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ion of the adsorption of cell
signaling pathway proteins ovalbumin, glutathione,
LC3, TLR4, ASC PYCARD, PI3K and NF-Kb on 7.0 nm
gold nanoparticles: obtaining their Lennard-Jones-
like potentials through docking and molecular
mechanics

Monique M. Coelho, ch Eveline M. Bezerra, *a Roner F. da Costa, ab Érika C. de
Alvarenga, c Valder N. Freire, d Cláudia R. Carvalho, cg Claudia Pessoa,e

Eudenilson L. Albuquerque f and Raquel A. Costac

The impact of vaccination on theworld's population is difficult to calculate. For developing different types of

vaccines, adjuvants are substances added to vaccines to increase the magnitude and durability of the

immune response and the effectiveness of the vaccine. This work explores the potential use of spherical

gold nanoparticles (AuNPs) as adjuvants. Thus, we employed docking techniques and molecular

mechanics to describe how a AuNP 7.0 nm in diameter interacts with cell signaling pathway proteins.

Initially, we used X-ray crystallization data of the proteins ovalbumin, glutathione, LC3, TLR4, ASC

PYCARD, PI3K, and NF-Kb to study the adsorption with an AuNP through molecular docking. Therefore,

interaction energies were obtained for the AuNP complexes and individual proteins, as well as the AuNP

and OVA complex (AuNP@OVA) with each cellular protein, respectively. Results showed that AuNPs had

the highest affinity for OVA individually, followed by glutathione, ASC PYCARD domain, LC3, PI3K, NF-Kb,

and TLR4. Furthermore, when evaluating the AuNP@OVA complex, glutathione showed a greater affinity

with more potent interaction energy when compared to the other studied systems.
1 Introduction

It is difficult to estimate the importance of vaccination in the
health of the world's populations; in the COVID-19 pandemic,
the impact of vaccination was evident aer the reduction in
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mortality. There are several ways to protect yourself from
diseases, one of which is vaccination, which remains necessary
to prevent endemics and pandemics. Over time, scientic
research has led to the development of many different types of
vaccines, and new technologies have emerged. One of these
advances was using adjuvants, compounds used to increase the
intensity and duration of the protective effect caused by
administering some prophylactic or therapeutic substance,
such as vaccines.1 Currently, ve different adjuvants constitute
licensed vaccines; however, the mechanisms by which these
adjuvants work remain only partially understood. Aluminum
hydroxide is the most used adjuvant. However, research has
directed interest to new components that can improve the
efficacy and safety of vaccines.2 Especially aer the 2020
pandemic, the search for new effective and viable adjuvants
proved very important. In this sense, nanoparticles gained great
prominence because these nanostructures can alter cellular
activity, for example, by increasing the production of specic
antibodies.3,4 In addition, nanomaterials with different sizes,
shapes, and surface charges can have distinct effects, such as
changes in bioavailability, transport, fate, uptake, and cell
activation.5–7 Gold nanoparticles (AuNPs) have been used as
RSC Adv., 2023, 13, 35493–35499 | 35493

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06180a&domain=pdf&date_stamp=2023-12-05
http://orcid.org/0000-0002-5103-2227
http://orcid.org/0000-0002-2210-0526
http://orcid.org/0000-0002-1866-9330
http://orcid.org/0000-0002-9480-9761
http://orcid.org/0000-0001-7867-3908
http://orcid.org/0000-0002-0385-8649
http://orcid.org/0000-0002-1022-1048
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06180a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013050


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:5

3:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adjuvants in some recent research and are an area of develop-
ment in immunology applications.8,9 Studies suggest that
AuNPs can enhance B cell responses in antibody production8,10

and cytotoxic T cell responses.11,12 For example, a formulation of
AuNPs conjugated to ovalbumin (OVA) generated specic
immunoglobulin G (IgG) for the antigen.8 Another study sug-
gested that AuNPs conjugated to OVA of sizes 22 and 33 nm are
more efficient in antigen delivery and induction of T cell
responses than those of 10 nm.11 Additionally, cetuximab-
coated AuNPs promoted tumor cell death.13 The biocompati-
bility and low toxicity of AuNPs make them attractive for bio-
logical applications, including as adjuvants for vaccines against
pathogens.14–20 Immune signaling pathways activation can
depend on the size of the AuNPs, with ultra-small size prefer-
entially activating the NLRP3 inammasome. At the same time,
larger AuNPs are mainly absorbed by phagocytosis or endocy-
tosis and activate inammatory pathways.21

