-88a: With the increase in the
Mil-88a concentration, the SOD-scavenging rate of Mil-88a
gradually increased (p < 0.001; Figure 2C), and the hydroxyl
radical-scavenging rate was different from that of Fe3O4, but the
scavenging efficiency did not change with Mil-88a (p < 0.05,

Figure 2D). This phenomenon takes place because when the
nanoreactor reaches the tumor site, a high concentration of
glutathione reduces Fe3+, triggering the structural collapse of
MOF and the release of Fe2+, while GOx catalyzes the oxidation
of glucose to H2O2. Then, the Fenton reaction occurs between H2O2

and Fe2+, producing the hydroxyl radical (•OH). Therefore, after
Mil-88a, as a Fe-MOF, is taken up by cells, SOD is only consumed
and •OH is consumed and increased. In addition, we evaluated the
expression of IL-1β to figure out the effect of Mil-88a on pro-
inflammatory cytokines (Figure 2E; Supplementary Figure S2). We
observed that Mil-88a could significantly decrease the expression of
IL-1β in a dose-dependent manner.

FIGURE 1
Characterization of Mil-88a. (A) Electron microscopy image of Mil-88a. (B) XRD characterization of Mil-88a. (C) XRD characterization of Mil-88a,
FeCl3, and fumaric acid. (D) TGA characterization of Mil-88a. (E) FTIR characterization of Mil-88a. (F) Effects of different concentrations of Mil-88a on
chondrocyte proliferation for 24 h.
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Mil-88a alleviated the pathological
manifestations of OA in vivo

To explore the effect of Mil-88a nano-enzyme on the
osteoarthritis mouse model, Mil-88a nano-enzyme was
administered by local injection into the joint cavity. Safranin O
staining of paraffin sections of rat knee joints showed that rats on
a high-cholesterol diet showed a more severe OA phenotype than
those on a normal diet (Figure 3A). The joint surface was not smooth,
the safranin O staining and immunohistochemical staining intensity
of type II collagen (col2) decreased, and the immunohistochemical
staining intensity of MMP13 (matrix metalloproteinases 13)
increased, indicating that the ECM proteoglycan content of

articular cartilage Mil-88a nano-enzyme treatment can significantly
increase the content of protein polysaccharide and type II collagen,
effectively improve the degenerative lesions of the aforementioned
knee cartilage tissue, and alleviate the progression of OA (Figure 3A).
The severity of OA in the mouse was scored using the OARSI score.
The results showed that the OARSI scores of MTP (Figure 3B) and
MFC (Figure 3C) of the animals treated with Mil-88a were
significantly lower than those of the animals in the non-treated
group. This indicated that the degenerative lesions of the cartilage
tissue in the Mil-88a-treated group were milder. Scoring of Col2
(Figure 3D) and MMP13 (Figure 3E) immunohistochemistry also
showed this trend. The results suggest that Mil-88a could alleviate the
progression of OA.

FIGURE 2
Cytotoxicity and biocompatibility testing of Mil-88a in vitro. (A) Fluorescence microscopy images of calcein-AM/PI staining in cells treated with
different concentrations of Mil-88a (1, 2, 5, 10, 20, 50, and 100 μg/mL). Live, live cells (green); died, dead cells (red); merge, overlay. (B) Cell viabilities of
chondrocyte cells treated with different concentrations of Mil-88a (1, 2, 5, 10, 20, 50, and 100 μg/mL and n = 4). The effects of different concentrations of
Mil-88a (1, 2, 5, 10, 20, 50, and 100 μg/mL and n = 4) on SOD- (C) and OH- (D) scavenging rates for 24 h, and IL-1β (E). ***p < 0.001 compared with
0 μg/mL; ###p < 0.001 compared with 10 μg/mL. Scale bar = 100 μm.
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Evaluation of the effect

In this section, we first tried to evaluate the conduction of OA in the
mouse model using luminescence imaging (Figures 4A, B, 5). We
observed high intensity of luminescence in the joints with the
conduction of OA in comparison to normal mice (Figure 4B). In
addition, we observed a significant drop in luminescence density in
joints treated with Mil-88a. These results suggested that Mil-88a could
improve OA in vivo. In addition, we applied a micro-CT scan to assess
the effect of Mil-88a on bone density (Figures 4C, D). Dramatically, we
observed that Mil-88a could increase bone density at the site of femoral
joints (Figures 4E–H). These results suggested that Mil-88a could
significantly increase bone formation to improve OA.

Discussion

Approximately 16.2% of patients in China suffer from OA
for a long time. The unbearable pain and extremely high

disability rate seriously affect the quality of life of patients and
destroy the stability of families and society (Xu et al., 2022).
Although a lot of basic research has been carried out, the
etiology and pathogenesis of OA are still inconclusive, and it is
mainly believed to be related to factors such as age, occupation,
strain, and endocrine (Lan et al., 2019; Qiu et al., 2020). Excessive
ROS is the cause of arthritis inflammatory lesions. One of the
important factors, as a potential target for the treatment of OA, is
how to reverse the ROS imbalance, which has become the key to
curing OA (Hou et al., 2021). MOFs are nanoparticles with a special
3D network structure formed by the self-assembly of metal nodes
and organic ligands through chemical bonds. With a large specific
surface area, adjustable pore size, and stable physicochemical
properties, it is considered a promising biomimetic nanozyme
(Xiong et al., 2022). Wu et al. (Zhou et al., 2022) reported that
the special metal node structure of MOFs has oxidase analog
activity, which is considered an ideal nanozyme for scavenging
ROS. In this study, electron microscopy of Mil-88a showed a
hexagonal rod shape, and XRD showed three characteristic peaks

FIGURE 3
Mil-88a alleviates the pathological manifestations of OA. (A) SafraninO staining of paraffin sections of rat knee tissue, scale bar = 500 or 100 μm, and
immunohistochemical staining of Col2 and MMP13, scale bar = 50 μm. (B, C)OARSI score. (D, E) Positive cell statistics of Col2 and MMP13. (n = 6). ns, no
statistical difference; pp < 0. 05; ppp < 0. 01; pppp < 0. 001.
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in the range of 6°–15°, which was consistent with the previous report
(Chen et al., 2022). FTIR has all the characteristic peaks of
raw materials, and TGA confirms that Mil-88a still has good
stability in the range of approximately 100°C–300°C. In order
to verify the cytotoxicity of Mil-88a, CCK-8 and live–dead
staining indicated that when the concentration of Mil-88a was
less than 10 μg/mL, there was basically no cytotoxicity (p <
0.001). In conclusion, Mil-88a was successfully synthesized with
good biocompatibility. OA is mainly manifested as a cartilage defect.
Reducing the oxidative stress of chondrocytes and removing
excess reactive oxygen species will be beneficial to the
regeneration of cartilage (He et al., 2021; Ma et al., 2022). ROS
include SOD and OH (Chen et al., 2021). The ROS clearance rate
of Mil-88a was further verified. The results showed that the
SOD clearance rate of Mil-88 was concentration-dependent,

and the OH clearance rate did not change with the concentration
but was still higher than that of Fe3O4 (p < 0.05), suggesting that it is
not simply due to its porous physical structure that scavenges ROS
and the specific mechanism remains to be further studied. The
results suggested that Mil-88a has the potential to act as a ROS-
scavenging nanozyme in the joint cavity. ROS is an important
signaling molecule that regulates inflammation. The imbalance of
ROS leads to the abnormal expression of TNF-α and IL-1β
inflammatory factors. Previous works of literature reported that
TNF-α and IL-1β are closely related to cartilage destruction and the
occurrence of synovitis (Ma et al., 2020; Cao et al., 2023). TNF-α, as
a key inhibitor of cartilage collagen production, promotes the
apoptosis of chondrocytes, and the activation of TNF-α causes
the occurrence of the inflammatory cascade by upregulating the
inflammatory trigger of IL-1β (Liu et al., 2021; Peng et al., 2021).

FIGURE 4
Representative luminescence imaging in vivo and evaluation of bone density in the mouse joint using micro-CT. Evaluation of osteoarthritis using
luminescence imaging (A, B). The 3D reconstruction of CT indicates the bone changes, and the tibial plateau section shows the structure of bone
trabeculae (C). For evaluating the response time, mice were placed on the heating platform at 55°C, and the reaction time of licking and jumping was
shown; a micro-CT scan of the joints of mice was performed (C, D). Bone density (mg/cm3) (E), bone volume fraction (BV/TV) (F), trabecular pattern
factor (Tb.Pf, 1/mm) (G), and cortical bone thickness (H)were used to assess subchondral bone changes in osteoarthritis by quantitative CT. Values were
presented as mean ± SD. pppp < 0.001 (n = 5).
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Conclusion

In summary, we synthesized a novel platform based on Fe-
MOF (Mil-88a) to overcome osteoarthritis (OA), which has
good biosafety and can downregulate the expression of oxidative
and inflammatory factors in OA-induced chondrocytes. In this
regard, after synthesizing the Mil-88a nanozyme, its toxic effects
were detected by the CCK-8 method and live–dead staining. The
OA mouse model was constructed, and paraffin sections of the
joints were obtained for histological evaluation. In addition,
immunofluorescence and immunohistochemistry were used to
identify the OA progression, and the OARSI score was used to
evaluate the OA grades. We observed that Mil-88a could be
easily synthesized and has high biocompatibility. We observed
that Mil-88a could significantly promote the expression of OA
anabolism-related genes such as Col2 and also significantly
inhibit the expression of OA catabolism-related genes such as
MMP13. In addition, we observed better OARSI scores in
animals treated with Mil-88a nano-enzyme loaded on the
organic metal matrix. Overall, Mil-88a co-loaded with the
organic metal matrix could be used as a novel nano-enzyme
strategy in the treatment of OA. We also observed that Mil-88a
nanozyme could significantly improve OARSI scores and OA in
the mouse model in this study. Thus, our Mil-88a might be

particularly meaningful and readily adapted to OA in a broad
diversity of the current situation.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Huai’an
Second People’s Hospital.

Author contributions

XX and HH conceived the presented idea and together with XH
designed the experiment. YD and KZ carried out most of the
experiments. XY and SM contributed to sample preparation and
data analysis. QZ wrote the manuscript. All authors discussed the
results, provided critical feedback, and contributed to the final
manuscript.

FIGURE 5
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Mil-88a. (C) The treatment process for suppressing the expression of IL-1β and relief of inflammatory response.
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Cancer is one of the most lethal diseases in human society, and its incidence is
gradually increasing. However, the current tumor treatment often meets the
problem of poor efficacy and big side effects. The unique physical and
chemical properties of nanomaterials can target the delivery of drugs to
tumors, which can improve the therapeutic effect while reducing the damage
of drugs to normal cells. This makes nanomaterials become a hot topic in the field
of biomedicine. This review summarizes the recent progress of nanomaterials in
tumor targeted therapy.
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1 Introduction

Malignant tumor is a new organism, that is seriously disturbed in the regulation of cell
growth under the action of various tumorigenic factors, resulting in the abnormal
proliferation of cells in the body. It often presents as abnormal tissue clumps in the
body. Tumors can escape the surveillance of the immune system, grow without limit,
and metastasize through blood, lymphatic, or implantation (Robert, 2013). There are still
great challenges in the treatment of malignant tumors. In 2022, 1918030 new cancer cases
and 609360 cancer deaths are projected to occur in the United States. Although the incidence
of lung cancer is gradually slowing down, the incidence of breast cancer and advanced stage
prostate cancer is still increasing (Siegel and Miller, 2022). According to the National Cancer
Center of China, the number of new cases of malignant tumor in China in 2016 was
4.0640 million, of which 2.2343 million were men and 1.829,600 were women. The crude and
age-standardized incidence rates (ASIR) were 293.91 and 186.46 per 100,000 population,
respectively (Zheng et al., 2022). Nowadays, the traditional treatment methods are mainly
surgery, chemotherapy and radiotherapy. However, the therapeutic effect is still not
satisfactory. The main reasons include side effects, drug resistance and insensitivity of
tumor cells to radiation (Zhang et al., 2018). Therefore, the search for a highly targeted,
efficient and low toxicity therapy has become an important direction in cancer therapy
research.

