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Parkinson’s disease (PD) is the second most common neurodegenerative
disorder after Alzheimer’s disease. Therefore, development of novel
technologies and strategies to treat PD is a global health priority. Current
treatments include administration of Levodopa, monoamine oxidase
inhibitors, catechol-O-methyltransferase inhibitors, and anticholinergic drugs.
However, the effective release of these molecules, due to the limited
bioavailability, is a major challenge for the treatment of PD. As a strategy to
solve this challenge, in this study we developed a novel multifunctional magnetic
and redox-stimuli responsive drug delivery system, based on the magnetite
nanoparticles functionalized with the high-performance translocating protein
OmpA and encapsulated into soy lecithin liposomes. The obtained
multifunctional magnetoliposomes (MLPs) were tested in neuroblastoma,
glioblastoma, primary human and rat astrocytes, blood brain barrier rat
endothelial cells, primary mouse microvascular endothelial cells, and in a PD-
induced cellular model. MLPs demonstrated excellent performance in
biocompatibility assays, including hemocompatibility (hemolysis percentages
below 1%), platelet aggregation, cytocompatibility (cell viability above 80% in all
tested cell lines), mitochondrial membrane potential (non-observed alterations)
and intracellular ROS production (negligible impact compared to controls).
Additionally, the nanovehicles showed acceptable cell internalization
(covered area close to 100% at 30 min and 4 h) and endosomal escape
abilities (significant decrease in lysosomal colocalization after 4 h of
exposure). Moreover, molecular dynamics simulations were employed to
better understand the underlying translocating mechanism of the OmpA
protein, showing key findings regarding specific interactions with
phospholipids. Overall, the versatility and the notable in vitro performance of
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this novel nanovehicle make it a suitable and promising drug delivery technology
for the potential treatment of PD.
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molecular dynamics simulations

1 Introduction

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disease in the world after Alzheimer’s
disease. It affects about 2%–3% of the worldwide population
above 65 years old (Poewe et al., 2017). PD is a very complex
pathology characterized by the loss of dopaminergic neurons in the
cerebral mesencephalic region Substantia nigra pars compacta
(SNpc), which is accompanied by intracytoplasmic inclusions
known as Lewy bodies. Typical symptomatology includes
difficulties in motor control and progressive loss of the
voluntary movements (Eriksen et al., 2005; Tysnes and
Storstein, 2017). In addition, advanced stages of the disease
involve cognitive and behavioral dysfunctions (Chen and Tsai,
2010; Finsterwald et al., 2015; Martin-Jiménez et al., 2017).

Throughout the past 40 years, the main strategy to treat PD has
been the use of diverse pharmacological approaches. This often
includes the administration of dopaminergic molecules such as
dopamine, dopamine agonists and levodopa (LD) (Singh et al.,
2019). However, the limited bioavailability, mainly related with
the poor capacity of these molecules to permeate the blood brain
barrier (BBB), strongly restricts their therapeutic potential and
conversely, their suitability for PD treatment. The main strategy
to solve this limitation is to increase the dosage, which generally
leads to several side effects such as nausea, dyskinesias, and drug
tolerance (Singh et al., 2019).

Taking into account these important challenges (Niu et al.,
2017), recent work has been focused on developing innovative
strategies to improve drug transport to target cells that include
the use of viral vectors (Niu et al., 2017), encapsulation into
scaffolds, polymeric and lipid capsules (Singh et al., 2019),
extracellular vesicles (Haney et al., 2018), and the immobilization
on nanostructures (Niu et al., 2017; Singh et al., 2019). Among these
strategies, the implementation of nanostructures has emerged as one
of the most promising alternatives due to their surface reactivity,
biodegradation and tailored properties for targeting brain cells (Niu
et al., 2017; Rueda-Gensini et al., 2020).

In particular, magnetite nanoparticles (MNPs) have proven to
be superior nanostructures for the development of next-generation
drug and gene delivery systems due to their remarkable
biocompatibility, ease of synthesis and functionalization,
superparamagnetic behavior and large reactive surface, among
many other relevant biological properties (Rueda-Gensini et al.,
2020). Additionally, the OmpA protein from Escherichia coli has
shown an exceedingly high performance as a translocating agent of
mammalian cell membranes, which has been exploited to
manufacture potent cell-penetrating nanobioconjugates with
endosomal escape abilities. This has opened opportunities to
develop more versatile drug and gene-therapy-based delivery
systems for the treatment of Alzheimer’s disease (Lopez-Barbosa

et al., 2020). However, the underlying mechanism behind the
translocating capacity of OmpA is not completely understood
yet, making it difficult to tailor custom delivery nanovehicles for
overcoming physiological barriers effectively.

Encapsulation of magnetic nanoparticles (MNPs) in lipid- and
polymer-derived nanovesicles has shown remarkable potential as
an enhanced drug delivery system for treating various brain-
associated diseases, such as Alzheimer’s (AD) and Parkinson’s
disease (PD) (Wu et al., 2020). Among these, liposomes have been
extensively studied as lipid-derived nanocarriers and have shown
significant advantages in increasing the versatility of MNPs.
Liposomes have been found to improve biocompatibility,
increase resistance to degradation, and enhance cell
internalization rates, while conferring additional endosomal
escape abilities (Zylberberg et al., 2017; Carvalho de Jesus et al.,
2019). This results in the formation of a nanostructure known as a
magnetoliposome (MLP), which is currently one of the most
widely used approaches for delivering antimicrobial agents,
drugs, and nucleic acids, due to its ability to combine the
properties of both MNPs and liposomes (Carvalho de Jesus
et al., 2019; Leal et al., 2022).

This research is therefore dedicated to developing a novel
multifunctional magnetic and redox-stimuli responsive drug
delivery system, based on soy lecithin liposomes embedded with
magnetite nanoparticles functionalized with the translocating
protein OmpA for the enhanced delivery of Levodopa as a
potential treatment of PD. Furthermore, by employing molecular
dynamics (MD) simulations, we also provide highly valuable
findings that contribute to a better understanding of the
underlying translocating mechanism of OmpA. This approach
provides an innovative strategy for PD treatment, especially in
terms of mitigating negative cellular impact, improving
internalization capacities, and prolonging stability under
physiological conditions.

2 Material and methods

2.1 Synthesis and functionalization of MNPs

2.1.1 Synthesis of MNPs
Magnetite nanoparticles (MNPs) were synthesized by the

chemical co-precipitation method. Iron (II) chloride tetrahydrate
(0.01 mol) and iron (III) chloride hexahydrate (0.02 mol) were
dissolved in 100 mL of type I water. The obtained iron chlorides
solution was homogenized and then, cooled down to 2°C. On the
other hand, NaOH (0.08 mol) were dissolved in 100 mL of type I
water and cooled down to 2°C. Next, the iron chlorides solution was
mechanically stirred (300 rpm) and degassed by bubbling Nitrogen
to desorb Oxygen from the solution. After 10 min, NaOH solution
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was added dropwise at a rate of 5 mL/min. After the complete
addition of NaOH, the solution was left at room temperature under
constant stirring and a continuous Nitrogen flow for 1 h. Finally,
MNPs were washed several times with type I water with the aid of a
neodymium magnet to facilitate the nanoparticles precipitation
(Supplementary Scheme S1).

2.1.2 Functionalization and co-immobilization of
levodopa (LD) and OmpA on MNPs

MNPs (100 mg) were suspended in 40 mL of type I water and
sonicated for 5 min (Frequency 40 kHz, amplitude 38%). Then,
tetramethylammonium hydroxide (TMAH) (250 μL) was added
and the solution was left under constant mechanical stirring
(200 rpm) for 5 min. Subsequently, acetic acid glacial (50 μL)
was added and the MNPs solution was heated up to 60°C.
APTES (200 μL) was slowly added to the MNPs solution and
left to react under the same conditions (200 rpm, 60°C) for 1 h.
Silanized nanoparticles (MNPs-Si) were washed 4 times with NaCl
1.5% (w/v) solution and 4 times with type I water aided by a
neodymium magnet to facilitate precipitation of MNPs-Si.

For the immobilization processes, MNPs-Si were resuspended in
40 mL of type I water and sonicated for 5 min (Frequency 40 kHz,
amplitude 38%). Glutaraldehyde solution [2 mL, 2% (v/v)] was
added and left under a constant mechanical stirring (200 rpm)
for 1 h. NH2-PEG12-COOH (10 mg, 1.6 × 10−5 mol) was
dissolved in 3 mL of type I water and added to the MNPs-Si-Glu
solution. The solution was left under constant mechanical stirring
(200 rpm) for 24 h. The PEGylated nanoparticles (MNPs-PEG12)
were washed as described before.

MNPs-PEG12 (100 mg) were suspended in 40 mL of type I water
and sonicated for 5 min (Frequency 40 kHz, amplitude 38%). Then,
EDC (12.3 mg, 6.41 × 10−5 mol), NHS (7.4 mg, 6.41 × 10−5 mol) were
added to the MNPs-PEG12 solution. The solution was left under
constant mechanical stirring (200 rpm) for 15 min. Next, AEDP
(5 mg, 2.3 × 10−5 mol) was dissolved in 4 mL of type I water, added
to the MNPs-PEG12 solution, and left to react under constant
mechanical stirring (200 rpm) for 24 h. The obtained MNPs-
PEG12 -AEDP were washed as described before.