Another pathway studied in the intracellular activation of
nanoparticles is the PI3Ka pathway, which alters mechanisms
of apoptosis, proliferation, and DNA damage and, therefore, is
involved in the progression and development of tumors. Mah-
moud and his collaborators showed that gold nanoparticles
have an adjuvant effect when conjugated with a PI3K-inhibiting
drug. This work showed that the conjugate administration
affected transcription factors responsible for cell proliferation,
apoptotic, and cell cycle arrest pathways, decreasing the
expression of the PI3Ka protein.22
1.1 The potential adjuvant activity of gold nanoparticles

Zhu et al.21 evaluated the effect of administering gold nano-
particles larger and smaller than 10 nm. Their results suggest
that the larger nanoparticles activated the NF-Kb signaling
pathway. The smaller nanoparticles penetrated directly into the
cell cytoplasm promoted the production of ROS, and directed
LC3 (microtubule-associated protein 1-light chain 3) for pro-
teasomal degradation, a protein necessary to inhibit the acti-
vation of the NLRP3 inammasome. Thus, the administration
of these nanoparticles activated the NLRP3 inammasome,
stimulated caspase-1, and led to the production of IL-1b. Ulti-
mately, they showed that these smaller OVA-conjugated nano-
particles could increase specic antibody production
dependent on the NLRP3 inammasome pathway.21 Another
work showed that 50 nm gold nanoparticles coated with outer
membrane vesicles (OMVs) from mycobacteria activate macro-
phages and dendritic cells through TLR2 and TLR4 receptors.23

A study by Yuan et al.24 showed that nanoparticles with
approximately 25.4 nm conjugated with Pleurotus ferulae (PFPS)
promoted the maturation of dendritic cells by activating MAPK
and NF-Kb through TLR4 and NLRP3 signaling pathways.
Furthermore, they showed that these functionalized nano-
particles inhibited tumor growth when used as an HPV
vaccine.24 An interesting study showed that a peptide conjugate
with gold nanoparticles could inhibit the TLR4 signaling acti-
vated by a cigarette smoke extract, consequently inhibiting its
inammatory response; this is because the conjugate was
phagocytosed by macrophages, inhibiting the endosomal
35494 | RSC Adv., 2023, 13, 35493–35499
acidication necessary for receptor activation and promoting
the induction of autophagy and expression of antioxidant
proteins.12

Vyas et al.25 evaluated the uptake effect and immunomodu-
latory efficiency of 5, 15 and 30 nm gold nanoparticles in lung
adenocarcinoma cells (A549). Further, they observed that the
cells took up the 5 nm nanoparticles, decreasing inammatory
signaling molecules' expression more efficiently, and these
nanoparticles also decreased TLR4 expression in A549.

Because of this, we can infer that the nanomaterial size can
affect the mode of entry into the cell, but the literature is
contradictory. Using AuNPs as adjuvants can be an excellent
therapeutic tool, but their precise role in immune responses
still needs to be investigated.

1.2 In silico study on the molecular interactions

The applications of nanotechnology in the diagnosis, moni-
toring, control, and treatment of diseases have gained attention
in recent years.26,27 Due to its strong absorption in the UV-Vis
region, gold is an exciting species in the preparation of nano-
particles.28 Simulations of systems composed of a large number
of atoms, such as nanoparticles and proteins, make it impos-
sible to use a quantummodel; however, we can still model their
behavior by obtaining properties of the system using a classical
treatment. Thus, molecular modeling (MM) techniques have
been widely applied to nanobiosystems to calculate the inter-
action energy between proteins and ligands.29–31 For example,
the adsorption of ibuprofen,32 levodopa,33 and ascorbic acid34

on C60 fullerene was investigated using MM, proving to be an
essential tool to study and understand the properties of nano-
scale systems.35 Furthermore, several works study the interac-
tion of molecules with anticancer activity and AuNPs through
DFT and DM calculations, such as gold-fullerene,36 cysteamine-
capped gold nanoparticles,37 narigin and AuNP38 and AuNP in
the transport of molecules across the cell membrane.39 In this
work, we used MM to study the interactions between a spherical
gold nanoparticle (AuNP) 7.0 nm and the protein ovalbumin
(OVA), as well as the interaction of the AuNP@OVA complex
with other proteins related to cellular pathways. For this, we
combine docking and molecular mechanics techniques using
the Universal Force Field (UFF).40

2 Materials and methods – in silico
studies
2.1 Construction of the spherical gold nanoparticle (AuNP)

We used the nanostructure building tools the Materials Studio
5.5 soware41 to construct the 7.0 nm diameter spherical gold
nanoparticle (AuNP), starting from the import of the gold unit
cells from the program's library.