At present, many targeted drugs have been applied in clinical practice, which have the
advantages of good targeting and few side effects. Targeted therapy can inhibit the growth of
tumor cells by targeting drugs on key genes of tumor growth and division, such as EGFR,
HER-2, KRAS, ALK, etc (Rouviere et al., 2015; Saito et al., 2018; Meric-Bernstam et al., 2019).
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However, the mutation rate of target genes in patient population is
not high, so many patients are not suitable for using targeted drugs.
In addition, in clinical practice, targeted drugs may miss the target.
Long-term use is easy to resist drugs, and the price is expensive.
Therefore, it has broad application prospect to find a new
therapeutic method which is applicable to a wide population and
stable targeting performance. At present, the commonly used
targeted drugs in clinical practice include Bevacizumab,
Trastuzumab, Cetuximab, Pertuzumab, Osimertinib, Lenvatinib,
etc. These targeted drugs can mainly be used in the treatment of
lung cancer, bowel cancer, breast cancer, liver cancer, lymphoma.

Nanoparticles exhibit unique physical, chemical, and biological
properties. They find wide-ranging applications in fields such as
biomedical research (Schmalz et al., 2017). The characteristics of
small size and large area to volume ratio of nanoparticles enable
them to efficiently bind, absorb and deliver small molecules of drugs
(Yetisgin and Cetinel, 2020). Their variable size, shape and surface
characteristics also enable them to have high stability, high carrying
capacity, properties of binding hydrophilic or hydrophobic
substances, and compatibility of different drug delivery routes.
Because of their own advantages, nanomaterials can play a
certain advantage in tumor treatment. Nanomaterials can wrap
drugs or combine drugs to be targeted and delivered near the
tumor area, so that drugs can act on tumor cells more accurately.
The targeted therapy of nanomaterials can be divided into passive
and active targeting according to different targeting pathways (Alavi
and Hamidi, 2019). The former refers to that after the combination
of nanomaterials and therapeutic drugs enters the human body,
taking into account the differences in the specific biochemical
microenvironment of organs, tissues, cells and specific lesions,
the drugs will stop, stay or accumulate in special sites, so as to
increase the efficacy and concentration of drugs at the tumor site, so
as to achieve targeted treatment. The latter uses artificial means to
deliver nanomaterials and drugs near the tumor site for selective
treatment (Figure 1).

There is a difference between targeted drugs and nanomaterial
targeted therapy, targeted drugs are targeted to the tumor site
through the specific binding of drug molecules to specific
receptors on the surface of tumor cells, while nanomaterial is
targeted to the tumor site through the unique physical and
chemical properties of nanomaterials, such as magnetic
properties, EPR effects, and binding tumor recognition ligands.
Compared with direct intravenous drug input, encapsulation or
combination of nanomaterials has the following advantages (Hou
et al., 2020; Barani et al., 2021; Dutta et al., 2021; Kashyap et al.,
2023): 1) It can improve drug targeting for tumor and reduce the
damage to normal tissues and organs. 2) It can improve drug
stability, reduce drug delivery by enzymatic hydrolysis, resulting
in drug destruction. It can reduce the side effect of anticancer agents.
3) It can make the drug in the body controlled release. For example,
the prodrug nanoassemblies (LPNAs) and the pH-reduction dual
responsive drug delivery system designed by Ding et al. (2019) can
precisely control drug release, resulting in better therapeutic effects
(Ding et al., 2019; Ding et al., 2023). In addition, while delivering
drugs, nanomaterials can also produce photothermal effects and
enhance the killing effect on tumors. Based on the numerous
advantages of nanomaterials, nanomaterials have been widely
used in the drug-loaded targeted therapy of cancer. This paper

will review the research progress in this direction, and provide
certain reference value for the subsequent research.

2 Commonly used nanomaterials

Due to the numerous advantages, nanomaterials have been
wildly used in clinical and laboratory researches (Figure 2). In
this section, we summary the commonly used nanomaterials in
cancer therapy, including organic nanomaterials and inorganic
nanomaterials (Khalid et al., 2020). At present, some nano-drugs
have been applied in clinical practice. For example, Abraxane and
Paclitaxel liposome are commonly used in the treatment of breast
cancer, ovarian cancer, and non-small cell lung cancer. Adriamycin
liposomes is often used in the treatment of ovarian cancer, non-
Hodgkin lymphoma, breast cancer, and uterine tumors.

2.1 Organic nanomaterials

Organic nanomaterials are substances that mostly naturally
existing in organisms or synthesized by chemicals. Such
nanomaterials are less cytotoxic and biodegradable, so they are
currently a research hotspot and widely used (Khizar et al.,
2023). Organic nanomaterials have the advantages of controllable
size, large specific surface area, easy surface modification, high
permeability and retention effect, and good biocompatibility
(López-Dávila et al., 2012; Hussein Kamareddine et al., 2019).
Organic nanomaterials can carry both hydrophilic and
hydrophobic drugs. Modification of endogenous molecules of
some receptors on the surface of organic nanomaterials can
significantly improve the targeting of tumor tissue. At present,
organic nanomaterials mainly include liposome, protein and
polymeric nanomaterials (Palazzolo et al., 2018; Wang et al., 2021).

2.1.1 Liposome nanomaterials
Liposomes are nanocapsules with closed spherical vesicle

structure surrounded by phospholipid bilayer and contain
hydrophilic water nuclei, which can bind both hydrophilic and
hydrophobic drugs (Yang et al., 2021). Compared with other
nanocarriers, liposome show good biocompatibility and high
drug loading capacity, showing lower toxicity, low
immunogenicity, and can be cleared through normal metabolism.

At present, the clinical application of liposome preparations
contain different chemotherapy drugs, such as Doxil1/Caelyx1/
Myocet1, DaunoXome1, and DepoCyte1, respectively, were used
to treat patients with ovarian cancer, AIDS-associated Kaposi’s
sarcoma, multiple myeloma, lymphoma, or leukemia combined
with meningeal diffusion (Kaspers et al., 2013; Bhowmik et al.,
2018; Le Rhun et al., 2020). In addition, there are a number of drugs
are being studied. Anthracyclines (ANT) are aromatic polyketo
antitumor drugs, representative of which are doxorubicin (DOX),
daunorubicin (DNR), aclarubicin, epirubicin, pirarubicin, etc. Doxil
is FDA approved for the treatment of ovarian cancer and Kaposi’s
sarcoma (Addeo et al., 2008). One of the most common dose-
limiting toxicities of anthracyclines is cardiotoxicity, especially in the
elderly and in patients with severe complications such as diabetes
and coronary heart disease. However, cardiotoxic events with
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anthracyclines encapsulated in liposomes are significantly reduced
during tumor therapy (Fassas et al., 2002). As is shown in Figure 3A,
Yoshizaki et al. (2016) a pH-sensitive fusogenic polymer-modified
liposomes. The liposomes were loaded with antigenic peptides
derived from ovalbumin (OVA) OVA-I (SIINFEKL), and OVA-
II, which can significantly enhance the activation efficiency of
cytotoxic T lymphocyte (ctl), so as to achieve efficient cancer
immunotherapy. Matbou Riahi et al. (2018) developed celecoxib
(CLX) liposome nanomaterials to overcome the shortcomings of

poor water solubility and low anti-tumor titer, and found that CLX
liposome preparation had the slowest release curve and the strongest
anti-tumor effect in vivo. Compared with free CLX, the
accumulation of CLX liposomes in tumor sites increased by
3 times. It is proved that CLX liposome is a safe and effective
antitumor agent and can release the drug slowly. Wang S. et al.
(2020b) used the copper acetate gradient method to prepare As2O3

liposomes. By forming a complex of aqueous copper acetate and
As2O3 in the liposomes, the encapsulation rate reached 83.1%, the

FIGURE 1
Targeting of nanoparticles: active targeting and passive targeting (Sanità et al., 2020).

FIGURE 2
Application of nanoparticles in tumor therapy and diagnosis (Kashyap et al., 2023).
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tumor inhibition rate reached 61.2%, and the toxicity of arsenic
trioxide (ATO) was greatly reduced. In vivo pharmacokinetic
experiments showed that plasma clearance rate of As2O3

liposomes was significantly reduced, and the in vivo circulation
time was doubled compared with intravenous injection of As2O3

solution, which improved drug distribution in tumor tissues.
Further research showed that the strong skeleton formed by
arsenic and metal ions increased the stability of the drug, and the
liposome lasted in the body for 6 months longer than the original.

2.1.2 Protein nanomaterials
Protein nanomaterials is a kind of nano-drug loading system

composed of drugs and animal, plant or recombinant proteins as
carriers. Protein nanomaterials have the advantages of
biodegradability, good biocompatibility, low immunogenicity,
high drug-loading and stability, and can accumulate in tumor
through EPR effect (Ding et al., 2020; Carrion et al., 2021). The
types of protein nanomaterials commonly used in tumor therapy
include albumin, whey protein, lipoprotein, zein, soy protein,
recombinant ferritin and filamentin (Katouzian and Jafari, 2019).

Wamel’s (van Wamel et al., 2016) study showed that paclitaxel
albumin nanoparticle (Abraxane) uses human serum albumin as a
carrier, and through the natural transport pathway of albumin in the
body, it can rapidly distribute and aggregate in tumor tissues,
improve the efficacy of chemotherapy and reduce toxicity.
Jayaprakasha et al. (2016) prepared whey protein-coated
curcumin nanoparticles by solvent removal method. Compared
with free curcumin, the uptake of colon cancer cells and prostate
cancer cells increased significantly. The cytotoxicity and
bioavailability of nano curcumin were significantly improved. Wu
et al. (2013) prepared paclitaxel-fibroin nanoparticles (PTX-SF-
NPs) in aqueous solution at room temperature for the treatment
of local gastric cancer. The anti-tumor effect of PTX-SF-NPs was
evaluated on the in vitro model of gastric cancer in nude mice, and
the results showed that PTX-SF-NPs significantly enhanced the
effect of delaying tumor growth and reducing tumor weight, with
high safety. Sonekar et al. (2016) prepared folic acid conjugated
curcumin-melololin nanoparticles by desolvation method, which
can be taken orally and targeted for delivery to colon cancer cells,
significantly improving the bioavailability and targeting of drugs.

FIGURE 3
Organic nanomaterial. (A) Antigen delivery of pH-sensitive polymer-modified liposomes (Yoshizaki et al., 2016). (B) The synthesis, in vitro assay, and
activity in cell of SOD NPs (Galliani et al., 2019). (C) From Amphotericin B (Amp B) loaded polymeric nanoparticles preparation to in vitro drug release
(Saqib et al., 2020). (D) Polymer-Based nanocarriers for Co-Delivery and combination of diverse therapies against cancers (Yan et al., 2018).
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2.1.3 Polymeric nanomaterials
Polymeric nanoparticles are colloidal systems with a wide size

range (10–1000 nm). Polymeric nanoparticles have high
immunogenicity and stability, and can effectively encapsulate and
display antigens. Polymeric nanoparticles can effectively protect
drugs from in vitro and in vivo degradation, cross the blood-
brain barrier, control drug release sites and improve drug
targeting, and thus have a better therapeutic prospect in the
targeted delivery of anti-tumor drugs (Elzoghby, 2017). In
general, polymeric nanocarriers are more stable than liposomes.
Common polymeric nanomedicine delivery carriers include
polymeric micelles, dendritic macromolecules, polymeric
nanogels, polymeric nanospheres, etc (Salari et al., 2022).