MNPs-PEG12 -AEDP (100 mg) were resuspended in 40 mL of
type I water and sonicated for 5 min (Frequency 40 kHz, amplitude
38%). EDC (12.3 mg, 6.41 × 10−5 mol), and NHS (7.4 mg, 6.41 ×
10−5 mol) were added to the MNPs-PEG12-AEDP solution.
Levodopa (LD) (12.3 mg, 6.41 × 10−5 mol) was dissolved in
20 mL of type I water, added to the solution followed by the
same reaction, and washing steps described previously.

MNPs-PEG12-AEDP-LD (100 mg) were resuspended in 40 mL
of type I water and sonicated for 5 min (Frequency 40 kHz,
amplitude 38%). EDC (12.3 mg, 6.41 × 10−5 mol), and NHS
(7.4 mg, 6.41 × 10−5 mol) were added to the MNPs-PEG12-
AEDP-LD solution and after 15 min activation, an OmpA
solution (10 mL, 4 mg/mL) was added followed by the same
reaction and washing steps described previously.

Finally, the obtained nanobioconjugates (MNPs-PEG12-AEDP-
LD/OmpA) were resuspended in 50 mL of type I water, sonicated for
5 min, and stored at 4°C until further use. The schematic
representation of the synthesis and immobilization processes is
shown in Supplementary Scheme S1.

2.2 Liposomes (LPs) and magnetoliposomes
(MLPs) synthesis

Liposomes (LPs) were synthesized by the hydration of the lipid
bilayer method (Patil and Jadhav, 2014). Briefly, 100 mg of soy
lecithin were dissolved in 10 mL of chloroform. Then, the solution
was left in a rotary evaporator (Hei-VAP Core, Heidolph, Germany)
at 45°C, 150 rpm and vacuum for 1 h. Subsequently, 20 mL of PBS
(1X) were added and left in the rotary evaporator for 1 h (55°C,
150 rpm and no vacuum). Finally, the resulting sample was collected
and filtered 3 times with a 0.22 μm filter. LPs were stored at 4°C until
further use.

Magnetoliposomes (MLPs) were synthetized by mixing the
MNPs-PEG12-AEDP-LD/OmpA nanobioconjugates suspended in
DMEMmedium at 50 μg/mL with a PBS (1X) liposomes solution at
0.1 mg/mL, and a volume ratio of 1:1. The schematic representation
of the synthesis of LPs and MLPs is shown in Supplementary
Scheme S2.

2.3 OmpA protein secondary structure
analysis

Secondary structural changes of OmpA after the immobilization
process were studied by analyzing the second derivative of the amide
I Fourier Transform Infrared spectra. Infrared spectra were recorded
using a A250/D FT-IR (Bruker, Germany). Free OmpAwas used as a
control for the absence of secondary structural changes. For this,
OmpA and the MNPs-PEG12-AEDP-LD/OmpA nanobioconjugates
were resuspended in type I water and the spectra were recorded in
the range of 4,000–500 cm-1 with a spectral resolution of 2 cm-1. The
water infrared spectrum was digitally subtracted to avoid the
interference of water absorbance in the range of 1700–1,600 cm-1

related to the H-O-H bending (Kong and Yu, 2007). Subsequently,
the second derivatives of the infrared spectra in the range of the
amide I band (1700–1,600 cm-1) were calculated. Finally, the
different peaks presented in the second derivative FTIR spectra
were associated with specific secondary structural features based on
previously reported data (Dong et al., 1992a; Dong et al., 1992b;
Kong and Yu, 2007).

2.4 Nanoparticles uptake on liposomes and
THP-1 cells

Uptake was evaluated by establishing a relationship between a
decrease in fluorescence intensity and the percentage of rhodamine
B-labeled MNPs-PEG12-AEDP-LD/OmpA internalized in THP-1
cells and liposomes. Fluorescence was recorded using a MicroMax
384 Microwell-Plate Reader (Horiba, Japan) with 559 nm and
600 nm for excitation and emission, respectively. MNPs-PEG12-
AEDP-LD/OmpA nanobioconjugates were tested in concentrations
ranging from 1,000 to 31.25 μg/mL. Briefly, 100 μL of the different
nanobioconjugate suspensions were seeded in a 96-well microplate
with 100 μL of THP-1 cells (30.000 cells/well) (cultured in non-
supplemented RPMI media without phenol red). In parallel, the
same nanobioconjugate concentrations were tested in LPs

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Cifuentes et al. 10.3389/fbioe.2023.1181842

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1181842


dispersions in PBS 1X at a 0.1 mg/mL concentration. Uptake
percentages were calculated by following Equation 1:

UT %( ) � 100*
FI Free nanobioconjugates( ) − FI sample( )( )

FI Free nanobioconjugates( )
(1)

Where UT (%) is the uptake percentage of the sample, FI
(Sample) is the fluorescence intensity of the sample and FI (Free
nanobioconjugates) is the fluorescence intensity of the free
rhodamine B-labeled MNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates at 559/600 nm excitation/emission wavelengths.

2.5 In vitro levodopa release: redox
environment

Cumulative LD release from theMNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates was studied under redox conditions under
simulated physiological conditions. For this, the protocol reported
by Hettiarachchi and colleagues (Hettiarachchi et al., 2021) was
followed with slight modifications. In brief, Rhodamine B (RhB)-
labeled LD was immobilized on MNPs to form the MNPs-PEG12-
AEDP-RhB@LD/OmpA nanobioconjugates. 10 mg of MNPs-PEG12-
AEDP-RhB@LD/OmpA were dispersed in 5 mL of PBS 1X (pH 7.2)
containing DTT (10 mM) as the reducing agent. Nanobioconjugates/
DTT solutions were incorporated into dialysis membranes (CW
7 kDa) and immersed on PBS 1X under constant stirring for 0.5,
1, 2, 4, 6, 8, 24 and 48 h at 37°C (protected from light). At each time,
1 mL of the dialysis medium was collected and then, its fluorescence
was measured using a MicroMax 384 Microwell-Plate Reader
(Horiba, Japan) at 559/600 nm for Excitation/Emission. An
increase in fluorescence was directly associated with released LD.

2.6 Biocompatibility studies and cellular
response analysis

2.6.1 Cell lines and primary culture conditions
Glioblastoma (T98G, ATCC® CRL-1690) and neuroblastoma

(SH-SY5Y, ATCC® CRL-2266) cell lines were cultured in DMEM
medium containing 10% fetal bovine serum (FBS) and 1% P/S at
37°C in humidified air at 95% and 5% of CO2. Normal human
astrocytes (NHA, Lonza CC-2565) were cultured using ABM Basal
Medium supplemented with AGM SingleQuots Supplements under
the same conditions described previously. Additionally, primary rat
astrocytes (CP3A4) were obtained following the protocol established
by Schildge and colleagues (Schildge et al., 2013) with slight
modifications (For more details see the supplementary
information section Isolation of CP3A4 cells). CP3A4 cells were
maintained with DMEM medium supplemented with 10% FBS and
1.4% P/S at 37°C in humidified air at 95% and 5% of CO2. BBB rat
endothelial cells were kindly provided by Professor Lippmann at
Vanderbilt University (United States). BBB endothelial cells were
cultured on DMEM/F12 medium containing 10% FBS and 1% P/S at
37°C in humidified air at 95% and 5% of CO2. Finally, primary
microvascular mouse endothelial cells (MBEC) were obtained
following the protocol stablished by Velandia and colleagues
(Velandia-Romero et al., 2016) (For more details see the

supplementary information section Isolation of MBEC cells).
Cells were maintained with DMEM/F12 supplemented with 20%
FBS, P/S, 0.7 mM GlutaMAX, 15 U/mL heparin, 1 ng/mL basic
fibroblast growth factor (bFGF) and astrocyte conditioned
medium under the same conditions described previously.

2.6.2 Cytotoxicity assay
Cellular cytotoxicity was performed by quantification of the release

of the Lactate Dehydrogenase enzyme (LDH), using the Cytotoxicity
Detection Kit (LDH) (Roche, Basel, Switzerland). Cytotoxicity was
tested in T98G, SH-SY5Y, NHA, CP3A4 and MBEC cells at a cell
density of 100.000 cells/mL. Cytotoxicity was tested for MNPs, MNPs-
LD/OmpA, LPs and MLPs. Nanobioconjugate suspensions were
prepared by mixing the initial stocks with non-supplemented
medium at concentrations ranging from 12.5 to 100 μg/mL. On the
other hand, LPs and MLPs were tested at a 0.1 mg/mL concentration.
Triton X-100 (10% (v/v)) was used as positive control and non-
supplemented medium as negative control. 100 μL of the different
cell stocks (in supplemented culture medium) were seeded in 96-well
microplates (10.000 cells/well) and incubated at 37°C, 5% CO2

overnight. Supplemented culture media was removed and then,
100 μL of the different tested samples were added and incubated at
37°C, 5% CO2 for 24 and 48 h. Finally, 50 μL of each supernatant were
extracted and transferred to a 96-well microplate with 50 μL of the
reaction mixture from LDH kit. The mixture was left to react under
constant mechanical stirring (protected from light) at room
temperature for 30 min. Absorbance was read at 490 nm in a
microplate reader (Multiskan™ FC Microplate Photometer, Thermo
Fisher Scientific, MA, United States).