2.2 Preparation of proteins

The structural details of target proteins (Table 1) were obtained
from the PDB data bank.42 We used Biovia Materials Studio 5.5
package to x the positions of heavy atoms and adjust the
positions of hydrogen atoms. For all proteins, previously to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selection of protein targets for spherical gold nanoparticle
(AuNP) docking, PDB code and cell signaling pathways involved

Proteins PDB code Signaling pathways involved

OVA 1OVA43 —
Glutathione 1GRB44 Autophagy
LC3 1UGM45 Autophagosome
TLR4 2Z63 (ref. 46) Phagocytosis
ASC PYCARD 5H80 (ref. 47) NLRP3 inammasome
PI3K 5NGB48 Cell proliferation
NF-Kb 6MI3 (ref. 49) Inammation
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molecular docking, the hydrogen atoms were added to the
structures, then an optimization procedure was executed using
Universal Force Field (UFF).40 However, during optimization,
hydrogen atoms were free to move, while all other atom coor-
dinates were constrained.
2.3 Molecular docking

The molecular docking was performed by a geometry based
docking algorithm, the web server PatchDock Beta 1.3 (ref. 50
and 51), to the prediction of a spherical gold nanoparticle
(AuNP, 7.0 nm diameter) and proteins (OVA, glutathione, LC3,
TLR4, ASC PYCARD, PI3K, and NF-Kb) interactions. Proteins
were docked individually to the AuNP and AuNP@OVA. Using
the energy criterion, we selected the 20 most stable poses from
each simulation. Docking scores and position were used to
select the proteins with the highest potential for interaction
with AuNP. We rened the results with FireDock to determine
the best pose congurations. Then, the best-ranked pose from
AuNP in the OVA (AuNP@OVA) was used for a second docking
with the other proteins under study. Subsequently, the poses of
each protein in the AuNP (AuNP@OVA) were observed, and each
protein's best and most energetically favorable conformations
were selected.
2.4 Molecular mechanics simulation conditions

The interaction energy calculations for all systems were simu-
lated using the Forcite code using the Universal Force Field
(UFF).40 The convergence limit adopted was ultra-ne with the
following parameters: energy variation between two successive
steps less than 2.0 × 10−5 kcal mol−1 force per atom less than
0.001 kcal mol−1 Å−1 and maximum displacement less than 1.0
× 10−5 Å with charges assignment by the force eld and non-
periodic atom truncation method.
2.5 Calculation of interaction energies

The nal step involved calculating the single point energies. We
used the Forcite module, a classical molecular mechanics tool,
in Biovia Materials Studio 5.5 with the Universal Force Field
(UFF) to calculate the interaction energy between AuNP and
proteins. They were calculated using as inputs the best cong-
urations of the docking. Thus, the interaction energy (DE) was
calculated for the most favorable conformations of the molec-
ular docking using the eqn (1) for the AuNP@proteins:
© 2023 The Author(s). Published by the Royal Society of Chemistry
DE(AuNP@protein) = EAuNP@protein − [EAuNP + Eprotein] (1)

where Eprotein is the calculated total energy of the isolated
protein (OVA, glutathione, LC3, TL4, ASC PYCARD, PI3K, and
NF-Kb), EAuNP is the total energy of the isolated gold nano-
particle (AuNP), and EAuNP@protein is the total energy of the
AuNP@protein complex. For eqn (2) the interaction energy
AuNP@OVA@proteins:

DE(AuNP@OVA@protein) = EAuNP@OVA@protein − [EAuNP@OVA +

Eprotein] (2)

where Eprotein is the calculated total energy of the isolated
protein (glutathione, LC3, TL4, ASC PYCARD, PI3K, and NF-Kb),
EAuNP@OVA is the total energy of the complex gold nanoparticle
and OVA (AuNP@OVA), and EAuNP@OVA@protein is the total
energy of the AuNP@OVA@protein complex. First, the
centroids of each structure (AuNP, AuNP@OVA, and protein)
were dened at position (0,0,0), and the interaction energy as
a function of the distance d between the AuNP (AuNP@OVA)
and protein centroids was evaluated for each conguration by
rigidly moving proteins structures along the axis formed by
joining the AuNP (AuNP@OVA) and proteins centroids for each
0.05 nm step and the interaction energy was calculated of all
combinations.
3 Results and discussion