As is shown in Figure 3B, Galliani et al. (2019) developed a
PLGA-based nanostructure, which can protect the structure of the
enzymes from being destroyed and accurately deliver it to the
cytoplasm. In the Figure 3C, Polyacaprolactone (PCL)
nanoparticles loaded with Amp B were developed. The IC50 of
the nanoformulations was significantly lower as compared to free
Amp B, so it can greatly enhance the effect of Amp B. Wang et al.
(2017) prepared gemcitabine (GEM) chitosan nanoparticles (FA-
PEG-GEM-NPs) with surface modification of folic acid (FA) and
polyethylene glycol (PEG). It was confirmed by cell experiments that
FA-PEG-GEM-NPs had high selectivity and high toxicity to human
non-small cell lung cancer A549 cells. Wu et al. (2018) designed a
stimulus-responsive drug delivery system combining radiotherapy
and chemotherapy. They modified L-cysteine (L-Cys) on the surface
of polyamidoamine (PAMAM) polymer. On the one hand, the
sulfhydryl group of L-Cys can act as a radiation protection agent
by removing free radicals. On the other hand, disulfide bonds
formed by sulfhydryl groups can be used to trigger the release of
anti-cancer drugs. Low doses of gamma rays (5 Gy) trigger reactive
oxygen species (ROS) production, which breaks disulfide bonds and
releases anticancer drugs DOX. Gu et al. (Wang et al., 2018)
designed a therapeutic nano hydrogel. When injected in situ into
the tumor, the coated gemcitabine (GEM) and immune checkpoint
inhibitor anti-PD-L1 antibody (aPDL1) were released in response,
realizing the synergistic tumor suppression by chemotherapy and
immunization. This gel can achieve ROS responsive degradation and
programmed release of therapeutic drugs in ROS rich tumor
microenvironments. The results showed that nano gel containing
aPDL1-GEM significantly promoted immune-mediated tumor
killing in tumor-bearing mice, thus it greatly prevented the
recurrence of tumor after resection. Docetaxel (DTX) is a first-
line chemotherapy drug for the treatment of metastatic breast
cancer. Encapsulated in alendronate (AlN)-modified micelles,
docetaxel can achieve sustained release and improve
pharmacokinetics. DTX micelles can inhibit tumor growth and
significantly prolong animal survival in a model of advanced
disseminated breast cancer with bone metastases (Liu, 2019). Yan
et al. Repoated a polymer-Based nanocarrier for Co-Delivery and
combination of diverse therapies against cancers (Figure 3D).

2.2 Inorganic nanomaterials

Inorganic nanomaterials are nanocarriers synthesized by
metallic and semi-metallic materials, which can be used for drug

delivery. At present, inorganic nanomaterials used in tumor therapy
mainly include metal nanomaterials, non-metallic nanomaterials,
magnetic nanomaterials, etc, (Pei et al., 2023). Inorganic
nanomaterials are easy to prepare and modify, which has become
one of the important research directions of nanocarriers.

2.2.1 Metallic nanomaterials
Metallic nanomaterials, which are synthesized based on metallic

elements, not only have the function of targeted drug delivery of
conventional carriers, but also enhance the ability of chemotherapy
drugs to interfere with cell metabolism, inhibit proliferative cell
signal transduction and induce cell apoptosis (Jin et al., 2018).

In the Figure 4A, a hydrogen peroxide (H2O2)-triggered
nanomaterial (LV-TAX/Au@Ag) was developed. When the
nanomaterial reach the tumor tissues, it will release taxol and
recovere the photothermal properties of AuNRs. With this
combined chemo-photothermal therapy, tumor growth was
significantly inhibited. Sun et al. (2015) prepared BioMOF
ZnBTCA as a drug delivery vector to promote the uptake and
release of anticancer drugs, which showed strong cytotoxicity to
A2780cis (ovarian cancer cells) in vitro. ZnBTCA itself is not
significantly cytotoxic to cancer cells, while drug@ZnBTCA will
release the drug continuously and slowly to inhibit the cell growth of
A2780cis. Compared with free drugs, drug@ZnBTCA reduces
toxicity to normal cells. Tomuleasa et al. (2012) studied the
therapeutic effects of different Au NPs loaded with adriamycin,
cisplatin or capecitabine respectively on liver cancer, and the drug
molecules were non-covalently combined with aspartic acid coated
Au NPs. Compared with free drugs, Au NP-drug conjugations
significantly improved the therapeutic efficacy of tumor cells, and
were equally effective on drug-resistant cells. Rotello et al. (Zhu et al.,
2008) demonstrated that Au NPs with surface charge and
hydrophobicity are very conducive to cell uptake. Silver
nanomaterials (Ag NPs) exhibit dose-dependent toxicity to tumor
cells, killing tumor cells by inducing oxidative stress and DNA
damage. TNBC tumor cells are sensitive to oxidative stress and DNA
damage. Ag NPs have high selectivity for TNBC tumor cells, and
have little damage to normal breast tissue cells, liver, kidney, and
monocyte system cells (Simard et al., 2016). Curcumin and its
derivatives are effective on TNBC tumor cells cultured in vitro,
and it has been found that curcumin has greater damage to normal
cells in vivo experiments. Li et al. (2017) found that in TNBC mouse
model, the use of copper nanocomplex coating curcumin can
improve its anticancer activity without significant adverse
reactions (Li et al., 2017).

2.2.2 Nonmetallic nanomaterials
At present, the most widely used nonmetallic nanomaterials

mainly include carbon nanomaterials and silica nanomaterials.
Mesoporous silica nanoparticles (MSN) have a larger specific
surface area due to their unique mesoporous structure, and thus
have better drug loading capacity.

In the Figure 4B; Diaz-Diestra et al. (2018) developed a
nanocomposite (FA-rGO/ZnS:Mn). This nanocomposite can
increase the drug loading rate and enhance the anti-tumor effect
without increasing the toxicity to normal cells. Xiong et al. (2015)
designed a novel MSN modified with two ligand (folic acid and
dexamethasone), as a targeted delivery system for tumor nuclei.
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Folic acid modification can increase the targeting ability of MSN to
tumor cells. Dexamethasone is a glucocorticoid, which can bind to
the nuclear receptor of tumor cells, namely glucocorticoid receptor,
and the formed dexamethasone-glucocorticoid receptor complex
can be actively transported from cytoplasm to nucleus. By
combining these two ligand to MSN, the novel delivery vector
will target DOX into the tumor nucleus and increase its
accumulation in the nucleus, thereby improving the inhibition of
HeLa (human cervical cancer cells) and reducing the toxic and side
effects on normal cells through receptor-mediated cell selectivity.
Kumar et al. (2017) successfully prepared DOX-FA-MSNPs
nanomaterials loaded with doxorubicin based on MSNs, and
examined the uptake at the level of breast cancer cells by
confocal microscopy and flow cytometry, and the results
indicated that the uptake of nanomaterials in cell lines was high.
Cytotoxic results showed that DOX-FA-MSNPs had higher
cytotoxic effects on breast cancer cells. Khodadadei et al. (2017)
loaded methotrexate (MTX) onto nitrogen-containing graphene
quantum dots (GQDs) and found that its entry into tumor cells
was slower than that of free MTX, but its effect time was longer and
it had strong cytotoxicity. Liu et al. (2022) prepared nano-scale
functional hydroxyapatite particles by reversibly combining
hydroxyapatite with adriamycin. The nanoparticle is applied

locally to the lesion area and can enter the lysosome of tumor
cells. In acidic environment, the combination of hydroxyapatite and
adriamycin is destroyed, and the released adriamycin accumulates in
mitochondria. Further tests on osteosarcoma mice showed that local
delivery of adriamycin via hydroxyapatite granules had a stronger
tumor eradication effect than traditional application of adriamycin.
Mesoporous silica is also a commonly used nanomaterial. A
hyaluronic acid (HA) hydrogel covalently embedded with
doxorubicin loaded and triphenylphosphine (TPP) modified core-
shell gold mesoporous silica nanoparticles was developed by Zhou
et al. (2020) This nanomaterial can accurately target tumor cells via
CD44 and generate chemophotothermal synergistic cancer therapy
(Figure 4C).

2.2.3 Magnetic nanomaterials
Magnetic nanoparticles (MNPs) have magnetic properties and

can be targeted to the target area by an external magnetic field.
MNPs are generally magnetic composite materials composed of
iron, nickel, cobalt and other metals and their oxides, which have
been extensively studied in tumor targeted drug delivery. At present,
magnetic nanocarriers used for tumor therapy mainly include core-
shell structure nanoparticles (made from silica or polymeric micelles
wrapped magnetic nuclei and drugs) (Oh and Park, 2011), magnetic

FIGURE 4
(A)Combination therapy of LV-TAX/Au@Ag (Wang K. et al., 2020a). (B) FA-rGO/ZnS:Mn as a drug delivery system to release DOX into the cancer cell
nucleus (Diaz-Diestra et al., 2018). (C) FA-rGO/ZnS:Mn as a drug delivery system to release DOX into the cancer cell nucleus (Zhou et al., 2020).
(D) Magnetic nanoparticles enhance drug targeting through magnetic fields (Estelrich et al., 2015; Gul et al., 2019).
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liposomes (Song et al., 2020), and magnetic nanoparticles (transport
modes are determined by particle size, morphology, surface charge,
surface-to-coupled drugs or targeted molecules) (de Smet et al.,
2011). Magnetic ferric oxide nanoparticles (MNP-Fe3O4) are
magnetic nanomaterials approved by FDA for clinical
application, which have attracted wide attention in the field of
tumor targeted therapy (Zhao et al., 2018). In addition,
multifunctional magnetic nanoagents (MMNs) is of great value
for cancer precision therapy (Ding et al., 2021).

Figure 4D shows the process of a magnetic nanomaterial
accurately delivering drugs to tumor tissues through magnetic
fields, and killing tumors in coordination with photothermal
effects. Wu et al. (2020) developed) a novel chitosan
superparamagnetic ferric oxide nanocrystals (PECs), loaded with
indocyanine green (ICG) fluorescent dye and irinotecan (IRT). By
applying magnetic field, real-time fluorescence monitoring of the
efficiency of magnetic targeted drug delivery to the tumour was
realized. Centelles et al. (2018) designed imaged thermosensitive
liposomes (iTSLs) for targeted Hycamtin delivery. iTSL
accumulation at the tumor site can be detected by near infrared
fluorescence imaging (NIRF), and its release at the tumor site can be
detected by topotecan enhanced fluorescence. High intensity
focused ultrasound (HIFU) can promote drug release from
liposomes in vivo, induce subablative hyperthermia, change the
permeability of tumor vessels and enhance the absorption of
nanoparticles. Shao et al. (2016) designed a kind of magnetic
Fe3O4/mesoporous silicon “nano bullet” particles. The magnetic
Fe3O4 nanoparticles of “nano bullet” can provide magnetic targeting
ability, and mesoporous silicon can adsorb chemotherapy drugs
Dox. Therefore, the designed “nanobullets” can be targeted and
enriched to the liver cancer area under the effect of magnetic
targeting to realize the chemotherapy effect on tumors. Lu et al.
(2018) constructed a PH-sensitive dual-targeting magnetic
nanoparticle, and prepared graphene oxide (MGO) by deposition
of Fe3O3 magnetic nanoparticles on graphene oxide (GO) by
chemical coprecipitation. MGO- PEG-CET was obtained by
modifying MGO with polyethylene glycol (PEG) and cetuximab
(CET). EGFR is highly expressed on tumor cell surface, so MGO-
PEG-CET can be used for dual targeted delivery of DOX.