2.6.3 Morphological evaluation of MBEC cells after
treatment with nanoparticles

MBEC cells at a density of 3 × 104 cells/mL were seeded on
coverslips pretreated with type IV collagen and fibronectin (10 μg/
mL). The cells were processed by immunofluorescence to detect ZO-
1, following the protocol described by Velandia and colleagues
(Velandia-Romero et al., 2016). Then, the morphological changes
induced by the nanobioconjugates were evaluated. For this, 12 h
after MBEC seeding, different MNP or MNPs-PEG12-AEDP-LD/
OmpA concentrations were added (12.5, 25 and, 50 μg/mL) and
incubated for 3, 6, 12, or 24 h. As controls, PBS 1X or 0.1% or 2%
liposomes (LP) were used. Cells were fixed and stained with a crystal
violet methanol solution. Images were captured using a M2 Carl
Zeiss Axio Vert microscope (Carl-Zeiss-Stiftung, Germany) (Plan-
APOCROMAT 20X/0.8, alpha/0.17 and Plan-NEOFLJA 40X/1.3,
alpha 0.17) and processed with the aid of the Zen 2.6 pro® software.

2.6.4 Viability and cytotoxicity of
nanobioconjugates on MBEC cells

MBEC cells at a density of 3 × 104 cells/well were seeded in 96-
well plates and incubated with 12.5, 25, and 50 μg/mL of MNP or
MNPs-PEG12-AEDP-LD/OmpA for 3, 6, 12, or 24 h. Then, the
culture medium was replaced with the XTT reagent and incubated
for 2 h to finally measure the absorbance at 450 nm using a TECAN
Infinite M2000pro® (TECAN, Switzerland). Complementally, the
supernatants of the exposed MBECs were recovered from each
condition and used to evaluate the cytotoxicity of the bare
nanoparticles or nanobioconjugates using the LDH cytotoxicity
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detection kit, following the manufacturer’s instructions. After
30 min, the absorbance was measured at 490 nm using a TECAN
Infinite M2000pro® (TECAN, Switzerland). For controls, PBS 1%X
and 0.1% or 2% LPs were used.

2.6.5 Cell death evaluation of MBEC cells via
ethidium bromide

MBEC cells were exposed to the same treatments and under the
same conditions mentioned above. The supernatants were replaced
with 4 μM of Ethidium Bromide (EB) and Hoescht (0.5 μM) for
45 min at 37°C. As positive controls, cells were treated with 0.1% of
saponin in PBS 1X for 3 h, and then the EB and Hoescht were added.
Images were captured using a M2 Carl Zeiss Axio Vert microscope
(Carl-Zeiss-Stiftung, Germany) (Plan-APOCROMAT 20X/0.8,
alpha/0.17 and Plan-NEOFLJA 40X/1.3, alpha 0.17), using the
ApoTome.2 deconvolution system and processed with the aid of
the Zen 2.6 pro® software and its 3D reconstruction tool.

2.6.6 Nanobioconjugates uptake detection assay
on MBEC cells

MBEC were seeded at the same conditions previously described.
12 h after seeding, the MBEC cells were incubated at 4°C for 5 min to
decrease their metabolism and synchronize the entry of the
nanobioconjugates. Then, 50 μg of cold MNPs-PEG12-AEDP-LD/
OmpA were added to the cells and kept at this temperature for
45 min. After this time, cells were placed into the incubator at 37°C
for 30 min and finally fixed with 4% PFA. Images were captured
using a M2 Carl Zeiss Axio Vert microscope (Carl-Zeiss-Stiftung,
Germany) (Plan-APOCROMAT 20X/0.8, alpha/0.17 and Plan-
NEOFLJA 40X/1.3, alpha 0.17) and processed with the aid of the
Zen 2.6 pro® software, using the 3D tools for reconstructions.

2.6.7 Hemolysis assay
Hemolysis assay was performed using fresh human blood

obtained from a healthy donor (samples were collected under the
permission granted by the ethics committee at Universidad de los
Andes, minute number 928–2018). The erythrocytes were collected
by centrifugation at 1800 rpm for 5 min, plasma was carefully
extracted and then, erythrocytes were washed 5 times with NaCl
solution [0.9% (w/v)] and 1 time with PBS (1X). A stock was
prepared by adding 1 mL of washed erythrocytes (cellular density
of 4.1 × 106 erythrocytes/μL) into 9 mL of PBS 1X. MNPs, MNPs-
PEG12-AEDP-LD/OmpA, LPs and MLPs were then tested.
Nanobioconjugate suspensions were prepared by mixing the
different stock samples with PBS 1X at concentrations ranging
from 12.5 to 100 μg/mL. LPs and MLPs PBS 1X dispersions were
tested at a 0.1 mg/mL concentration. PBS 1X was used as negative
control and Triton X-100 [10% (v/v)] as positive control. 100 μL of
each treatment were seeded with 100 μL of the erythrocytes stock
and incubated at 37°C, 5% CO2 for 1 h. Samples were centrifuged at
1800 rpm for 5 min 100 μL of each supernatant were placed in a
96 well microplate and read at 450 nm in a microplate reader
(Multiskan™ FC Microplate Photometer, Thermo Fisher
Scientific, MA, United States). Hemolysis percentage was
calculated following the Eq. 2:

HM %( ) � 100*
Abs Sample( ) − Abs C−( )( )
Abs C+( ) − Abs C−( )( ) (2)

Where HM (%) is the hemolysis percentage of the sample, Abs
(Sample) is the absorbance of the sample, Abs (C−) is the absorbance
of the negative control (PBS 1X) and Abs (C+) is the absorbance of
the positive control (Triton X-100, 10% v/v) at 450 nm.

2.6.8 Platelet aggregation assay
Platelets were obtained from a fresh human blood sample

obtained from a healthy donor (samples were collected under the
permission granted by the ethics committee at Universidad de los
Andes, minute number 928–2018). For this, the blood sample was
collected in a vacutainer tube supplemented with sodium citrate to
avoid platelet aggregation. Then, the sample was centrifuged for
15 min at 1,000 rpm to obtain platelet rich plasma (PRP). MNPs,
MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs were tested in
serial dilutions from ranging from 100 to 12.5 μg/mL. Thrombin
(6U) was used as a positive control and PRP with PBS 1X as a
negative reference. 50 μL of PRP were seeded in a 96 well microplate
in the presence of 50 μL of the tested samples and incubated at 37°C,
5% CO2 for 5 min. Finally, the absorbance was read at 620 nm in a
microplate reader (Multiskan™ FCMicroplate Photometer, Thermo
Fisher Scientific, MA, United States). Platelet aggregation percentage
was calculated following Eq. 3:

PA %( ) � 100*
Abs Sample( )
Abs C+( ) (3)

Where PA (%) is the platelet aggregation percentage of the
sample, Abs (Sample) is the absorbance of the sample and Abs (C+)
is the absorbance of the positive control (Thrombin) at 620 nm.

2.7 FBS stability and protein adsorption assay

Serum stability experiments were performed to study the
interaction between the MNPs-PEG12-AEDP-LD/OmpA and the
different components of FBS. Briefly, 10 mg of MNPs-PEG12-
AEDP-LD/OmpA or MNPs were suspended in 5 mL of pure
FBS, FBS-type I water solution (10% v/v) and type I water, and
then, incubated at 37°C and 150 rpm for 7 days. After the incubation
time, nanoparticles were washed 3 times with NaCl solution [1.5%
(w/v)] and 3 times with type I water. The samples were lyophilized
and analyzed via TGA (SDT/Q600, TA Instruments, United States)
to determine any loss or gain in weight. Protein adsorption was
determined by the potential increase on the sample weight loss
compared with the type I water control. Serum stability of MNPs-
LD/OmpA was calculated by subtracting the associated protein
adsorption of bare MNPs from the total weight loss for MNPs-
PEG12-AEDP-LD/OmpA. If the resulting weight loss corresponds to
the total weight loss of the MNPs-PEG12-AEDP-LD/OmpA type I
water control, it will be considered that the nanobioconjugates
remain unchanged and therefore, they will be likely stable in FBS.

2.8 Cell internalization and endosomal
escape analysis

Cellular internalization and endosomal escape abilities of
MNPs-PEG12-AEDP-LD/OmpA and MLPs were determined via
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confocal microscopy analysis for SH-SY5Y, NHA, T98G and
CP3A4 cells and via fluorescence microscope imaging for BBB
endothelial cells. Briefly, cells were seeded at a density of
100.000 cells/mL in a glass slide (Treated with poly-D lysine)
previously placed in a 24-well microplate. Cells were incubated
for 24 h to allow attachment to the glass. After incubation, cells were
exposed to Rhodamine B-labeled MNPs-PEG12-AEDP-LD/OmpA
at 4 μg/mL and MLPs at 0.05 mg/mL for 30 min and 4 h. Next, cells
were washed and exposed to non-supplemented culture medium
containing Hoechst (1:1,000) and Lysotracker green DND-26 (1:
10,000) for 5 min. Images were obtained using an Olympus
FV1000 confocal laser scanning microscope (CLSM) (Olympus,
Japan) with a 40X/0.6 UCPlan FL N and 60X/1.2 w UPlanSApo
oil immersion objective. Excitation/Emission wavelengths were set
at 405 nm/461 nm, 559 nm/600 nm and 488 nm/535 nm for the
detection of nuclei, MNPs-PEG12-AEDP-LD/OmpA and
lysosomes, respectively. Finally, image analysis was performed in
ImageJ® and Fiji® to calculate colocalization and percentage of area
covered by the nanobioconjugates.