Many studies have shown different cellular interference caused
by the application of AuNPs. Thus, they can be selected to
trigger an immune reactivity to treat or prevent certain pathol-
ogies based on their properties.52–56

The molecular docking of AuNP@proteins and AuNP@O-
VA@proteins involved was analyzed and rened using
PatchDock/Firedock. The strongest interactions are those with
the lowest interaction energies. The best docking poses of AuNP
and AuNP@OVA with each cellular protein are illustrated in
Fig. 1a–g and 2a–f, respectively.

Additionally, the variation of the interaction energy with the
distance d between the centroids through classical molecular
mechanics computations with Universal Force Field (UFF) of
AuNP (AuNP@OVA) and proteins in kcal mol−1 of the best
docking poses are presented in Fig. 1h–n (Fig. 2g–l). Our results
showed that the spherical AuNP constructed in this study has
a higher affinity with OVA (DEAuNP@OVA = −19.10), followed by
glutathione (DEAuNP@glutathione = −18.27), ASC PYCARD domain
(DEAuNP@ASC PYCARD = −16.87), LC3 (DEAuNP@LC3 = −12.53),
PI3K (DEAuNP@PI3K = −12.16), NF-Kb (DEAuNP@NF-Kb = −9.62)
and TLR4 (DEAuNP@TLR4 = −9.42), as shown in Fig. 1h–n.
Furthermore, our results also indicate that AuNP@OVA has
a higher affinity with glutathione (DEAuNP@OVA@glutathione =

−30.26), followed by NF-Kb (DEAuNP@OVA@NF-Kb = −23.20), PI3K
(DEAuNP@OVA@PI3K = −19.31), TLR4 (DEAuNP@OVA@TLR4 =

−11.48), ASC PYCARD domain (DEAuNP@OVA@ASC PYCARD =

−7.88) and LC3 (DEAuNP@OVA@LC3 = −5.84), as presented in
Fig. 2g–l. The lower interaction energies indicate stronger
interactions. The interaction between AuNP (AuNP@OVA) and
RSC Adv., 2023, 13, 35493–35499 | 35495
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Fig. 1 Complexes formed by molecular docking between the spherical gold nanoparticle (AuNP, 7.0 nm) and proteins: (a) OVA (four config-
urations C1, C2, C3 and C4); (b) glutathione (two configurations C1 and C2); (c) LC3 (two configurations C1 and C2); (d) TLR4 (three configu-
rations C1, C2 and C3); (e) ASC PYCARD (three configurations C1, C2 and C3); (f) PI3K (three configurations C1, C2 and C3); and (g) NF-Kb (two
configurations C1 and C2). In this image we can observe the interaction site where AuNP best configuration in the docking. The classical
interaction energies (in kcal mol−1) as a function of the centroids distance (in nm) between the AuNP and proteins centroids of the (h) AuN-
P@OVA, four configurations; (i) AuNP@glutathione, two configurations; (j) AuNP@LC3, two configurations; (k) AuNP@TLR4, three configurations;
(l) AuNP@ASC PYCARD, three configurations; (m) AuNP@PIK3, three configurations; and, (n) AuNP@NF-Kb, two configurations. The AuNPs are
shown in golden dots and proteins in cartoon format. The figure was drawn using PyMOL57 (PyMOL Molecular Graphics System; https://
www.pymol.org).
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proteins shows a repulsion at a very close distance and attrac-
tion at an equilibrium distance. They do not interact when at an
innite distance, as shown in Fig. 1 and 2. Thus, they behave
like a Lennard-Jones-type potential.

We have demonstrated the in silico scenarios of seven
cellular proteins (OVA, glutathione, LC3, TL4, ASC PYCARD,
PI3K, and NF-Kb) that individually interact with 7.0 nm spher-
ical gold nanoparticle (AuNP). Similarly, we showed here that
the AuNP@OVA complex could interact separately with six
cellular proteins (glutathione, LC3, TL4, ASC PYCARD, PI3K,
and NF-Kb).
35496 | RSC Adv., 2023, 13, 35493–35499
Glutathione is a molecule present in most cells and has
a fundamental role in cellular autophagy activity. In previous
studies,58 showed that treatment with AuNPs can induce auto-
phagosome accumulation and LC3 processing, an autophago-
some marker protein, resulting in the blockade of autophagy
ux rather than induction.