3 Summary and outlook

Drug loading and targeted delivery of nanomaterials is one of
the hot spots in biomedical research. Although many studies have
demonstrated their advantages, most nanomaterials are still in the

experimental stage and need to be improved in many aspects: 1) The
biological toxicity of materials should be reduced as much as
possible; 2) The pharmacokinetic characteristics, metabolism,
distribution and cumulative effects in vivo need to be clarified. 3)
How to improve the drug loading rate and the controllability of drug
release of nanomaterials more effectively; 4) To improve the
targeting of nanomaterials and reduce the toxicity to normal cells
as much as possible. The real clinical use of nanomaterials requires
more interdisciplinary and cross-field collaborative research. With
the deepening of various researches, the application of
nanomaterials will continue to make breakthrough progress.
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Nanotechnology boosts the
efficiency of tumor diagnosis and
therapy
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Jianshuang Guo* and Jianheng Li*
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University, Baoding, Hebei, China

The incidence andmortality of cancer are gradually increasing. The highly invasive
and metastasis of tumor cells increase the difficulty of diagnosis and treatment, so
people pay more and more attention to the diagnosis and treatment of cancer.
Conventional treatment methods, including surgery, radiotherapy and
chemotherapy, are difficult to eliminate tumor cells completely. And the
emergence of nanotechnology has boosted the efficiency of tumor diagnosis
and therapy. Herein, the research progress of nanotechnology used for tumor
diagnosis and treatment is reviewed, and the emerging detection technology and
the application of nanodrugs in clinic are summarized and prospected. The first
part refers to the application of different nanomaterials for imaging in vivo and
detection in vitro, which includes magnetic resonance imaging, fluorescence
imaging, photoacoustic imaging and biomarker detection. The distinctive physical
and chemical advantages of nanomaterials can improve the detection sensitivity
and accuracy to achieve tumor detection in early stage. The second part is about
the nanodrug used in clinic for tumor treatment. Nanomaterials have been widely
used as drug carriers, including the albumin paclitaxel, liposome drugs, mRNA-
LNP, protein nanocages, micelles, membrane nanocomplexes, microspheres
et al., which could improve the drug accumulate in tumor tissue through
enhanced permeability and retention effect to kill tumor cells with high
efficiency. But there are still some challenges to revolutionize traditional tumor
diagnosis and anti-drug resistance based on nanotechnology.

KEYWORDS

nanotechnology, nanomaterials, tumor imaging, biomarker detection, tumor therapy

1 Introduction

Cancer is still considered as a major threat to human health (Lu, 2023). According to
World Health Organization’s estimates, approximately 10 million individuals pass away
globally each year due to cancer. Low income countries and middle-income countries
account for a large proportion, and the incidence rate is rising rapidly (Tavallaii et al., 2023).

According to the investigation, malignant tumors can be detected by physical
examination, which can prevent their further deterioration in a timely manner. Tumor
cells are highly invasive and metastatic, making detection difficult. Most tumor cells are only
discovered at a late stage. So far, several imaging techniques have been used for tumor
diagnosis, such as magnetic resonance imaging (MRI), computed tomography (CT), and
ultrasound imaging (USI). However, these techniques have certain limitations, for example,
the low spatial resolution of CT (Sharma et al., 2023). MRI provides high-resolution
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anatomical images, but its sensitivity is low and tissue penetration is
poor (Montiel Schneider and Lassalle, 2017).

Commonly used treatment methods include chemotherapy,
surgery, and radiation therapy (Liu et al., 2023). Surgical
resection is recognized as the preferred choice for treating solid
tumors. Given the limitations of tumor resection, additional
methods will be used to assist in targeting tumor residues (Khan
et al., 2022). Chemotherapy and radiation therapy are relatively
important treatment methods, but there are also many side effects,
such as toxicity, drug resistance, and a high probability of late
recurrence (Shao et al., 2022; Richardson et al., 2023).

Along with the deep understanding of cancer, more and more
studies have begun to focus on the application of nanotechnology for
tumor theranostic. The application of nanotechnology in diagnostic
and therapeutic applications holds bright prospects. Nanomedicine
can enhance the bioavailability of drugs, reduce side effects and
extend the duration of drug effectiveness in vivo (Teja et al., 2022;
Hu et al., 2023). New nanomedicine is constantly being applied in
the clinic. Nanotechnology has also made new breakthroughs in
cancer diagnosis. Utilizing nanoimaging technology, the sensitivity
can be significantly improved, offering the possibility of early
detection and timely treatment of cancer. Based on the physical
properties of nanomaterials, their applications are becoming more
and more extensive. In the diagnosis and treatment of cancer,
nanotechnology is seen as a more convenient, highly targeted
delivery system with fewer side effects (Gulia et al., 2023). At
present, there are still many potential problems with
nanotechnology in cancer diagnosis and treatment. This paper
reviews the clinical applications of various nanomedicines and
their applications in the field of tumor diagnosis and treatment.

2 Application of nanotechnology in
tumor detection

With the emergence and development of nanotechnology, the
small size advantage of nanocarriers can be used to harnessed to
enable drugs to engage in nano-level interactions with cells, thereby
enhancing the precision of tumor diagnosis (Chen et al., 2023). At
present, nanotechnology has made great progress in vivo imaging
[magnetic resonance imaging (MRI), fluorescence imaging (FI),
photoacoustic imaging (PAI), ultrasound imaging (USI)] and
in vitro detection (exosome).

2.1 Nanomaterials imaging in vivo

In vivo imaging is a powerful strategy in life science research
and medical diagnosis. People could better understand the
occurrence and development of diseases. The technology is
now widely used in the field of oncology. The combination of
imaging technology with nanomaterials has led to new
breakthroughs in magnetic resonance imaging, fluorescence
imaging and photoacoustic imaging.

2.1.1 Magnetic resonance imaging
MRI is one of the most commonly used imaging modalities

for tumors, but its image resolution is low. The use of contrast

agents such as magnetic nanoparticles (MNPs) can effectively
solve this problem. MNPs are nanoscale particles centered on a
magnetic material and encapsulated in a biopolymer core-shell
structure. MNPs has the advantages of both magnetic materials
and nanoparticles. They have the advantages of large surface area,
strong magnetic responsiveness, high adsorption capacity, good
biocompatibility, and easy manipulation by external magnetic
fields (Eivazzadeh-Keihan et al., 2021). In the field of tumor-
imaging, biomolecule-coated small superparamagnetic iron
oxide nanoparticles (SPIOs) and ultramicroscopic
paramagnetic iron oxides (USPIOs) have been widely used as
magnetic resonance imaging contrast agents for cancer imaging
detection. Subsequently, more MNPs for tumor diagnosis have
been explored through ongoing in-depth studies. In a study
conducted by Rezayan et al. (2016), the impact of
nanoparticles used as contrast agents in MRI was explored.
SPIOs were synthesized by co-precipitation method according
to the synthetic route (Figure 1). The nanoparticles that have
undergone modifications exhibit superparamagnetic properties,
and they are well-dispersed and highly stable in water.
Furthermore, studies have demonstrated that iron oxide
nanoparticles modified with amino acids are the most efficient
contrast agents for MRI. In a study performed by Eivazzadeh-
Keihan et al. (2021), MNPs were subjected to modifications using
various materials such as carbon-based nanomaterials, metal
oxide nanoparticles, synthetic and natural polymers,
antibodies, biomolecules, and amphiphilic polymers. The
research highlight that the adsorption mechanism of magnetic
nanoparticles is influenced by their size, surface energy and
charge. Furthermore, the hydrophilicity of magnetic
nanoparticles is a crucial factor in influencing the selectivity
of protein binding and separation processes.

2.1.2 Fluorescence imaging
FI is an important modality for tumor detection. It is an

indispensable instrument in both physiological and pathological
research and drug development. In recent years, nanomaterials have
many applications in FI for tumor detection, such as inorganic
quantum dots (QDs).

QDs refer to be aggregates composed of a certain number of
atoms in a certain way, which can be used to display the distribution
and concentration of biomarkers in tissues. QDs have exceptional
optical characteristics such as high brightness, strong stability and
the ability to perform multiplexing, so they are expected to be a
promising optical detector (Cheng et al., 2021). The surface of QDs
can be modified to enable object localization imaging. Li et al.
(2023d) used a simple strategy to combine Mn: ZnS QDs, and
TEMPO-CNFs to detect different types of biological molecules. The
biosensor is portable and accurate, make it a valuable tool in
fluorescence detection, not only for the targeted substances but
also potentially for other compounds in samples. It is expected to
provide new ideas for environmental monitoring and biomedical
diagnosis.

Carbon quantum dots (CQD) are fluorescent carbon
nanoparticles with promising applications in cell imaging and
bioimaging due to their photoluminescent properties. Through
the use of photobleaching treatment, Huang et al. (2019)
synthesized highly stable fluorescent carbon quantum dots
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(FCQDs) and obtain fluorescence images at different time
intervals. The FCQDs exhibited fluorescence 5 min after
administration and accumulated at the tumor sites after 3 h.
The authors reported that the total accumulation in tumors was
observed at 12 h and this extended the imaging period. The
researchers also found that the FCQDs efficiently accumulated
in tumors, kidneys, and liver based on anatomical images of
mouse organs. However, there was no detection of fluorescent
signal in organs such as the heart, lung, and spleen. Experiments
involving in vivo cell imaging and bioimaging demonstrated that
the FCQDs exhibited excellent bioimaging properties, low
cytotoxicity, and antioxidant activity.

2.1.3 Photoacoustic imaging
PAI is an advanced technology that integrates ultrasound

imaging with optical imaging systems, offering both precise
spatial resolution and enhanced contrast. But the resolution of
photoacoustic imaging is influenced by many factors.
Photoacoustic imaging and gold nanoparticles can be used in
combination to achieve more accurate biomedical imaging. Gold
(Au) is one of the most chemically stable elements, and Au
nanomaterials have good biocompatibility. Gold nanoparticles
(AuNPs) are easily adsorbed on other biomaterials (Li H. et al.,
2022), and the surface is always covered with protectant molecules.
These molecules are used to interact with specific reagents in order

FIGURE 1
Synthesis of Fe3O4-DPA-PEG-COOH.

FIGURE 2
The procedure involved in producing AuNDs-PTX-PLL and its utilization for responsive drug release in chemotherapy applications.
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to generate certain functional groups with special functions. With
this property, AuNPs can be chemically modified and applied to
imaging analysis, tumor detection and other fields. In particular,
surface passivators, such as protein and peptide capped gold
nanoparticles, are widely used for imaging (Shelar et al., 2023).
Wang et al. (2022) constructed a core-shell integrated diagnostic and
therapeutic nano-system of gold nanodots-paclitaxel-polylysine
(AuNDs PTX-PLL) (Figure 2). AuNDs and PTX are encapsulated
in PLL, with a size of around 30 nm to facilitate the enrichment of
nanoparticles in tumors. Besides, AuNDs can be used for PAI. Given
the direct relationship between the concentration of AuNDs and the
imaging effect, it becomes feasible to employ them for quantitative
analysis. For optimal results, an AuNDs concentration of 1–1.5 mg/
mL is recommended, as the signal strength remains relatively
consistent within this range. The utilization of AuNDs enables
non-invasive and real-time monitoring of drug delivery and
release procedures, showcasing their potential for valuable clinical
applications.

PAI has become a research hotspot and researchers need to
develop ideal nanoparticle transport systems to work with this
imaging technology. Indocyanine green (ICG) is a water-soluble
tricarbocyanine dye, which is one of the most commonly used PAI
agents. Thangavel et al. (2022) added dehydrated ethanol to human
serum albumin aqueous solution, and synthesized ICG-PTX
nanoparticles by using a desolvation process. ICG-PTX
nanoparticles are being used to guide drug delivery targeting
CD44-positive non-small cell lung cancer (NSCLC). The size of
the nanoparticle is about 315.24 nm and the PDI is less than 0.3. HA
(hyaluronic acid) -functionalized-ICG-PTX-loaded nanoparticles
had strong PAI average strength signal with nanoparticles excited
by light with a wavelength of 806 nm. The maximum PAI intensity
was obtained with a detection signal depth of about 10 mm.

2.1.4 Ultrasonic imaging
USI involves the transmission and reception of ultrasound

waves, which encounter varying levels of impedance depending
on the tissue they pass through, resulting in different degrees of
transmission and reflection at the boundaries between different
tissues. Examining the reflected signal can provide insights into
the internal structure of bodily tissues.