2.9 PD model: cellular response and
antioxidant characterization

2.9.1 SH-SY5Y cell PD model (PD-induced model)
A PD-induced model was achieved by employing rotenone as

the oxidative stress-induced agent following the previous described
protocol of Cifuentes and colleagues with slight modifications
(Cifuentes et al., 2021). Briefly, SH-SY5Y cells were seeded in 96-
well microplates at a cellular density of 10.000 cells/well. Cells were
incubated overnight (12 h) at 37°C, 5% CO2 under humidified
environment. Next, supplemented DMEM was discarded and
replaced with a rotenone/DMEM solution (10 μM rotenone and
1% FBS). Cells were then incubated for 24 h under the same
conditions. Then, PD-induced medium was removed and
replaced by fresh DMEM. At this point, cells were exposed to the
different treatments, namely, MNPs, MNPs-PEG12-AEDP-LD/
OmpA, LPs and MLPs, to evaluate the cytotoxicity,
mitochondrial membrane potential and intracellular ROS
production. For all the experiments, healthy cells and rotenone-

FIGURE 1
(A) Full OmpA structuremodeledwith the 8 amino-acid linker (red), the periplasmic (green) and transmembrane domains (blue) (Pymol software). (B)
Martini model of the OmpA protein: Side chains are displayed as yellow beads whereas the backbone beads are shown in pink. Membrane-Protein
System: Four OmpA proteins (yellow and pink) inserted in the neuronal membrane (green) top (C) and lateral (D) views are shown. The solvent beads are
not shown for clarity.
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induced cells were used as negative and positive controls,
respectively.

2.9.2 Cytotoxicity assay on PD-induced model
Cytotoxicity was performed by quantification of the release of

the Lactate dehydrogenase enzyme (LDH), using a commercially
available kit (Cytotoxicity Detection Kit (LDH), Roche, Basel,
Switzerland). The protocol was described in detail above on the
section Cytotoxicity assay. In brief, DMEM medium was removed
and replaced by fresh non-supplemented media containing the
different treatments. PD-induced model cells were incubated for
24 and 48 h in order to evaluate the potential cytotoxic effect of the
treatments. After the exposure time, cytotoxicity was determined
aided by the LDH assay kit, following the protocol described above
on the section Cytotoxicity assay.

2.9.3 Free radical scavenging activity: DPPH assay
Antiradical activity of MNPs and MNPs-PEG12-AEDP-LD/

OmpA was evaluated using the DPPH assay, following the
protocol reported by (Gülçin, 2007). In brief, a DPPH stock was
prepared by dissolving the reagent in pure ethanol at a final
concentration of 0.1 mM. Next, 150 μL of the treatments
(concentrations ranging from 200 to 25 μg/mL in type I water)
were added to a 96-well microplate and mixed with 50 μL of DPPH
stock solution. Then, samples were incubated under constant
stirring for 30 min. Finally, absorbance was read at 517 nm in a
microplate reader (Multiskan™ FCMicroplate Photometer, Thermo
Fisher Scientific, MA, United States) and the scavenging activity
(SA) was calculated following Eq. 4:

Inhibition %( ) � 100*
Abs Sample( ) − Abs C−( )( )

Abs C−( ) (4)

Where Abs (Sample) is the absorbance of the sample and Abs
(C−) is the absorbance of the negative control (reagent without
sample) at 517 nm.

2.9.4 Mitochondrial membrane potential
The effect of MNPs, MNPs-LD/OmpA, LPs and MLPs on the

mitochondrial membrane potential of NHA and PD-induced model
cells was evaluated using the JC-1 reagent. For this, cells (10.000 cells/
well) were seeded on black 96-well microplates and incubated overnight
at 37°C, 5% CO2. Subsequently, supplemented culture medium was
removed and replaced by non-supplemented medium containing the
different treatments. Cells were incubated for 24 h after exposure. Next,
medium was removed and JC-1 solution (2 μM) was added and
incubated at the same conditions for 30 min. Cells were washed
twice with PBS 1X and then, fluorescence was read at Excitation/
Emission wavelengths of 488/530 nm and at 488/590 nm in a
MicroMax 384 Microwell-Plate Reader (Horiba, Japan). MNPs and
MNPs-LD/OmpA were studied at concentrations ranging from 12.5 to
100 μg/mL andLPs andMLPs at a 0.1 mg/mL concentration. Finally, the
Red/Green (R/G) (monomer/aggregated forms) ratioswere calculated by
dividing the fluorescence intensity at 488/590 by that at 488/530.

2.9.5 Intracellular ROS production
The intracellular ROS production of NHA and PD-induced

model cells after exposure to MNPs, MNPs-PEG12-AEDP-LD/
OmpA, LPs and MLPs was estimated using the DCFDA/

H2DCFDA-Cellular ROS assay kit. The assay was performed
following the manufacturer instructions. For this, cells were
seeded and treated under the same conditions described
previously on the section Mitochondrial membrane potential.
After the 24 h of exposure, the medium was removed and
replaced by the DCFDA solution. Cells were then incubated for
4 h and washed two times with the kit buffer. Finally, fluorescence
was read at excitation/emission wavelengths of 485/535 nm in a
MicroMax 384 Microwell-Plate Reader (Horiba, Japan). MNPs and
MNPs-PEG12-AEDP-LD/OmpA were studied at 25 and 50 μg/mL
and LPs and MLPs at a 0.1 mg/mL concentration.

2.10 MD simulations

2.10.1 OmpA model
A model of the full structure of the OmpA protein was

developed with the aid of the X-ray crystallography structures of
the transmembrane domain [PDB id. 1QJP (Pautsch and Schulz,
2000) Figure 1A] and the periplasmic domain [PDB id. 2MQE
(Ishida et al., 2014) Figure 1A]. These two domains were connected
by a disordered linker consisting of 8 amino acids. The 3-
dimensional structure of the linker was modeled based on the
primary structure available on Uniprot and built using the
Pymol® software.

Additionally, the structure of the neuronal membrane was
obtained from a previously reported work (Ingólfsson et al.,
2017). The membrane consists of two (outer and inner)
asymmetric leaflets in which their compositions consist of a
mixture of Cholesterol, Phosphatidylcholine (PC)
Phosphatidylethanolamine (PE) phosphatidylserine (PS)
Sphingomyelin (SM) and Glycolipids (Glyco). An equilibrated
coarse-grained (CG) conformation of the membrane was solved
by explicit MARTINI, which was kindly provided by Helgi
Ingolfsson (Ingólfsson et al., 2017) (Livermore National
Laboratory, Livermore, United States).

2.10.2 Martini model and elastic network
A coarse-grained (CG) description was adopted throughout this

study to enable the simulation at sufficiently large spatial-temporal
scales. Here, CG beads represent group of atoms, and their
interactions are compressed into a potential interaction energy
function (termed force-field). The Martini CG force-field (v 2.2)
was used in this study (Monticelli et al., 2008). The atomic model of
the OmpA was converted into a CG description by treating each
amino acid as a CG bead (depending on their size and chemical
properties). This conversion was carried out with the martinize. py
script (Monticelli et al., 2008). The resulting CGmodel of the OmpA
is shown in Figure 1B.

In order to preserve the secondary and tertiary structure of the
OmpA, an elastic network was imposed, separately, on the
periplasmic and transmembrane domains. In brief, elastic
restraints were applied to all non-neighbor backbone beads
within a cut-off distance with upper and lower boundaries of
0.5 and 0.9 nm, respectively (elastic constant of 500 kJ/mol/nm2).
The elastic network was also generated with the aid of the same
Martinize script. Note that no elastic network was imposed on the
connecting linker.
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2.10.3 Membrane-protein system
For the development of the system, 4 identical copies of

OmpA were placed in an 2 × 2 arrangement, maintaining
their separation almost equal to 20 nm. They were
subsequently embedded into the solvated neuronal membrane,
yielding a simulation box of size [39.068, 39.068, 20.830] nm

(272,095 CG beads). The initial placement of the proteins and
their insertion in the membrane were achieved using the
GROMACS® packagemake index, editconf, genconf and solvate
tools (Gromacs user manual version 2018, available in http://
manual.gromacs.org/) The resulting simulation system is shown
in Figures 1C,D.