Perhaps, AuNPs and AuNPs@OVA participate in this process
by enhancing the effects of glutathione, inducing autophago-
some accumulation and LC3 processing. Furthermore, the
uncoated AuNP showed an affinity with ASC PYCARD domain
(Fig. 1e and l) with interaction energy of −16.87 kcal mol−1 (a
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Complexes formed by molecular docking between the spherical gold nanoparticle (AuNP, 7.0 nm) with OVA (AuNP@OVA) and proteins:
(a) glutathione; (b) LC3; (c) TL4; (d) ASC PYCARD; (e) PI3K; and (f) NF-Kb. In this image we can observe the interaction site where AuNP@OVA and
proteins best configuration in the docking. The classical interaction energies (in kcal mol−1) as a function of the centroids distance (in nm)
between the AuNP@OVA and proteins of the (g) AuNP@OVA@glutathione; (h) AuNP@OVA@LC3; (i) AuNP@OVA@TLR4; (j) AuNP@OVA@ASC
PYCARD; (k) AuNP@OVA@PIK3; and, (l) AuNP@OVA@NF-Kb. The AuNPs are shown in golden dots and proteins in cartoon format. The figure was
drawn using PyMOL57 (PyMOL Molecular Graphics System; https://www.pymol.org).
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difference of only 2.23 kcal mol−1 for the AuNP@OVA), which
contributes to signaling in inammatory and apoptotic path-
ways by activating caspase, showing to be very important for
NALP3 inammasome activation. This may be further evidence
of work,21 which showed that AuNPs <10.0 nm preferentially
activate the NLRP3 inammasome for caspase-1 maturation
and interleukin-1b production, promoting robust ROS produc-
tion and directing LC3 autophagy protein for proteasomal
degradation. Furthermore, it also shows that AuNPs larger than
10.0 nm activate the NF-Kb signaling pathway.21

In addition, Sharma et al.59 also suggested that the applica-
tion of AuNPs >10.0 nm participates in NF-Kb activation and
© 2023 The Author(s). Published by the Royal Society of Chemistry
increased antibody production. Our results showed that AuN-
P@OVA might have a high affinity for NF-Kb with interaction
energy of −23.20 kcal mol−1 (Fig. 2f and l). However, there is
still little evidence of these considerations, and further inves-
tigations are necessary to understand the mechanisms involved
in the application of these AuNPs.

We believe that these works are not contradictory but
complementary, and probably the immunomodulation caused
by AuNPs and AuNPs@OVA are not the same, nor are they
attributed to interactions with only one protein in the cell, but
with several cellular proteins, activating and/or inactivating
several signaling pathways concomitantly. Furthermore, the
RSC Adv., 2023, 13, 35493–35499 | 35497
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careful and adequate selection of these adjuvants can help
promote appropriate immunological changes for each treat-
ment, as different diseases have their characteristics, requiring
different body modications to maintain systemic homeostasis,
and these modications include changes in the immune
system.

4 Conclusions

The results presented in this study suggest that the spherical
gold nanoparticle–ovalbumin (AuNPs@OVA) conjugate exhibits
satisfactory stability to be used as an adjuvant in biomedical
applications. All classical interaction energies as a function of
the centroids distance between the AuNP and proteins
centroids have Lennard-Jones-like potentials. Furthermore,
analysis of the interaction of this conjugate with cellular
signaling molecules indicates that it may be a viable option for
applications in the healthcare eld. The results obtained in this
study point to the potential of this conjugate as an adjuvant.
However, further studies are needed to investigate its safety and
efficiency in biomedical applications.
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mento de Pessoal de Ńıvel Superior – Brazil (CAPES) - Finance
Code 001.

References

1 B. Pulendran, P. S. Arunachalam and D. T. O'Hagan, Nat.
Rev. Drug Discovery, 2021, 20, 454–475.

2 T. Fiyouzi and P. A. Reche, in Vaccine design: an introduction,
ed. P. A. Reche, Springer US, New York, NY, 2023, pp. 1–14.