Lv et al. (2022) created a type of gold-based nanocarriers called
PGMP-siRNA NPs, which were specifically designed to carry small
interfering RNA (siRNA) targeting STAT6, with a particle size of
about 200 nm (Figure 3). In vitro experiments, PGMP-siRNA NPs

had strong absorption of light in the wavelength range of
600–900 nm. It can efficiently transform near-infrared light into
thermal energy and regulated the temperature by controlling the
laser power. In the in vitro contrast-enhanced ultrasound (CEUS)
mode, the PGMP-siRNANPs exhibited remarkable improvement in
echo intensity. It displayed uniform fine point ultrasonic echo, and
the echo was enhanced with the increase of nanocore concentration.
Based on their superior ultrasound imaging performance, in vivo
USI of nanoparticles has been characterized. Tumor sites in PGMP-
siRNANPs-treated mice were significantly enhanced in CEUSmode
compared to the control group. These findings provide further
validation of the potential of nanoparticles in advancing contrast
imaging techniques. Wu et al. (2023) (Figures 4A, B) synthesized a
PDLIM5 siRNA delivery system (MSN-siRNA@PVA (polyvinyl
alcohol) NPs) based on mesoporous silicon dioxide (MSN)
nanobubbles for the treatment of gefitinib resistant NSCLC. The
nanoparticles have an approximate size of around 200 nm. In the
CEUS test, theMSNsiRNA@PVANPs echo enhancement is evident,
showing a uniform fine-dot high echo. MSN-siRNA@PVA NPs was
compared with SonoVue, a commonly used clinical ultrasound
contrast agent, to produce similar contrast enhancement at the
same concentration (Figure 4C). Therefore, nanoparticles have
the potential to be applied in clinical NSCLC diagnosis.

2.2 Biomarker detection with nanomaterials
in vitro

In tumor detection, the conventional approach is to confirm the
diagnosis with a biopsy, which is invasive and costly for the patient.
Exosomes are ideal analytical targets for liquid biopsies because of
the capacity of carrying genetic molecules (Zhang et al., 2021). High
quality, low-cost nanosensors are a promising method for exosome
protein detection. Compared with other methods, exosomes exhibit
excellent performance in biological analysis, including liquid biopsy
(Zhang L. et al., 2022; Li et al., 2023b). Nanosensors are typically
made of metal or semiconductor nanoparticles whose surfaces are
modified with specific biomolecule recognition molecules (e.g.,
antibodies or nucleic acids) that allow them to bind selectively to
the target biomolecule. Kuznetsov et al. (2022) explored a cost-
efficient approach to create fluorescent nanosensors utilizing
semiconductor nanocrystals. The sensor has excellent
photostability and can be used for in vitro diagnosis of c-Met
positive cells. It exhibits high binding efficacy to the target

FIGURE 3
Synthesis of PGMP-siRNA NPs.
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antigen present on the cell surface and can be utilized for molecular
profiling of tumor tissue. The resulting product is expected to be
useful for biomarker visualization. Ganesh et al. (2022) designed a
self-functionalized nanosensor capable of pathologically identifying
metastatic cancer at an early stage and predicting the likelihood of
metastatic cancer onset. By attaining a sensitivity rate of 98%, this
approach successfully meets the requirements for early detection
and prognosis of cancer metastasis through the identification of
metastasis-initiating cells (MIC). It demonstrates a remarkable
specificity of 99.62% in distinguishing MIC within a diverse
population of tumor-initiating cells. Additionally, the predictive
accuracy of the MIC assay as a biomarker for metastasis in
heterogeneous tumor spheres is 84.6%. In general, this technique
is highly relevant for the early identification of metastatic tumors. A
near-infrared fluorescent biosensor called α-Fuc-DCM was created
by Zhang J. et al. (2022) to enable the quick and ratiometric
monitoring of α-L-fucosidase (AFU) activity in cells and mouse
models of hepatocellular carcinoma (HCC). The biosensor was

found to emit light as a result of the effective catalysis of α
L-fucose residues by AFU. The α-Fuc-DCM nanoparticles are a
stable biosensor that can be used for the early detection of
endogenous AFU activity in a mouse model of HCC. Moreover,
the α-Fuc-DCM probe is capable of detecting AFU in serum samples
from patients with HCC. This approach offers an effective means of
detecting AFU activity, which can be beneficial for the timely
diagnosis of HCC.

3 Application of nanotechnology in
tumor treatment

With the development of nanotechnology, nanomaterials have
contributed to the further development of therapeutic tools such as
hormone therapy, radiotherapy, transplantation, targeted therapy
and immunotherapy. The role of nanomaterials in tumor
therapeutic tools can be briefly summarized into two aspects: the

FIGURE 4
(A) Preparation process and antagonistic strategy of siRNA-MSN@PVA NPs. Characterization of MSN-siRNA@PVA nanoparticles. (B) TEM (C) and
SEM images of MSN-siRNA@PVA nanoparticles. (D) In vitro CEUS imaging of MSN-siRNA@PVA nanoparticles and SonoVue.
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first is the direct fabrication of drug molecules into nanoscale
particles to address the poor dispersion and high toxicity of
existing drugs, such as nanocrystalline drugs; second,
nanomaterials are used as drug delivery systems (including
albumin paclitaxel, liposome drugs, mRNA-LNP, protein
nanocages, micelles, membrane nanocomplexes) for drug delivery.

3.1 Drug nanocrystal

In the past few years, an increasing number of scientists have
centered their attention on utilizing targeted and controlled-release
nanotechnology in the therapy of cancer. with nanocrystalline drugs
in the spotlight. Nanocrystals do not require carrier materials. The
system is comprised of submicron particles made entirely from
drugs, which are arranged in a colloidal dispersion, and there are no
limitations on the encapsulation rate. Nanocrystalline drugs often
exist as crystalline dispersed particles, and when in liquid form, they
are known as nanocrystalline suspensions, which can be defined as
nanoparticles made of pure drugs. This is a general formulation
method that can improve the delivery efficiency of hydrophobic
drugs. This method holds great promise in enhancing the
pharmaceutical attributes of active pharmaceutical ingredients
that have poor-solubility in water (Ma et al., 2023).

PTX nanocrystals are based on this property to enhance the poor
water solubility of paclitaxel. Wei et al. (2015) characterized the
saturation solubility, in vitro release, stability, and pharmacokinetic
properties of PTX nanocrystals. Pharmacokinetic and tissue
distribution experiments have shown that PTX nanocrystals can
reduce the side effects of cancer therapies and are a promising
formulation. PTX nanocrystals have different effects when
combined with other drugs. Patel et al. (2014) developed stable
PTX nanocrystals with high solubility and dissolution.
Clarithromycin was used as a double multi-drug resistance gene
cytochrome P450 3A4 inhibitor to enhance PTX penetration and
anti-cancer efficacy, and its therapeutic effect on xenografted solid
tumor mice was studied. The findings revealed that the
nanocrystalline formulation considerably improved the solubility
and permeability of PTX, resulting in enhanced therapeutic
outcomes. At the same time, co-administration with CLM is a
better way to improve the oral bioavailability of taxanes.

Multidrug resistance predisposes to chemotherapy failure, and
the fabrication of nanoparticles of celastrol (CST) is an effective
solution to overcome the challenges posed by multidrug resistance.
The small size and surface modification of nanoparticles of CST can
improve the bioavailability and targeting of the drug while reducing
drug side effects. Xiao et al. (2022) developed dispersed nanodrugs
by directly assembling CST into nanoparticles. The study also
investigated the impact of these CST nanoparticles (CNPs) on
P-glycoprotein (P-gp) inhibition. Results showed that CNPs were
effective in inhibiting P-gp expression and preventing drug efflux by
inducing HSF-1 expression and promoting nuclear translocation of
HSF-1. The study also found that CNPs promoted apoptosis of
newly established doxorubicin (DOX) resistant cell (MCF-7/ADR)
by activating the ROS/ERK/JNK signaling pathway, compared to
free CST. Moreover, CNPs showed significant inhibitory effects on
the proliferation of MCF-7/ADR spheroids, confirming their
potential to reverse drug resistance. These findings demonstrated

that CNPs have the capability to serve as a translational
nanomedicine for addressing drug resistance in cancer treatment.
It has also been investigated to synergistically combine ryanodine
with doxorubicin Nanocrystals carrier-free for better therapeutic
effects through synergistic effects. Through a straightforward and
eco-friendly precipitation approach, Xiao et al. (2018) created
biocompatible nanoparticles (CST/DOX NPs) that do not require
a carrier. The nanoparticles consisted of CST and DOX, two small-
molecule drugs that are used clinically, and were developed to enable
a synergistic combination chemotherapy strategy that can overcome
resistance to DOX. The findings revealed that CST/DOX NPs had a
substantial impact on the water solubility of CST and led to an
enhanced accumulation of the drug in MCF-7/ADR cells by
activating HSF-1 expression and suppressing P-gp expression
through the NF-κB pathway. Additionally, the study discovered
that CST/DOX NPs triggered apoptosis and autophagy in MCF-7/
ADR cells via the ROS/JNK signaling pathway. Furthermore, CST/
DOX NPs exhibited significant accumulation and infiltration
capabilities in MCF-7/ADR multicellular spheroids (MCs) and
had a notable inhibitory effect on MCF-7/ADR MCs. These
findings suggest that CST/DOX NPs have great potential as a
novel and effective strategy for combating DOX resistance in
cancer treatment.

3.2 Nanodrug delivery system

Nanoplatforms can be designed as a vehicle to co-deliver
multiple drugs, facilitating combination therapy to overcome
drug resistance and improve treatment effectiveness (Li et al.,
2023c). Nanocarriers can reduce the toxicity level of a drug and
improve its therapeutic index. It enables the drug to maintain
homeostatic levels for a longer period of time, thus improving
efficacy (Chatterjee and Kumar, 2022). Several nanomedicines are
gradually entering clinical applications, including nucleic acid-based
nanoparticles, polymeric NPs, and classical liposomes (Chatterjee
and Kumar, 2022; Zhang et al., 2023). The subsequent parts will
discuss the significance of albumin paclitaxel, liposomes, mRNA-
LNP, protein nanocages, micelles, Membrane-Nanoparticle
Composites, and microspheres in the process of delivering drugs.

3.2.1 Albumin paclitaxel
PTX (Figure 5A) is a commonly used chemotherapy drug. In

2005, the FDA approved albumin binding paclitaxel for the
treatment of metastatic breast cancer (MBC) (Karthikeyan et al.,
2023). It was later approved in 2012 for the treatment of locally
advanced or metastatic NSCLC, and in 2013 for metastatic
pancreatic cancer (Kundranda and Niu, 2015). Shi et al. (2023)
compared the efficacy of solvent-based paclitaxel, liposomal
paclitaxel, nanoparticle albumin-bound paclitaxel (Nab-P), and
DOX (Figure 5B) in human epidermal growth factor receptor 2
(HER2) positive and HER2 negative breast cancers. It showed that
the group containing Nab-P was the most effective in treating breast
cancer. Nano-albumin-bound paclitaxel (Abraxane) and solvent-
based paclitaxel (i.e., Cre-paclitaxel) have different advantages in
clinical applications (Spada et al., 2021). Albumin-bound paclitaxel
showed a higher response rate and better tolerance in patients with
advanced MBC and NSCLC compared to solvent-based paclitaxel
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(Yardley, 2013). Yoneshima et al. (2021) compared the therapeutic
effects of Nab-P and DOX n patients diagnosed with either
squamous or non-squamous NSCLC. Finally, the objective
remission rate of albumin-bound paclitaxel was notably higher
compared to that of DOX. These findings strongly indicate that
albumin-bound paclitaxel demonstrates remarkable efficacy,
particularly in patients with advanced NSCLC. The utilization of
albumin-bound paclitaxel in the management of advanced NSCLC
was also progressing and advancing clinically. And Spigel et al.
(2021) evaluated maintenance Nab-P for the treatment of advanced
squamous non-epithelial cell lung cancer. A Phase III trial revealed
that the combination of Nab-P and carboplatin provided significant
benefits for a subgroup of patients with advanced squamous NSCLC.
In addition to advanced NSCLC, Nab-P may also have potential
benefit for patients with recurrent small cell lung cancer. The
progress made in nanotechnology has resulted in the utilization
of Nab-P in conjunction with other drugs, with the goal of
augmenting its efficacy. A retrospective analysis conducted by
Koyama et al. (2018) examined the clinicopathological
characteristics of patients who had stage IIIb or IV non-small
cell lung cancer (NSCLC) and received a combination treatment
consisting of Nab-P and carboplatin (CBDCA). Based on the results
of clinical studies, the combination of Nab-P and CBDCA may be
considered as a viable treatment alternative for patients with NSCLC
and malignant pleural effusion. Multi-drug combination therapies
are also emerging. Paglizumab as a targeting antibody modified on
the surface of the nanoparticle, which enveloped the carboplatin and
albumin paclitaxel by Mazieres et al. (2020). The use of this
technique led to a noteworthy enhancement in the overall
survival rate, progression-free survival rate, and objective
response rate among patients who was untreated metastatic
squamous cell carcinoma. The application of paclitaxel combined
with Nab-P for clinical cancer treatment is a very promising method,
but there are some side effects, such as numbness in the hands and
feet, which is one of the more noticeable side effects. The better
application of Nab-P to clinical treatment still needs to be improved.