FIGURE 2
(A) Schematic representation of the chemical structure of the developed MNPs-PEG12-AEDP-LD/OmpA (Detailed version in Supplementary
Scheme S2A). (B) TGA thermograms for MNPs and MNPs-PEG12-AEDP-LD/OmpA. (C) DLS analysis for MNPs and MNPs-PEG12-AEDP-LD/OmpA. (D)
Cargo delivery spectrum forMNPs-PEG12-AEDP-LD/OmpA after treatment with DTT. (E) FTIR spectra of free LD, freeOmpA andMNPs-PEG12-AEDP-LD/
OmpA. (F) Second derivative of the FTIR spectra in the amide I band (1700–1,600 cm-1) of free OmpA (red) and immobilized OmpA (MNPs-PEG12-
AEDP-LD/OmpA, blue). (G) TEM image of MNPs-PEG12-AEDP-LD/OmpA (scale bar: 20 nm). (H) Size distribution histogram of MNPs-PEG12-AEDP-LD/
OmpA (Based on TEM images). (I) DLS analysis for LPs and MLPs. TEM images for LPs (J) and MLPs (K) (Scale bar: 500 nm).
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2.10.4 MD simulations
MD simulations were carried out with the GROMACS® MD

simulation package (version 2018.3) (Van Der Spoel et al., 2005).
Sodium and chloride ions were added to the bulk water medium at a
concentration of 0.15 M. Electrostatic calculations between beads
were considered by a reaction-field approach within a cut-off
distance of 1.1 nm. Short-range non-bonded interactions were
modeled through a Lennard-Jones potential and only considered
within a distance of 1.1 nm. The system was coupled to a V-rescale
(Bussi et al., 2007) thermostat to maintain the temperature constant
at 310 K (Coupling constant of 1.0 ps). Pressure was also maintained
constant at 1 bar by means of a semi-isotropic Parrinello-Rahman
(Parrinello and Rahman, 1981) barostat scheme (Coupling constant
of 12 ps). Bonded interactions were considered according to the CG
Martini model. To avoid large undulations of the bilayer, the head
group beads of 62% of the DPPC and 65% of the POPC lipids were
weakly position-restrained along the axis orthogonal to the
membrane (elastic constant of 2 kJ/mol/nm2). Four simulations
lasting 2.5 μs were conducted, resulting in a cumulative
simulation time of 10 µs, integrating Newton’s equations of
motion at discrete time steps of 20 fs. A relaxation of the system
of 10 ns preceded the production runs (integration time step of
10 fs). In this relaxation step, the four proteins were kept in their
original position (elastic constant of position restraints equal to
1,000 kJ/mol/nm2).

2.11 Statistical analysis

All results are reported as mean ± standard deviation. Statistical
analysis was carried out by employing Graph Pad Prism V 6.01®
software (GraphPad Software, United States). Statistical
comparisons were performed by using ANOVA followed by a
Tukey’s Multiple Comparison test. Results with a p-value ≤0.05
(*) were considered statistically different. Symbol * corresponds to
statistically significant difference with a p-value in the range of 0.01≤
p-value ≤0.05, ** to statistically significant difference with a p-value
in the range of 0.001≤ p-value <0.01, *** to p-value in the range of
0.0001≤ p-value ≤0.00 and **** to p-value <0.0001.

3 Results and discussion

3.1 Synthesis and characterization of MNPs-
PEG12-AEDP-LD/OmpA, LPs and MLPs

The chemical structure of the developed MNPs-PEG12-AEDP-
LD/OmpA nanobioconjugates is shown in Figure 2A (Detailed
version on Supplementary Scheme S2A) where it is possible to
observe imine and amide bonds formation due to the glutaraldehyde
and EDC/NHS crosslinking methods, respectively. In order to verify
the correct immobilization of LD and OmpA and the thermal
stability of the MNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates, thermal gravimetric analysis and Fourier
transform infrared spectroscopy measurements were performed.
Figure 2B shows that the thermograms of MNPs and MNPs-
PEG12-AEDP-LD/OmpA present a first weight loss of about 2.9%
and 4.1% at temperatures ranging from 65°C to 200°C, due to the loss

of physically absorbed water on the surface of the NPs. This is
following by a second weight loss of 3.7% and 7.8% from 200°C to
400°C, which might be related to residual organic and inorganic
compounds adsorbed on the NPs surface (immobilization and
synthesis reagents). The MNPs-PEG12-AEDP-LD/OmpA
thermogram presents a third weight loss of 11.3%, that can be
attributed to the detachment of the OmpA protein, LD, AEDP,
PEG12 and APTES. A step-by-step analysis allows to determine the
corresponding weight loss for each molecule. Based on this, 3.1% is
related with the functionalization (APTES), 3% with the
immobilization of PEG12, 2.3% with AEDP, 2% with LD, and
0.9% with the detachment of the OmpA protein. The developed
nanobioconjugate shows a high thermal stability below 400°C, that
confirms its safeness at physiological temperatures. On the other
hand, Figure 2E shows the FTIR spectra of free LD, free OmpA and
MNPs-PEG12-AEDP-LD/OmpA. The FTIR spectrum ofMNPs-LD/
OmpA shows multiple peaks associated with characteristic bands of
LD at 1,526, 1,395, 1,250, 1,063 and 678 cm-1 (Tan et al., 2015). The
bands between 1,250 and 678 cm-1 can be assigned to C-H aromatic
stretching and the peaks at 1,526 and 1,395 cm-1 correspond to the
aromatic rings (Tan et al., 2015). The peak at 1,113 cm-1 is assigned
to the Si–O groups, confirming the correct silanization (Yamaura
et al., 2004; Can et al., 2009). The strong band at 1,640 cm-1 is due to
the C=O stretching vibration (Amide I). This corroborates the
successful conjugation of the OmpA protein (Lopez-Barbosa
et al., 2019).

The size of nanoparticles is one of the most important
parameters for the development of successful biomedical
applications and particularly in the field of drug delivery due to
its close relation with cell viability, magnetic properties, effective
cellular uptake, cluster formation, thrombogenesis and prolonged
blood circulation times for effective bioavailability (Gupta and
Gupta, 2005; Kim et al., 2012; Mou et al., 2015). Due to this,
nanobioconjugates size was studied through TEM imaging and
DLS measurements. Figure 2C shows the DLS spectra of MNPs
and MNPs-PEG12-AEDP-LD/OmpA. MNPs showed an average
hydrodynamic diameter of about 94.8 ± 42.5 nm while that of
the MNPs-PEG12-AEDP-LD/OmpA showed an average of about
147.3 ± 51.1 nm. TEM images of MNPs-PEG12-AEDP-LD/OmpA
showed an average size of 10.1 ± 2.1 nm whereas that of the MNPs
present an average of 8.4 ± 1.6 nm. A representative TEM
micrograph and the corresponding size distribution histogram of
MNPs-PEG12-AEDP-LD/OmpA are presented in Figures 2G,H,
respectively. Discrepancy between TEM and DLS measurements
is attributed to the presence of highly agglomerated clusters of NPs
in aqueous solutions. As a result of these clusters, high
hydrodynamic diameters are recorded in DLS compared to the
individual particle diameters that can be obtained through TEM
imaging. Additionally, the difference between the average size of
uncoated MNP and the developed MNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates is attributed to the surface modification
(functionalization and immobilization of PEG12, AEDP, LD and
OmpA). TEM images showed MNPs as dense aggregates due to the
lack of any repulsive force between the NPs and the hydrophobic
interactions responsible for large clusters (Gupta and Gupta, 2005;
Can et al., 2009). Nevertheless, TEM images of MNPs-PEG12-
AEDP-LD/OmpA showed less aggregates and high dispersity
than uncoated MNPs, which could be due to the electrostatic
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repulsion force and steric hindrance between the OmpA molecules
immobilized on the surface of the MNPs (Gupta and Gupta, 2005;
Can et al., 2009; Jiang et al., 2014). Previous research has reported a
strong relation between the size and the potential body response,
which in turn might influence the systemic circulation time of the
NPs (Duguet et al., 2006; Shubayev et al., 2009; Kim et al., 2012).
According to these studies, NPs with an average diameter above
200 nm are usually sequestered by the reticuloendothelial system
(RES) of the spleen and liver via mechanical filtration followed by
phagocytosis, while those with average diameter below 10 nm are
mostly removed through renal clearance (Gupta and Gupta, 2005;
Shubayev et al., 2009; Kim et al., 2012). This suggests that based on
the average diameter of the manufactured MNPs-PEG12-AEDP-LD/
OmpA nanobioconjugates are likely to escape renal clearance and
RES and therefore, could be administered intravenously as they may
have prolonged circulation times and consequently, an increased
bioavailability (Gupta and Gupta, 2005; Shubayev et al., 2009).
Additionally, diameters of LPs and MLPs were also studied
through DLS and TEM. Figure 2I shows the DLS spectra and
Figures 2J,K present the TEM images for LPs and MLPs,
respectively. LPs showed a hydrodynamic diameter of 208.1 ±
30.2 nm, while that of MLPs was 480.8 ± 25.3 nm. In contrast,
their diameters based on TEM images approached 108.6 ± 11 nm
and 450 ± 135 nm. These results confirm a significant increase on
the LPs’ diameter after NPs uptake. This can be explained by the
MLPs synthesis protocol in which mechanical forces are applied to
increase interactions between NPs and MLPs, resulting in fusion
membrane events and therefore, in larger liposomes. In addition,

Supplementary Figure S1 shows Z-potential measurements, time
stability and encapsulation efficiency determination for LPs and
MLPs. LPs presented an average Z-potential of −30.6 mV, while
MLPs −39.9 mV (Supplementary Figure S1A). The obtained surface
charges agree well with previously reported values (Leal et al., 2022;
Montiel Schneider et al., 2022). These results imply that endocytic
pathways are the main internalization routes for these vehicles.
Specifically, several studies have suggested macropinocytosis,
clathrin-dependent, and caveolin-dependent endocytosis as the
most prevalent routes (Rueda-Gensini et al., 2020). Additionally,
the average encapsulation efficiency was found to be 72%, and the
short-time stability was acceptable (LPs: average size increment of
9.1% and MLPs: 26.8%) after 15 days (Supplementary Figures S1B,
S1C). These results are consistent with previous reports, suggesting
non-significant effects on cellular biocompatibility and performance
(Choi et al., 2019; Ramírez-Acosta et al., 2020; Torres et al., 2022).
Recent studies have shown that additional chemical modifications,
such as PEGylation can significantly improve the time stability of LP
and MLPs (Torres et al., 2022). Therefore, future research should
focus on enhancing the performance of the vehicles by increasing the
time stability and improving the methods for MLPs synthesis.

3.2 Secondary structure analysis of OmpA

The second derivative analysis of the FTIR spectra in the amide I
band was carried out to study the potential secondary structural
changes of OmpA after the immobilization. This analysis is crucial

FIGURE 3
Cytotoxicity assay of MNPs, MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs as tested by LDH assay. Triton X-100 (10% v/v) and DMEMmedium were
used as positive and negative controls, respectively. SH-SY5Y cells after 24 h (A) and 48 h of exposure (B). NHA cells after 24 h (C) and 48 h of
exposure (D).
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to determine potential functionality changes associated with
alterations in secondary structural features. Figure 2F shows the
second derivative amide I spectra for free OmpA (red) and
immobilized OmpA (i.e., on the MNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates, Blue). Free OmpA spectrum showed peaks at
1,695, 1,689, 1,643, 1,639, 1,635, 1,631 and 1,623 cm-1, which
correspond to β-sheets. Also, at 1,684, 1,680 and 1,676 cm-1,
which correspond to β-Turns. Additionally, at 1,666 and
1,661 cm-1, which correspond to 310Helices. And finally, at
1,656 cm-1, which corresponds to α-Helices and 1,650 and
1,648 cm-1 that correspond to random coils (Kong and Yu, 2007).
These results agree well with previous studies of the OmpA’s
secondary structure (Vogel and Jähnig, 1986; Sugawara et al.,
1996; Danoff and Fleming, 2011). Because after immobilization,
most of the peaks remained at the same wavenumber, no significant
structural changes were observed. However, the band at
1,623 shifted to 1,625 cm-1, that at 1,676 shifted to 1,674 cm-1, the
one at 1,666 shifted to 1,664 cm-1 and the 1,656 cm-1 peak is not
present in the OmpA spectrum after immobilization. Further, the
presence of a strong peak at 1,650 cm-1 suggests an increase in the
number of random coils in the structure of the immobilized OmpA.
The most relevant secondary structural alterations are related with
changes in α-Helical, 310Helical and random coils contents.
However, negligible changes were detected in the transmembrane
β-barrel domain, suggesting no critical changes in immobilized
OmpA functionality with respect to the native state (Lopez-
Barbosa et al., 2019).

3.3 Nanobioconjugates uptake on liposomes
and THP-1 cells

Uptake experiments were carried out to determine the
concentration of nanobioconjugates needed for complete saturation
of a specific population of LPs and THP-1 cells. Supplementary Figure
S5 presents the corresponding results for the uptake analysis on LPs
and THP-1 cells. Results clearly show saturation for both LPs and
THP-1 cells after treatment with the nanobioconjugates at a
concentration of 250 μg/mL. An uptake level above 75% was
achieved on THP-1 cells with nanobioconjugates at a
concentration of 100 μg/mL, which is the maximum concentration
evaluated in this work. Importantly, lower concentrations of
nanobioconjugates (below 125 μg/mL) achieved uptake efficiencies
of around 20%–60% in cells, whereas those in LPs (at the same
concentrations) reached up to 90%. This can be attributed to size and
the complexity in the lipid composition of the membranes. Based on
these findings, it is possible to conclude that although LPs are highly
used models of the cell membrane, its complexity is far to be optimal
for the study of internalization dynamics. However, it is a good
starting point for rapidly evaluating novel cell-translocating molecules
and cell-penetrating nano-systems. Additionally, it is important to
highlight that these results confirm association between NPs and
liposomes/cells. This association can be related to complete
internalization or to interactions between NPs and membranes
(NPs could be struck on the surface). Therefore, additional
experiments need to be performed in order to elucidate the
internalization capacities of NPs (See section 3.7. Cell
internalization and endosomal escape analysis).

3.4 In vitro LD release: redox environment

Quantification of the released LD after exposure to redox
environment was determined to corroborate the correct design
and functionality of MNPs-PEG12-AEDP-LD/OmpA
nanobioconjugates. Figure 2D shows the LD delivery percentage
after different exposure times to the reducing agent DTT. Release
kinetics revealed an initial linear and rapid LD delivery during the
first 2 h, reaching a delivery percentage above 50% of the total
released LD. After this rapid release, the rate decreased significantly,
showing a logarithmic tendency that led to a maximum LD release
after 8 h. There were no statistically significant differences in the
total cargo delivery percentage after 8, 24 and 48 h. These delivery
behavior contrasts with previous works, in which the release rate is
lower during the first hours and reaches a maximum after 24 h
(Adamo et al., 2017; Hettiarachchi et al., 2021). These results might
be explained by the total amount of redox agent employed,
suggesting that the higher DTT concentration used, the higher
the release rates. In addition, the design and components of
vehicles can also impact the release rates of cargos. As a result,
the associated steric impediments and spatial distribution of
components can generate slower release rates. Finally, results
confirmed the correct delivery of LD and therefore, the potential
of the developed nanovehicle as a redox-stimuli responsive platform
for drug delivery.

3.5 Biocompatibility studies and cellular
response analysis

To obtain a first insight into the potential of the developed
nanovehicle for the treatment of PD as a delivery system for
intravenous administration, biocompatibility tests were carried
out, including cytocompatibility in T98G, SH-SY5Y, NHA,
CP3A4 and MBEC cell lines, hemolysis and platelet aggregation.
Figure 3; Supplementary Figure S2 show the cytotoxic effects of
MNP, MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs on the
different cell lines. Figure 3 shows the results for SH-SY5Y
(Figures 3A,B) and NHA cells (Figures 3C,D) after 24 and 48 h
of exposure. Additionally, Supplementary Figure S2 presents the
results for T98G (Supplementary Figure S2A, S2B), and CP3A4 cells
(Supplementary Figure S2C, S2D) after 24 and 48 h of exposure. The
results showed high biocompatibility (cell viability above 80%) for
MNP, MNPs-PEG12-AEDP-LD/OmpA and LPs even after 48 h.
These results are easily explained due to the superior
biocompatibility reported for the MNPs (Shundo et al., 2012),
liposomes (Nguyen et al., 2017), LD (at concentrations below
40 μM) (Lai and Yu, 1997) and OmpA-based nanostructured
vehicles (Lopez-Barbosa et al., 2019). Nevertheless, the obtained
results for the MLPs showed a marked decrease on the
biocompatibility of T98G and NHA cells, and a very subtle one
for CP3A4 cells. This can be associated with the enhanced
translocation capacity of LPs that led to a significant increase in
internalized nanobioconjugates and consequently, in the
cytotoxicity. This may be reflected in an increase in
bioavailability in vivo and therefore in a decrease in the
nanobioconjugates dosage required for an optimal therapeutic
effect. Importantly, MLPs did not lead to a significant reduction
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on the viability of SH-SY5Y cells. This can be explained by looking at
the physiological functions of astrocytes and their high susceptibility
to environmental changes, as has been exemplified for the toxin
removal role in neuroprotection mechanisms (Sidoryk-
Wegrzynowicz et al., 2011). In this regard, due to the natural
ability of astrocytes to remove toxins, it seems to be easier to
translocate astrocytes than neurons, which have more highly
selective membranes (Chen et al., 2020).

On the other hand, the impact of the nanobioconjugates on the
viability and morphology of MBEC cells was also tested. To
determine morphological changes, MBEC were evaluated by IFI
to assess whether a confluent monolayer was established as
measured by the expression of ZO-1 on the plasma membrane
(Supplementary Figure S3, top panel). Then, the potential
morphological effects of MNPs and MNPs-PEG12-AEDP-LD/
OmpA on the cell monolayer were evaluated. At 24 h, an
accumulation of nanobioconjugates (black spots) was observed

on the monolayer at the highest evaluated concentration (50 μg/
mL) (Supplementary Figure S3, bottom panel) without affecting the
integrity of the cells. On the contrary, when the MBECs were
exposed to the highest concentration of LPs (2%), they suffered
irreversible morphological damage, evident in the detachment and
alteration in the continuity of the monolayer (Supplementary Figure
S3, middle panel). Meanwhile, 0.1% of LPs led to no apparent
damage at any evaluated time (Supplementary Figure S3).

These findings were confirmed by evaluating cell viability and
cytotoxicity using XTT and LDH release assays, respectively. The
XTT assay showed that the viability of cells exposed to MNP or
MNPs-PEG12-AEDP-LD/OmpA nanobioconjugates remained
above 95% for all times and concentrations evaluated. On the
contrary, at 12 and 24 h, a non-significant increase in the
metabolism of the exposed cells was observed (p > 0.05)
(Figure 4A). When evaluating cytotoxicity, it was found that at
24 h, the cells treated with bare MNPs at 25 and 50 μg/mL showed

FIGURE 4
Cell viability and cytotoxicity assays of MNPs, MNPs-PEG12-AEDP-LD/OmpA in MBEC cells. (A) XTT measurements of cell viability and LDH
measurements of cytotoxicity at different exposure times and nanobioconjugates concentrations. (B) Fluorescence microscopy images for cell death as
assessed by EB and Hoescht nuclear stains (Scale bar: 50 μm). Saponin (1%) was used as a positive control.
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an increase of 2% and 6% in the release of LDH, respectively.
Interestingly, MNPs-PEG12-AEDP-LD/OmpA at 24 h caused a 1%
increase in cytotoxicity for cells exposed to the highest
nanobioconjugates concentration (50 μg/mL) (p < 0.05)
(Figure 4A). These results suggest that the nanobioconjugates
failed to induce observable metabolic changes or reduce cell
survival after the first 24 h. The low cytotoxicity observed was
confirmed morphologically using EB and Hoescht nuclear stains
(Figure 4B).