3.2.2 Liposomal drugs
Liposomes are phospholipid vesicles composed of single or more

concentric lipid bilayer with hydrophobic and hydrophilic cores, are
also the most widely used nanocapsules. The therapeutic function of

liposomal drugs is strongly related to their lipid composition. In
addition, liposomes have been shown to enhance drug dissolution
rates and modulate drug delivery (Andresen and Larsen, 2020;
Khafoor et al., 2023). Polyethylene glycol doxorubicin liposomes
(Doxil) are the first FDA-approved liposomal formulation to form
adriamycin sulfate nanocrystals within liposomes during active drug
loading (Chakravarty and Dalal, 2018). Researchers are working on
the development of novel liposomes, such as long-acting liposomal
drugs, cationic liposomes drugs, immune agents, and
environmentally sensitive liposomes drugs, in order to enhance
drug effectiveness and safety. Modification of empty liposomes
with new materials can further improve the targeting ability and
safety of liposomes and prolong the half-life of liposomes (He and
Tang, 2018). By modifying their surface with hydrophilic polymers,
liposomes as drug delivery systems have the advantage of lower
leakage rates and longer cycle times. de Oliveira Silva et al. (2019)
synthesized long-cycling PH-sensitive folic acid-coated DOX-
supported liposomes (SpHL-DOX-Fol). The efficacy of the
liposome against tumors was evaluated by conducting both
in vitro and in vivo experiments using a 4T1 breast cancer model
(Figure 6). The novel multifunctional nanoplatform demonstrated
significant tumor targeting and antitumor effectiveness both in vitro
and in vivo.

Cationic liposomes have a positive surface charge and, unlike
their electrically neutral and anionic counterparts. Its low
immunogenicity and toxicity, easy quality control and simplicity
of preparation make it a common delivery system (Halevas et al.,
2019). Various therapeutic payloads can be encapsulated with the
help of phospholipid bilayer vesicles of liposome nanoparticles.
Doping antibodies (immune liposomes/ILP) on the bilayer
surface can amplify the active targeting ability of liposomes. By
increasing the affinity for the target cell, the absorption of the drug
by the target cell can be selectively enhanced, the off-target effects on
normal cells can be mitigated, and the drug efflux can be reduced
(Goswami et al., 2022).

The pH-sensitive liposomes are composed of sensitive lipids that
remain stable at physiological pH but are unstable under acidic
conditions. They possess membrane fusion properties and have
attracted attention for achieving rapid drug release in tumor tissue.
This function stimulates reactive drug release and decreases drug
toxicity. Multi-drug resistance is a key factor in the failure of NSCLC

FIGURE 5
(A) Structure of paclitaxel. (B) Structure of doxorubicin.
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treatment. Wang et al. (2021) prepared porous hybrid paclitaxel-
supported liposomes (PPL) containing ambroxol (Ax). It can re-
sensitize resistant tumor cells and increase the retention of the drug
in the lungs. The combined use of PPL and Ax can achieve
outstanding tumor cell killing effect in multiway and multi-
aspect, and has a broad range of applications. Liposomal drugs
do have clear targeting advantages, but there are also drawbacks,
such as the need for sophisticated instruments, high production
costs, short half-lives, and the need for newer and better technology.

As shown in Figure 7A, Etoposide (ETP) is a widely used
chemotherapy agent and eukaryotic topoisomerase II inhibitor. It
breaks down the DNA structure, leading to cytotoxicity (Le et al.,
2023). Cetuximab (CTX) is a monoclonal antibody that binds to
the epidermal growth factor receptor (EGFR), thereby inhibiting
the development of cancer (Baysal et al., 2020). Jha et al. (2020)
used liposomes to encapsulate DNA biopoints (DNA-BD) and
ETP with CTX as a target agent to modify the surface of
nanoparticles. Carboxylated Vitamin-E TPGS (Vit-E TPGS)
liposomes loaded with ETP were prepared using an improved
solvent injection method, and CTX was coupled to the surface of
Vit-E TPGS liposomes by carbodiimide reaction (Figure 7B),

with a binding rate of 75%. The size range of liposomes was
140–190 nm, PDI < 0.3, and pH 5.5 was the optimal pH for ETP
release. CTX-targeted liposomes have shown strong cytotoxic
effects in A549 cells. EGFR-mediated endocytosis enables
liposomes to target lung cancer cells and deliver site-specific
drugs.

Inhalation administration is a common method for the
treatment of lung disease, which reduces the distribution of
chemotherapy drugs in the body and alleviates systemic toxicity.
In addition, inhalation delivery can improve drug pharmacokinetics
and increase drug retention in lungs (Lee et al., 2018). In order to
overcome the insufficient pulmonary drug deposition caused by
conventional drug delivery methods for treating NSCLC, Sarvepalli
et al. (2022) prepared indomethacin liposomes (IND-Lip) by thin
film hydration method. The fine particle fraction of nanoparticles
was 82.5% ± 0.8%. The median mass values of aerodynamic
diameter and geometric standard deviation are 4.3 ± 0.1 µm and
2.3 ± 0.1 µm, in that order. It was shown that the nanoparticles have
good atomization behavior and can efficiently enter the tumor and
deposit. The cytotoxicity of IND-Lip on three NSCLC cell lines
(H460, H1299, and A549) was detected by MTT assay, and the

FIGURE 6
Synthesis of SpHL-DOX-Fol.

FIGURE 7
(A) Structure of Etoposide. (B) Synthesis of liposomes loaded with Etoposide and DNA-BD and coated with Cetuximab.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Yang et al. 10.3389/fbioe.2023.1249875

140

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1249875


results showed that the IC50 value of IND-Lip was 1.5–4 times lower
than that of ordinary IND. The efficacy of IND-Lip was better than
that of ordinary IND. In vitro 3D globular cell administration
experiments, the IND-Lip at 200 µM could reduce the original
tumor volume by approximately 20%.

Gefitinib (GEB) (Figure 8A) is a selective EGFR-tyrosine kinase
inhibitor (EGFR-TKI) (Lai et al., 2019). In light of the severe side
effects of GEB and the limited effectiveness of using single drugs, Hu
et al. (2020) opted to utilize a thin film dispersion method that
incorporated anhydrous ethanol as a lipid solvent to produce
liposomes containing GEB, denoted as GL (Figure 8B). GL has a
particle size of about 190 nm, the PDI is 0.248, and the IC50 value is
29.63 μg/mL. When the ratio of phospholipid to cholesterol was 3,
the highest encapsulation rate of 60.26% was obtained. The drug
release time of GL is about 12 h, and the cumulative release rate
reaches 80%, which indicates that the GL nanocomposite structure
has a certain stability and can effectively prolong the drug action
time. In in vivo anti-cancer model experiments, the GL group
consistently maintained a tumor size of approximately 100 mm3,
which was significantly smaller than that of the PBS group. The
mean tumor weight was 0.066 g in the GL group and 1.167 g in the
PBS group. Nanoparticle liposomal carriers have promising
applications in the treatment of lung cancer.

Bevacizumab (Beb) is an antibody targeting vascular
endothelial growth factor and it is the first-line drug for
metastatic colorectal cancer. As the first drug approved to
target tumor angiogenesis, Beb is also being used to treat
other cancers, including NSCLC and renal cell carcinoma
(Muhsin et al., 2004). Zhang J. et al. (2022) prepared cationic
liposomes containing anticancer drugs Geb and Beb by thin-film
hydration method. The diameter of the nanoparticle is
approximately 160 nm. Dialysis was utilized to evaluate the
release properties of Geb and Beb. According to the in vitro
release kinetics curves obtained in a PBS buffer at pH 5.0 and
pH 7.4, it can be observed that the nanoparticles exhibit a pH-
responsive behavior for the release of Geb and Beb. In addition,
the drug release rate of MnO2-PDA@Lipo@Geb@Beb
nanomaterial is faster in high glutathione (GSH) conditions
than in non-redox conditions, indicating that the
nanoparticles have GSH response properties. MnO2-PDA@
Lipo@Geb@Beb also significantly inhibits tumor blood vessel
formation. The results obtained during experimentation in a
mouse tumor model validated that it displayed a more
pronounced impact in inhibiting the growth of NSCLC cells
compared to the unbound pharmaceutical agent.

3.2.3 mRNA-LNP
Messenger RNA (mRNA) is an emerging and intriguing form of

tumor vaccine that provides antigen delivery and intrinsic immune
activation-mediated co-stimulation in a spatiotemporally
synchronized manner. mRNA vaccines are designed to instruct
cells to express almost all essential proteins in host cells and
tissues. These proteins may have a preventive effect, which play
the therapeutic role in treating multiple diseases (Granados-Riveron
and Aquino-Jarquin, 2021). Lipid nanoparticles (LNP) are simple,
biocompatible, inexpensive, and versatile nanocarriers, which can be
used to design multifunctional nanosystems (Granja et al., 2023).
Initially, researchers used LNP as a vector to encapsulate full-length
mRNA encoding novel coronavirus stinger proteins. Immune cells
are able to recognize and ingest viral mRNA. Protein antigens can be
efficiently expressed by directed mRNA. Tahtinen et al. (2022)
discovered that the RNA and lipid formulation of RNA vaccines
played a crucial role in the induction of interleukin 1 (IL-1) cytokine
production in human immune cells. The IL-1 pathway is known to
be vital for initiating innate signaling in response to RNA vaccines.
Interestingly, specific lipids used in vaccine formulations containing
N1-methylpseudouracil modified RNA unexpectedly increased this
effect, thereby enhancing the activation of toll-like receptor
signaling. These findings highlight the significance of the lipid
component of LNP in stimulating immune responses to mRNA
vaccines.

To achieve effective cancer vaccines, it is essential to generate a
durable and high-quality CD8+ T cell response. Although systematic
vaccination is widely recognized as the most effective strategy, it is
crucial to meticulously adjust the composition of the LNP carrier to
ensure the successful delivery of mRNA to antigen-presenting cells
(Bevers et al., 2022). The delivery of mRNA-encapsulated LNPs to
the lungs is not without its challenges. One of the difficulties is that
the nebulization process of LNPs can subject them to shear stresses
caused by air dispersion, air jets, ultrasound and vibrational nets.
This shear stress can lead to the clustering or leakage of LNPs, which
can disrupt cross-cellular transport and endosomal escape. To
overcome this problem, Miao et al. (2023) optimized the LNP
formulation, nebulization method, and buffer system to keep the
stability of LNPs during nebulization and preserve mRNA efficiency.