Additionally, MNPs-PEG12-AEDP-LD/OmpA uptake on
MBEC cells was also studied to determine the ability of OmpA
to effectively translocate cells without permanent membrane
damage. The translocating properties of the nanobioconjugates
were evaluated at 37oC and 4°C to determine the potential energy
dependency on the nanobioconjugates internalization
mechanism. The obtained results showed that at 4°C, most of
the MNPs-PEG12-AEDP-LD/OmpA accumulated on the cell
surface, and only some managed to come across the cell
membrane (Supplementary Figure S4). In contrast, when the
cells were incubated at 37°C, the nanoparticles entered and
accumulated in close proximity to the nucleus (Supplementary
Figure S4). These results suggest that the internalization of
MNPs-PEG12-AEDP-LD/OmpA takes place by different
internalization routes, highlighting energy dependent
endocytic pathways as the main route.

Figure 5 shows the hemolytic activity (Figure 5A) and the
platelet aggregation effect (Figure 5B) of MNP, MNPs-PEG12-
AEDP-LD/OmpA, LPs and MLPs. The results demonstrated an
average hemolytic activity below 1% for all the treatments.
Furthermore, all the treatments showed no significant platelet
aggregation compared with the PBS 1X. This suggests no
thrombogenic risk and confirms the potential nanovehicle
delivery intravenously. According with the ISO standard 10,993:
2009, the obtained results confirm the high hemocompatibility of
the developed nanovehicles. These results in conjunction with the
high cytocompatibility in a broad variety of cell lines make the
developed vehicle a promising drug delivery system for potential
applications in the treatment of PD.

3.6 FBS stability and protein adsorption assay

Due to the presence of redox agents in blood serum (such as
glutathione) as well as thousands of proteins and molecules that can
interact and affect the integrity and properties of the nanovehicles, it
is crucial to evaluate their stability and performance under
conditions that emulate those observed physiologically. Based on
this, stability of MNPs-PEG12-AEDP-LD/OmpA were determined
via TGA after exposure to FBS solutions (0%, 10% and 100%) for
7 days (Supplementary Figure S6A). Results showed no statistically
significant differences between the weight loss percentages of FBS-
exposed MNPs-PEG12-AEDP-LD/OmpA with respect to water
dispersed MNPs-PEG12-AEDP-LD/OmpA. This suggests that
after exposure to FBS, MNPs-MNPs-PEG12-AEDP-LD/OmpA
maintain their integrity and avoid the premature release of LD
before reaching the action site.

On the other hand, after the exposure time, MNPs and MNPs-
PEG12-AEDP-LD/OmpA presented an increase on the weight loss
percentage (Supplementary Figure S6B), which can be attributed to
serum proteins adsorption. Serum protein deposition plays a
fundamental role in the development of drug delivery systems
due to the enormous number of proteins present in the blood
stream that can completely alter the properties of nanovehicles.
This outer layer of serum proteins, commonly called protein corona,
directly affect highly relevant factors such as, toxicity, cell uptake,
circulation time and clearance, inflammatory responses, organ
targeting and biodistribution (Karmali and Simberg, 2011; Chen
et al., 2017). The positive or negative effects of this protein corona on
the properties of nanovehicles are strongly associated with the type
of protein that is adsorbed on the surface. For example, the presence
of albumin on protein corona (Desai et al., 2006) as well as surface
adsorption of hyaluronan-binding serum proteins (Walkey et al.,
2014) has demonstrated a significant increase on cellular uptake for
some nanomaterials and targeted cells. Additionally, some have
reported that protein corona confers remarkable biocompatibility to
highly toxic nanoparticles such as gold and silver (Chen et al., 2017).
Moreover, some plasma IgG and complement components such as
C1q and C3b (iC3b) had led to reduced circulation time by

FIGURE 5
(A) Hemolytic effect of MNPs, MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs. Triton X-100 (10% v/v) and PBS 1X were used as positive and negative
controls, respectively. (B) Platelet aggregation of MNPs, MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs. Thrombin and PBS 1X were used as positive and
negative controls, respectively.
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FIGURE 6
Confocal images for cell internalization and endosomal escape analysis of Rhodamine-B labeled MNPs-PEG12-AEDP-LD/OmpA and MLPs in SH-
SY5Y and NHA cells at 0.5 and 4 h of exposure. Images were recorded using ×60 magnification and zoom images were obtained by using digital zoom
on ×60magnification images. The scale bars correspond to 100 μm for 60x images and 30 μm for zoom images. In bothmerge and zoom images, yellow
zones point to high colocalization between red and green channels, indicating lysosomal entrapment. In contrast, the presence of non-colocalized
red zones suggest endosomal escape.
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increasing the uptake on macrophages and therefore, the clarence of
NPs (Karmali and Simberg, 2011). In contrast, adsorption of
dysopsonins, including albumin and CD47 showed a significant
increase in bloodstream circulation time (Chen et al., 2017). In
summary, the adsorption of serum proteins might alter the
performance of the obtained nanovehicles, and it is therefore
crucial to identify the adsorbed proteins and characterize them
thoroughly after long-term exposure to whole blood in future work.

3.7 Cell internalization and endosomal
escape analysis

A detailed study of cell internalization and endosomal escape
abilities was performed to confirm the translocating potential of
MNPs-PEG12-AEDP-LD/OmpA andMLPs on different cell lines by
using confocal microscopy analysis. Figure 6 and Supplementary
Figure S7 show the resulting images for the analysis on SH-SY5Y/
NHA cells and T98G/CP3A4 cells, respectively. The presence of a
strong red channel signal into the intracellular space confirms the
internalization of both MNPs-PEG12-AEDP-LD/OmpA and MLPs
on the different cell lines. Additionally, the presence of zones of high
colocalization (yellow zones in merge images) suggest lysosomal
entrapment for a significant portion of internalized
nanobioconjugates. These findings support the notion that the
internalization process is likely to mainly proceed by the
endocytic pathway. However, further studies are needed to gather
sufficient information to corroborate this hypothesis (Lopez-
Barbosa et al., 2019). Furthermore, Figure 7A presents the
quantitative results for colocalization on the different cells lines
after 30 min and 4 h of exposure to both treatments. The PCC values
for the MNPs-PEG12-AEDP-LD/OmpA nanobioconjugates reached
0.797 at 30 min and 0.764 at 4 h in SH-SY5Y, 0.833 and 0.818 in
NHA, 0.779 and 0.759 in CP3A4 and 0.720 and 0.734 in T98G cells.
These results showed a decrease on the PCC values after 4 h,
tendency that can suggest endosomal escape (Smith et al., 2019).
Moreover, it can be suggested that the predominant endosomal
escape mechanisms are direct translocation and destabilization

dynamics as these abilities might be conferred by the OmpA and
the polymer, respectively (Lopez-Barbosa et al., 2020; Rueda-
Gensini et al., 2020).

On the other hand, MLPs favored significant endosomal escape
as well as a notable increase on internalization performance. This
can be attributed to additional internalization mechanisms
conferred by LPs, namely, membrane fusion and alternative
endocytic routes (Miller et al., 1998; Dutta et al., 2011).
Membrane fusion contributes to the internalization efficacy by
destabilizing the cell membrane through interactions with the
positive charges of the choline substructure of soy lecithin, thus
allowing the direct release of nanobioconjugates into the cytoplasm
(Brooksbank et al., 1993; Dutta et al., 2011).

Previous studies have also reported an increase on endosomal
escape mediated by membrane fusion (Rueda-Gensini et al., 2020).
This can explain the statistically significant decrease in
colocalization after 4 h of exposure for delivery assisted by MLPs.
In addition, Figure 7B presents the percentage of covered area for
both treatments on the different cell lines at 30 min and 4 h. Results
clearly showed percentage of covered areas above 98% for all the
tested treatments, confirming the potential of the manufactured
nanovehicles as high-performance drug delivery systems. The
versatility of these nanovehicles was also evaluated on BBB
endothelial cells as a preliminary exploration prior to analysis on
in vitro models of the BBB. Supplementary Figure S8 shows the
results for this cell line, confirming high internalization and an
efficient endosomal escape. Finally, low structural damage of cell
membranes and absence of nuclei fragmentation and negligible
chromatin condensation confirmed the high biocompatibility of
the nanobioconjugates (Crowley et al., 2016; Jeon et al., 2019).
Although promising results were obtained in the internalization
experiments, endosomal escape abilities can be substantially
improved. In consequence, future research would be focused on
improve the performance by adding different components that can
contribute to promoting additional endosomal escape mechanisms.
Among these, it is possible to highlight the use of photothermal
transduction agents, photosensitizers and fusogenic lipids (Rueda-
Gensini et al., 2020).

FIGURE 7
Pearson Correlation Coefficient (PCC) and percentage of intracellular area covered by Rhodamine-B labeled MNPs-PEG12-AEDP-LD/OmpA and
MLPs after 0.5 and 4 h of exposure in SH-SY5Y, NHA, CP3A4 and T98G cells. (A) PCC for MNPs-PEG12-AEDP-LD/OmpA and MLPs in different cell lines.
(B) Covered area percentage for MNPs-PEG12-AEDP-LD/OmpA and MLPs in different cell lines. Higher PCC values indicate greater correlation between
the red (RhB labeled MNPs-PEG12-AEDP-LD/OmpA) and the green (Lysotracker green) channels, suggesting potential lysosomal entrapment.
Symbol * corresponds to statistically significant difference with a p-value in the range of 0.01≤ p-value ≤0.05 and **** to p-value <0.0001.
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3.8 Parkinson’s disease model: cellular
response and antioxidant characterization

The developed nanovehicles demonstrated high
biocompatibility, remarkable internalization rates, and acceptable
endosomal escape. However, it is well known that PD drastically
impacts cell physiology, potentially changing the response of cells to
exogeneous materials. Based on that, an in vitro Parkinson’s Disease

model was established to test the nanobioconjugates by exposing
healthy SH-SY5Y cells to rotenone for simulating the typical
pathophysiological mitochondrial dysfunction and oxidative
stress of the disease. Figure 8 shows the cytocompatibility results
on the PD model for MNPs, MNPs-PEG12-AEDP-LD/OmpA, LPs
and MLPs. Exposure to rotenone significantly decrease cell viability
with respect to healthy cells, which agrees well with previous reports
(Cifuentes et al., 2021). Interestingly, none of the treatments

FIGURE 8
Cytotoxicity assay (LDH) of MNPs, MNPs-PEG12-AEDP-LD/OmpA, LPs and MLPs in the SH-SY5Y PDmodel. PD induced SH-SY5Y cells after 24 h (A)
and 48 h of exposure (B).

FIGURE 9
Mitochondrial membrane potential and intracellular ROS for PD induced SH-SY5Y (A, B) and NHA cells (C, D). Statistical analysis was performed by
comparing the different treatments to the rotenone control for SH-SY5Y cells, and to the AGM medium for NHA cells. Symbol * corresponds to
statistically significant difference with a p-value in the range of 0.01≤ p-value ≤0.05, ** to statistically significant difference with a p-value in the range of
0.001≤ p-value <0.01 and *** to p-value in the range of 0.0001≤ p-value ≤0.00.
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negatively impacted cell viability, confirming high biocompatibility,
even at highest concentrations. However, previous reports on long-
term cytotoxicity for MNPs-based materials have shown negative
results (Coccini et al., 2017). Therefore, future work will include
long-term cytotoxicity analysis in vitro to evaluate the performance
of the nanobioconjugates in more challenging and accurate
environments.

A preliminary study of the antioxidant potential of the
nanobioconjugates was performed via DPPH. Supplementary
Figure S9 shows the radical scavenging abilities of MNPs and
MNPs-PEG12-AEDP-LD/OmpA. Results indicate a low activity
for MNPs, confirming previously reported works (Shah et al.,
2022). In contrast, MNPs-PEG12-AEDP-LD/OmpA presented a
remarkable antioxidant activity, reaching an inhibition percentage
of around 40% at 100 μg/mL. This activity can be attributed to LD,
that has been reported as a versatile antioxidant agent (Gülçin, 2007;
Colamartino et al., 2015).

Additionally, the impact of MNPs, MNPs-PEG12-AEDP-LD/
OmpA, LPs and MLPs on the mitochondrial function and
intracellular ROS generation in the PD model (Figures 9A,B) and
NHA cells (Figures 9C,D) was evaluated. The results indicate a
negligible impact of MNPs-PEG12-AEDP-LD/OmpA on the
mitochondrial membrane potential and intracellular ROS
generation for both cell lines. In contrast, bare MNPs negatively
affect the intracellular ROS generation in the PD model at a
concentration of 50 μg/mL. This was not surprising considering
previous investigations that have shown a strong correlation

between bare MNPs and neurotoxicity through different
mechanisms, including iron ions accumulation, mitochondrial
dysfunction and oxidative stress (Zhang et al., 2016; Paunovic
et al., 2020). Nevertheless, the remarkable performance of MNPs-
PEG12-AEDP-LD/OmpA and MLPs can be explained by the
multifunctional surface functionalization that likely avoids or
slows the release of iron ions, thus leading to a minimum impact
on iron metabolism (Zhang et al., 2016).

3.9 MD simulations

Finally, MD simulations were performed to understand the
behavior of OmpA upon interaction with cellular membranes in
an attempt to gain a deeper understanding of the mechanisms by
which OmpA translocates such membranes. For this, the
displacement of the proteins in the xy-plane (parallel to the
membrane) was calculated for the four OmpA copies. The four
protein molecules described random Brownian motion, which
corresponds to the lateral diffusion of each molecule independent
from each other. As expected, due to the equilibrium conditions, no
net positional drift was observed. The mean square lateral
displacement ΔX2 was also extracted from the simulations. From
the slope of the curve (ΔX2) vs. time, the lateral diffusion coefficient
of the protein was estimated to be D = 5.260 μm2/s, which is almost
10-fold less than the one found in vitro by Ferrage et al. for the
transmembrane domain (Ferrage et al., 2004).

FIGURE 10
Tilt angles of OmpA molecules for different copies of the protein embedded in the same system. On the left (A, C), the initial conformation of the
protein is showed, and its angle relative to the normal of the membrane at 0 μs. On the right (B, D), the conformations of the proteins and their angles at
2.5 μs are shown.
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We also examined the tilt angle of the periplasmic domain with
respect to the angle normal to the membrane (z-axis). In most of the
cases (11 out of 16) the tilt angle fluctuated between values from 0o
to 60° (Figure 10). In three of the remaining cases, the periplasmic
domains adopted an intermediate tilted conformation of 70°

(Orange, red, and green curves in Figure 10). For the remaining
two cases, two extreme tilted orientations (angles around 100o) were
observed (red in Figure 10).

Regarding the localization of phospholipids around OmpA, the
considered membrane contains a broad mixture of different types
of phospholipids (15 different species). We monitored which of
them came in proximity to both the periplasmic and the
transmembrane portions of the OmpA. We quantified the time-
averaged fraction of phospholipids coming in contact with the
protein. From cumulative histograms, we quantified how many of
the total number of phospholipids had a fraction in contact with
the protein domains (periplasmic in Supplementary Figure S10 or
transmembrane in Supplementary Figure S11). Accordingly, an
increased localization was manifested in large populations with an
elevated fraction in contact. Our analysis revealed a broad pattern
of phospholipid-protein interactions in which each group varies its
propensity to be in contact with the OmpA, and also depending on
which domain of the protein they are binding to. The PODG, a
derivative of diacylglycerol and POG3 of glycolipids GM1 showed
the highest number of contacts with the periplasmic domain
(fraction in contact larger than 0.2 for 60% of the population).
Phosphatidylinositol phosphates (PIPs), Phosphatidylinositol (PI)
and phosphatidic acid (PA) and phosphatidylserine presented a
fair number of contacts with the transmembrane domain of the
protein, while they established zero contacts with the periplasmic
domain (compare second row of Supplementary Figure S10 with
that of Supplementary Figure S11). Furthermore, the POG3 was
found to have a greater contact with the periplasmic domain than
with the transmembrane domain of the protein (Compare
POPG3 of Supplementary Figure S10, S11). Cholesterol
(CHOL), which is the more abundant lipid in the membrane by
number of molecules, showed almost no interaction with the
protein, neither with its transmembrane nor with its
periplasmic domain. A similar situation was observed for the
molecules belonging to the sphingomyelin and
phosphatidylcholine families.

In the case Cerebrosides, one of the groups that is found in
higher quantities at the neuronal membrane, interactions with
the periplasmic domain were more frequent than with the
transmembrane domain (compare middle panel of the fourth
row in Supplementary Figure S10, S11). As cerebrosides are not
present in the normal lipidic environment of the OmpA, the fact
that they have increased interactions with the OmpA
periplasmic side suggests that these lipids are likely to provide
compensatory interactions for the protein when located in a
non-native environment, which is a neuronal membrane in
this case.

4 Conclusion

Here, we developed a novel multifunctional magnetic and
redox-stimuli responsive drug delivery system, based on the

combination of soy lecithin liposomes with magnetite
nanoparticles functionalized with the high-performance
translocating protein OmpA. Throughout this study, we
characterized the impact of this vehicle on a broad variety of
cell lines, including neuroblastoma, glioblastoma, primary human
and rat astrocytes, blood brain barrier rat endothelial cells,
primary mice microvascular endothelial cells and PD-induced
SH-SY5Y cells. Multifunctional magnetoliposomes demonstrated
remarkable biocompatibility in terms of hemocompatibility,
platelet aggregation, cytocompatibility and negligible impact
on mitochondrial function and intracellular ROS production.
Additionally, its versatility for Levodopa delivery, enhanced
serum stability, notable cell internalization capacities and
acceptable endosomal escape abilities make it a suitable and
promising technology for the potential treatment of PD. MD
simulations were employed to elucidate the underlying
translocating mechanism of OmpA, showing key findings
regarding specific interactions with phospholipids that might
be useful for the design of next-generation drug delivery
nanovehicles based on amphipathic proteins and peptides.
Finally, future investigations should focus on characterize the
protein corona in detail along with its impact on the performance
of the nanovehicle. Moreover, internalization routes must be
carefully investigated as well as the stability and functionality
of this technology on more complex systemic environments such
as animal models and multicellular in vitro models. In addition,
by incorporating components that strongly improve endosomal
escape abilities, such as photothermal transduction agents,
photosensitizers and fusogenic lipids, it might be possible to
improve the cell-penetrating performance both in vitro and
in vivo.
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