As a potential substitute for traditional drugs, mRNA-based
therapies show great promise in cancer treatment. By encoding
inactivated genes, mRNA therapy can restore the function of tumor
suppressor genes that have been deleted or inactivated, thus
inhibiting the growth of tumors that result from such mutations
(Zong et al., 2023). Additionally, mRNA is translated in the

FIGURE 8
(A) Structure of gefitinib. (B) Synthesis of GL.
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cytoplasm, allowing temporal control of immunotherapy. The
benefits of mRNA immunotherapies have made them an
attractive option for clinical applications, including cancer
treatment modalities such as chimeric antigen receptor T cell
(CAR-T) therapy and tumor infiltrating T cell therapy. The use
of LNPs as a delivery platform is particularly promising, as they are
able to efficiently deliver mRNA to T cells while minimizing toxicity
during in vivo transfection (Patel et al., 2022). LNPs can be
engineered to respond to external stimuli, such as the presence of
tumors or the acidic environment of the endosome, thereby
releasing mRNA in a targeted manner. Furthermore, LNPs can
undergo modifications with targeting ligands and other substances
to augment their affinity for overexpressed target proteins, like
HER2 on cancer cells, and facilitate enhanced absorption by the
intended tissue (Wang et al., 2023). The effectiveness of mRNA
delivery through LNPs is heavily influenced by the lipid composition
of the LNP, with the ionizable lipids being the primary determinant
of delivery efficiency (Zeng et al., 2023). Snow et al. (2022) developed
a new minor histocompatibility antigen (mHA) LNP vaccine using
UNC-GRK 4-V as a target. They hypothesized that the vaccine
might induce an antigen-specific immune response. The result
showed that the UNC-GRK 4-V mRNA LNP vaccine based on
ionizable amino lipids (SM-102) could trigger a robust antigen-
specific T cell response. This could be an effective treatment to
reduce the recurrence rate of tumors after allografts. Zeng et al.
(2023) developed a LNP to deliver mRNA to bone marrow dendritic
cells and evaluated its ability to activate T cells. The researchers
confirmed that the LNP proved to be efficient and well-tolerated in
delivering mRNA, demonstrating its exceptional suitability as a
carrier for mRNA vaccines. Four different LNP formulations
were identified, which effectively induced T cell expansion and
cytokine production, and these formulations will be subjected to
additional in vivo investigations as part of the efforts to create cancer
vaccines.

3.2.4 Protein nanocages
Protein nanocages have attracted significant attention in

different areas of nanomedicine owing to their inherent
characteristics, such as biocompatibility, biodegradability, high
structural stability, and easily modifiable surfaces and internal
cavities (Wang and Douglas, 2021). Protein-based nanocages
have great potential as diagnostic systems in cancer treatment.
Protein-based nanocages, with their physiological properties and
bioengineering versatility, make them a promising candidate for
clinical applications. The integration of imaging and therapeutic
functions within ferritin nanocages is currently considered the most
promising and attractive frontier in cancer diagnostic and
therapeutic approaches (Truffi et al., 2016). Nanocages based on
ferritin contain anthracyclines, including adriamycin, which is
widely used in cancer treatment to inhibit cell proliferation by
blocking isomerase 2 (Palombarini et al., 2020). Protein cage
nanoparticles such as ferritin, coated insulin, and virus-like
particles (VLPs) have significant applications in vaccine
development and imaging. These protein-based nanoparticles
offer unique advantages compared to chemically synthesized
nanomaterials as drug or vaccine carriers. They have many
applications in vaccine development, for example, where they can
be efficiently targeted and retained in the lymph nodes. Protein

nanoparticles can enhance the immune response in various ways,
such as facilitating efficient uptake by antigen-presenting cells and
forming multiple connections with B cell receptors, thereby
improving immunogenicity. Li et al. (2021) developed a new
peptide antigen using VLPs from the phage P22 vaccine delivery
system. The peptide antigens were expressed by fusion expression on
the protein fraction of P22 VLPs. The produced vaccine particles
stimulated a significant production of specific antibodies, with titers
reaching 5.0 × 105. These findings suggest that P22 VLPs are vehicles
for delivering peptide antigens in vaccines and present a versatile
and straightforward technology platform for developing
personalized therapeutic oncology vaccines.

3.2.5 Micelles
Micelles are mostly spherical structures formed by association of

amphoteric molecules at specific temperatures and appropriate
concentrations, with particle sizes ranging from 5–100 nm. The
micelle’s center is created by hydrophobic segments of amphoteric
molecules, while the micelle’s outer layer is made up of hydrophilic
fragments (Milovanovic et al., 2017). Many drugs made from
micelles have been applied in clinical (Sun et al., 2018), and
micelles are mostly used to deliver insoluble chemotherapy drugs
in cancer treatment (Ghosh and Biswas, 2021).

Curcumin (Cur) (Figure 9A) is extracted from the rhizome of
Curcuma longa, which contains two O-methylphenols and one β-
Polyphenol compounds of diketones. Curcumin can regulate
various pathways (NF-kB and PI3K/AKT signaling pathways,
etc.) to induce tumor cell apoptosis and improve its sensitivity to
radiotherapy and chemotherapy (Wang L. et al., 2019). Baicalin
(Bai), which is shown in Figure 9B, is a flavonoid that originates
from the root of Scutellaria baicalensis Georgi. Its capacity to
target multiple signal pathways enables it to inhibit various forms
of cancer (Singh et al., 2021). Wang et al. (2019a) synthesized
quercetin-dithiodipropionic acid-oligomeric hyaluronic acid-
mannose-ferulic acid (QHMF), prepared self-assembled
targeting nano micelles (nano Taraxacum) (Figure 10A),
which can simultaneously target to the tumor tissue. In
addition, Taraxacum nanoparticles targeting CD44 receptors
would recruit more nanoparticles at tumor sites. In addition,
Man could specifically bind to CD206, making the nanoparticle
more susceptible to tumor-associated macrophage (TAM)
engulfment. The disulfide bond connected the hydrophobic
part and the hydrophilic part, which can be destroyed by the
excessive concentration of GSH in the tumor microenvironment
(TME), thus releasing Cur/Bai (Figure 10B). The particle size of
nanometer Taraxacum was 121.0 ± 15 nm, and the Zeta potential
was −20.33 ± 4.02 mV. It was easy to enter tumor tissue and could
be released for a long time (Figures 10C, D). Nanotaxacum has
good cell penetration and tumor cytotoxicity with fewer side
effects.

Itraconazole (ITA) (Figure 11A) is a widely used antifungal
drug with strong anti-angiogenic activity, which can affect
multiple angiogenic pathways (Aftab et al., 2011). Zhang et al.
(2018) co-encapsulated PTX and ITA in PEG-PLA (poly lactic
acid) micelles (PIM) (Figure 11B). There were strong
intermolecular interactions between ITA and PTX, so the
micelle stability was high and the critical micelle
concentration was low. It was concluded from in vitro cell
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experiments that PIM enters cells mainly through endocytosis
and could bypass the elevated efflux caused by P-glycoprotein
over-expression. In vitro experiments showed that PIM was

effective in significantly inhibiting PTX-resistant NSCLC.
Meanwhile, ITA acted as a P-glycoprotein inhibitor, blocking
P-glycoprotein-mediated efflux and increasing the cellular

FIGURE 9
(A) Structure of curcumin. (B) Structure of Baicalin.

FIGURE 10
(A) Synthesis of QHMF. (B) Synthesis process of nano-dandelion and schematic diagramof nano-dandelion targeting A549 cells and TAMs. (C) The in
vivo fluorescence imaging of A549 tumor-bearing mice was conducted at various time intervals (2, 4, 8, 12, and 24 h) subsequent to the intravenous
injection of free DiR, QH@DiR, and QHMF@DiR. (Dir: Near-infrared fluorescent dye) (D) Distribution of free DiR, QH@DiR, and QHMF@DiR in the heart,
liver, spleen, lung, kidney, and tumor.
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uptake of PTX. In xenografts obtained from patients with Kras
mutation, orthotopic models, and subcutaneous models of
paclitaxel resistance, PIM was found to significantly suppress
tumor growth.

3.2.6 Membrane-nanoparticle composites
Biological nanocarriers sourced from bacteria, viruses, and

mammalian cells have become a popular area of research due to
their biodegradable nature and specific functions in the body. They
possess the ability to evade immune system attacks, prolong
circulation time, and enhance selective targeting, making them an
attractive option for various applications (Yoo et al., 2011). Biofilms
also have the function of biological self-recognition and signal
transduction. Based on these characteristics, membrane
camouflage nanocarriers with good biocompatibility, targeting,
and long clearance time were developed (Fang et al., 2014; Liu
et al., 2022). Moreover, this method is easy to prepare with lower
cost (Xu et al., 2023).

As shown in Figure 12A, Osimertinib (Osi) is the third-
generation EGFR-TKI used to treat patients with first or second
generation acquired resistance to EGFR-TKI (Hognasbacka et al.,

2023). Xu et al. (2023) prepared the inner core NP@Osi nanoparticles
by nanoprecipitation using polymeric polyphosphoester (PHEP)
(Figure 12B). The cell membranes were extracted from
HCC827 cells and fused with NP@Osi to obtain CMNP@Osi. The
average particle size was 100 nm, the IC50 value was 14.23 nM, while
the release of Osi was not affected by the cell membrane. In vivo
administration of HCC827 xenografted BALB/c nude mice
confirmed that the nanoparticles had good anti-tumor activity
and biocompatibility. Compared to other cell types, CMNP@Osi

exhibited better affinity and stronger targeting of its homologous
cells. Therefore, homologous targeting can be considered as a
specific targeting function of biofilms. At the same time, Osi, as a
targeted drug, has been selectively used for EFGR sensitivity
mutations and T790M resistance mutations. CMNP@Osi

implemented the dual targeting strategy and facilitated the
application of the membrane coating technique.

Over the past few years, the research for immune checkpoint
blocking (ICB) drugs has progressed significantly with the
development of inhibitors targeting programmed cell death
protein 1 (PD-1) and its associated ligand, PD-L1. Although
the use of antibody inhibitors targeting PD-1 or PD-L1 has

FIGURE 11
(A) Structure of Itraconazole. (B) Construction of fluorescent-labeled PEG-PLA and PEG-PLA micelles.

FIGURE 12
(A) Structure of Osimertinib. (B) Synthesis of CMNP@Osi.
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shown effectiveness in the treatment of lung cancer, they are
unfortunately only effective in 10%–30% of patients (Li B. et al.,
2023). Li et al. (2023a) designed TC1 cells (mouse NSCLC cell
line), prepared PD-1 nanovesicles (P-NVs) by extrusion method,
and loaded DOX and 2-deoxy-D-glucose (2-DG) into P-NVs to
obtain PDG-NV for targeted treatment of NSCLC (Figure 13).
The enhancement of tumor targeting capability was achieved by
incorporating PD-1 onto NVs. Moreover, the combination of
efficient loading of 2-DG and DOX exhibited a synergistic
therapeutic effect on NSCLC in both in vitro and in vivo
experiments, leading to significant cytotoxicity on tumor cells.
PDG-NVs were also found to effectively reduce PD-L1
expression in the TME and improve the antitumor immune
response mediated by CD4+ and CD8+ T cells. Thus, PDG-NV
had great therapeutic potential, but this needs to be confirmed by
further clinical trials.

Cisplatin (CDDP) is a platinum complex and is considered one
of the most efficacious chemotherapy drugs for cancer treatment
(Wang and Lippard, 2005). Despite its considerable anticancer
activity, cisplatin’s clinical application is restricted because of its
acquired resistance and severe side effects (Yimit et al., 2019). Liang
et al. (2021) used tannic acid (TA) to chelate Fe-rich metal-organic
framework nanoparticles (MOF) to create MOF/TA. To create
MOF/TA-CDDP-APT (MTCA), they further equipped the MOF/
TA with CDDP and utilized antagonistic DNA aptamers (Apt) that
specifically target PD-L1. The MTCA was further enveloped in the
cancer cell membrane to create M@MTCA. The complex delivered
the contents precisely to the tumor under the acidic conditions of
TME, then released therapeutic substances and iron ions (Fe2+)
reactively with degradation. In addition to chemotherapy, CDDP
can also be used to treat NSCLC through chemodynamic therapy.
The level of H2O2 in the cell was raised by cascade reaction, and
H2O2 was continuously converted to high cytotoxic •OH by Fenton
reaction. Moreover, the nanocomplex was capable of converting
“cold” tumors into “hot” tumors by promoting immunogenic cell

death in tumor cells, which can enhance the therapeutic
effectiveness when combined with ICBs (Apt).

Outer membrane vesicles (OMVs) are phospholipid bilayer
structures with a spherical shape, ranging in size from 20 to
250 nm. These vesicles are generated from the outer membrane
and periplasm of Gram-negative bacteria. They are naturally
released from the bacterial cell envelope during their growth
process (Schwechheimer and Kuehn, 2015). OMVs are engaged
in a diverse array of physiological activities, such as intracellular
and extracellular communication, quorum sensing, and stress
responses. Kuerban et al. (2020) obtained OMV from attenuated
Klebsiella pneumoniae and loaded DOX onto them (DOX-OMV)
(Figure 14). The results of confocal microscopy and in vivo
distribution studies indicated that the DOX-OMV delivery
system effectively delivered DOX to NSCLC A549 cells. DOX-
OMV also demonstrated a powerful cytotoxic effect, resulting in
the triggering of cancerous cell death. When tested on BALB/c
nude mice with A549 tumors, DOX-OMV was observed to
significantly inhibit tumor growth, while being well-tolerated
and exhibiting desirable pharmacokinetic properties. Moreover,
OMVs are immunogenic and can recruit macrophages in TME
causing corresponding immune responses, so they have great
potential in tumor chemical immunotherapy.

3.2.7 Microspheres
Recently, the importance of long-acting implants has been

increasingly recognized due to their unique advantages such as
fewer medication administrations, high patient compliance, and
low toxicity and side effects (Qiu et al., 2022). Biodegradable
polymer microspheres possess the aforementioned advantages.
These microspheres not only exhibit excellent biocompatibility
but can also be prepared as sustained or controlled release
formulations according to needs. Furthermore, their particle size
distribution is narrow, eliminating the need for screening of
improperly sized microspheres in later stages. As a result, this

FIGURE 13
The assembly process of DOX and 2-DG loaded P-NV.
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characteristic reduces raw material waste and lowers preparation
costs. Additionally, microspheres demonstrate good batch-to-batch
reproducibility and repeatable release behavior, showcasing
significant clinical value (Jin et al., 2020). Microsphere
formulations belong to the high-end and complex field of
pharmaceutical development, with a higher threshold. There is
relatively little homogeneous competition in the pharmaceutical
market for such formulations. For most drugs, there is a
significant market capacity and room for growth, making their
commercial prospects vast.

Poly lactic-co-glycolic acid (PLGA) formulations consist of
different types, such as microspheres, in situ gel systems, and
solid implants, and are commonly utilized for controlled and
sustained drug release (Li X. et al., 2022). So far, there are more
than twenty PLGA microsphere-based commercial products
accessible in the market, including Decapeptyl Depot (Anwar
et al., 2023), Lupron Depot, and Eligard (Kapoor et al., 2015).
Sorafenib is a receptor tyrosine kinase inhibitor that can be taken
orally, and it targets multiple receptors. The drug is capable of
suppressing the proliferation of tumor cells, hindering angiogenesis,
and promoting apoptosis of tumor cells. Sorafenib is primarily
utilized to treat advanced renal cell carcinoma. Li et al. (2020)

used a double-emulsion solvent diffusion method to encapsulate
sorafenib (SOR) and catalase (CAT) into PLGA microspheres,
forming SOR-CAT-PLGA microspheres (SOR-CAT-PLGA MSs).
The size of these microspheres is approximately 73.5 ± 8.3 μm, with
encapsulation efficiencies of 68.7% ± 1.9% for SOR and 76.5% ±
2.3% for CAT. The combined application of SOR and CAT
demonstrates a significant synergistic effect in promoting cancer
cell apoptosis while causing minimal damage to surrounding normal
cells. During in vivo experiments, SOR-CAT-PLGA microspheres
were found to fill tumor blood vessels effectively, impede
neovascularization, and result in the shrinkage of tumor volume
or prompt necrosis in rabbits. Moreover, these microspheres also
downregulate the expression of PD-L1, suppress CD8+ T cell
apoptosis, and elevate IFN-γ levels. Therefore, the combined use
of SOR and CAT may be an effective treatment method for liver
cancer.

Porous microspheres (pMS) possess a large specific surface area
and excellent adsorption performance, with interconnected inner
and outer channels. pMS have broad application prospects in gastric
retention drug delivery, pulmonary targeting drug delivery, high-
speed chromatography, tissue regeneration scaffold development,
and serving as carriers for biopharmaceuticals (Ghosh Dastidar

FIGURE 14
Overview of the anti-NSCLC effects of DOX-OMV. In vitro, DOX in OMV is delivered into A549 cells, resulting in strong cytotoxicity and apoptosis. In
vivo, OMV also induces the recruitment of macrophages in tumor microwells.
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et al., 2018). Due to the low density and light weight of pMS, Yang
et al. (2019) designed a dry powder inhalation drug delivery system
based on pMS for treating EGFR TKI-resistant NSCLC. They loaded
AFT lipid nanoparticles (AFT-SLN) and PTX into PLGA-pMS,
creating AFT-SLN-PTX-pMS. This microsphere complex
exhibited two distinct drug release phases, with PTX releasing
faster than AFT. The aerodynamic properties of AFT-SLN-PTX-
pMS were found to be favorable, with an MMAD value of about
3.25 µm, indicating successful deposition in the alveolar region of
the lungs. According to pharmacokinetic parameters, both drugs
maintained high concentrations within 96 h and were
predominantly concentrated in the lungs. Additionally, the
combination of the two drugs showed synergistic effects, with
PTX significantly enhancing the cancer cell growth inhibitory
effect of AFT. Moreover, AFT’s sustained release inhibited cancer
cell migration. These results suggest that AFT-SLN-PTX-pMS can
evade phagocytic cells and achieve prolonged retention in the lungs.
This drug delivery system demonstrates passive lung targeting
characteristics, enhancing tumor killing efficacy while reducing
systemic side effects.

Tumor treatment is a long-term process, and direct injection of
drugs into the tumor presents a promising approach. Some drugs
have been attempted to be administered directly into tumor tissues.
However, these drugs have poor retention at the administration site
and may leak out of the tumor within a few hours. This significantly
affects drug efficacy and may increase systemic toxicity of the
medication (Nakajima et al., 2000; Wang et al., 2003; Muñoz
et al., 2021). Drug depot technology may be a potential approach
to address these issues. Drugs diffuse and gradually release within a
polymer matrix, (such as PLA or PLGA). However, the stability of
sensitive drugs may be impacted by the properties of the polymer
matrix, including its hydrophobic nature, internal pH, and reactive
functional groups (Lessmann et al., 2023). Thermosensitive hydrogel
is a drug delivery system whose physical state changes with
temperature. By enhancing the adhesiveness of drugs to the
affected area and prolonging local residence time, thermosensitive
hydrogels can effectively improve drug bioavailability (Fan et al.,
2022). Gel solutions undergo a phase transition with changes in
environmental temperature and quickly solidify to block blood
vessels, thereby cutting off the blood supply to tumors.
Additionally, it can effectively address issues of embolism caused
by non-uniform sizes of lipids and microspheres. Compared to
common tumor treatment approaches, thermosensitive hydrogels
can serve as drug depots for controlled release of drugs and targeted
delivery into tumor tissues. The irregular shape of the affected area
in tumor treatment poses challenges for drug administration,
making thermosensitive hydrogels an ideal drug carrier (Ma and
Yan, 2021).

Yu et al. (2019) utilized a modified double emulsion-solvent
evaporation technique to fabricate microspheres of losartan
potassium (LP MSs), with gelatin serving as the inner phase.
These microspheres were then combined with cisplatin-loaded
nanoparticles (CDDP NPs) made of poly (α-L-glutamate) grafted
polyethylene glycol mono methyl ether (PLG-gmPEG). The
microspheres and CDDP NPs were then dissolved in a
temperature-responsive hydrogel, which could prevent drug
leakage from the needle hole and greatly improve the drug
retention time in the tumor. In in vivo experiments, LP MSs/

CDDP NPs gel was found to effectively suppress tumor growth,
decrease tumor volume, and caused no damage to the surrounding
muscle tissue. This microsphere-gel composite has practical
significance for the treatment of solid tumors. Tan et al. (2021)
developed an injectable platform (Cur-MP/IR820 gel) for the
treatment of osteosarcoma and the regeneration of bone tissue,
which consisted of a composite methylcellulose hydrogel containing
Cur microspheres and IR820. In in vitro experiments, after laser
irradiation and heating, Cur was released rapidly, and the
cytotoxicity against tumor cells was significantly higher than in
other groups. Then, the mice in the group that received laser
irradiation and were given Cur-MP/IR820 experienced high
temperatures (approximately 51°C) at the tumor site, leading to
tumor elimination. Subsequently, the platform continued to release
Cur, killing the remaining cancer cells and promoting the
differentiation of mesenchymal stem cells into osteoblasts and
calcium deposition. The Cur-MP/IR820 hydrogel platform offers
a promising avenue for the treatment of bone tumors and the
regeneration of bone tissue, thereby providing a source of
inspiration for future research in this area.

4 Conclusion

The development of nanotechnology has provided an excellent
platform for tumor diagnosis, tumor cell imaging, early prevention
and targeted therapy. The introduction of nanomaterials has
provided novel functional technologies for the early diagnosis
and treatment of major diseases such as cancer. In this paper, we
have summarized the progress of nanotechnology in the early
diagnosis of tumors, including the development status of
nanomaterials for in vivo imaging and in vitro imaging
techniques. The challenges and future directions of nanoprobe
technology in image-guided oncology diagnostics are discussed,
as well as the prospects for the development of biosensors for
high sensitivity detection of tumor biomarkers. They have their
advantages, such as magnetic nanoparticles that can be used as
medical contrast agents for increased sensitivity, nanocrystalline
QDs with high stability, and gold nanoparticles with low toxicity.
These nanoparticles enable ultra-fast, highly sensitive and highly
selective detection and diagnosis. At the same time, however, these
tumor detection techniques suffer from several drawbacks, such as
the large amount of residual nanoprobes in the body, and the
possibility of cell death, oxidative stress and inflammation,
among other side effects, due to too long residence time.

Conventional cancer therapies, targeted therapies and
immunotherapies all come with their own set of limitations,
including resistance, systemic toxicity and rapid elimination rates.
New modalities of cancer treatment may be combined with
nanotechnology to alter the status of treatment with excessive
systemic chemotherapy. There is a growing clinical focus on the
application of nanotechnology with targeted and slow-release
properties to conventional oncology treatments, with
nanomedicine being the leading candidate.

Nanomedicines for the treatment of tumors are generally natural
nanomedicines, polymeric nanodrug carriers, and nanoliposomes.
The emergence of emerging Nab-P, mRNA-LNP, protein
nanocages, micelles, membrane-nanoparticle composites and
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microspheres has solved many problems in clinical cancer
prevention and treatment. Nevertheless, there exist certain
obstacles in the practical implementation of these nanomedicines
in clinical settings. The instability of the phospholipid component of
liposomal drugs has hampered the translation of liposomal research
into clinical practice for more than 50 years. The emergence of
mRNA-LNP has represented a significant advancement in cancer
prevention, yet there is still ample scope for enhancing LNP
effectiveness. This can be accomplished through the refinement
of lipid composition and customizing LNPs to cater to specific
objectives. Cell membrane-coated biomimetic nanoparticles have
shown great potential for cancer targeted therapies due to their
superior molecular identification specificity and cancer cell
targeting. However, there is still a lack of key indicators that can
assess the quality of these bio-inspired nanoparticles and the
resulting therapeutic effects. Additionally, only a few of these
nanoparticles have received clinical approval due to their toxicity,
immunogenicity and reticuloendothelial system isolation.
Microsphere formulations are a type of sustained-release drug
delivery system that can stably release drugs over a prolonged
period. They are mainly used for diseases that require frequent
dosing, such as cancer and psychiatric disorders. This drug delivery
system can significantly improve the bioavailability of drugs and
patient compliance. However, the development and production of
microsphere formulations are challenging, and there are high
barriers to entry in the industry. Therefore, it is necessary to
accelerate the development of corresponding technologies. There
is no denying that nanotechnology will play an important role in the
future of medicine, but there are many aspects of nanotechnology
that are not yet perfect. For nanotechnology to benefit humanity,
further exploration by relevant researchers is needed.
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