3 Q. Yin, W. Luo, V. Mallajosyula, Y. Bo, J. Guo, J. Xie, M. Sun,
R. Verma, C. Li, C. M. Constantz, L. E. Wagar, J. Li, E. Sola,
35498 | RSC Adv., 2023, 13, 35493–35499
N. Gupta, C. Wang, O. Kask, X. Chen, X. Yuan, N. C. Wu,
J. Rao, Y. Hsiu Chien, J. Cheng, B. Pulendran and
M. M. Davis, Nat. Mater., 2023, 22, 380–390.

4 S. Shrivastava, J. M. Carmen, Z. Lu, S. Basu, R. S. Sankhala,
W.-H. Chen, P. Nguyen, W. C. Chang, J. King, C. Corbitt,
S. Mayer, J. S. Bolton, A. Anderson, I. Swafford,
G. D. Terriquez, H. V. Trinh, J. Kim, O. Jobe, D. Paquin-
Proulx, R. M. Gary, G. D. Gromowski, J. R. Currier,
E. Bergmann-Leitner, K. Modjarrad, N. L. Michael,
M. G. Joyce, A. M. W. Malloy and M. Rao, npj Vaccines,
2023, 8, 43.

5 R. Bezbaruah, V. P. Chavda, L. Nongrang, S. Alom, K. Deka,
T. Kalita, F. Ali, B. Bhattacharjee and L. Vora, Vaccines,
2022, 10, 1946.

6 V. Harish, D. Tewari, M. Gaur, A. B. Yadav, S. Swaroop,
M. Bechelany and A. Barhoum, Nanomaterials, 2022, 12, 457.

7 R. Gupta and H. Xie, J. Environ. Pathol., Toxicol. Oncol., 2018,
37, 209–230.

8 L. A. Dykman, Expert Rev. Vaccines, 2020, 19, 465–477.
9 H. Sekimukai, N. Iwata-Yoshikawa, S. Fukushi, H. Tani,
M. Kataoka, T. Suzuki, H. Hasegawa, K. Niikura, K. Arai
and N. Nagata, Microbiol. Immunol., 2020, 64, 33–51.

10 Y. Yang, Y. Zhang, A. Thakur, R. Li, H. Xu, Z. Wang,
M. Ghavami, Z. Tu and H. Liu, Int. J. Pharm., 2019, 571,
118704.

11 K. R. Rhodes and J. J. Green,Mol. Immunol., 2018, 98, 13–18.
12 W. Gao, L. Wang, K. Wang, L. Sun, Y. Rao, A. Ma, M. Zhang,

Q. Li and H. Yang, ACS Appl. Mater. Interfaces, 2019, 11,
32706–32719.

13 L. M. Andrade, E. M. N. Martins, A. F. Versiani, D. S. Reis,
F. G. da Fonseca, I. P. de Souza, R. M. Paniago, E. Pereira-
Maia and L. O. Ladeira,Mater. Sci. Eng., C, 2020, 107, 110203.

14 L. A. Dykman, S. A. Staroverov and A. S. Fomin, Gold Bull.,
2018, 51, 197–203.

15 C. Wang, W. Zhu and B.-Z. Wang, Int. J. Nanomed., 2017, 12,
4747–4762.

16 Q. H. Quach, S. K. Ang, J.-H. J. Chu and J. C. Y. Kah, Acta
Biomater., 2018, 78, 224–235.

17 G. L. Burygin, P. I. Abronina, N. M. Podvalnyy,
S. A. Staroverov, L. O. Kononov and L. A. Dykman, Beilstein
J. Nanotechnol., 2020, 11, 480–493.

18 R. Kumar, P. C. Ray, D. Datta, G. P. Bansal, E. Angov and
N. Kumar, Vaccine, 2015, 33, 5064–5071.

19 S. Parween, P. K. Gupta and V. S. Chauhan, Vaccine, 2011, 29,
2451–2460.

20 M. G. Soliman, A. F. Mohamed, R. A. E. Sayed and
A. A. A. Elqasem, Eur. J. Biomed. Pharm. Sci., 2017, 4, 529–
536.

21 M. Zhu, L. Du, R. Zhao, H. Y. Wang, Y. Zhao, G. Nie and
R.-F. Wang, ACS Nano, 2020, 14, 3703–3717.

22 N. N. Mahmoud, D. Abuarqoub, R. Zaza, D. A. Sabbah,
E. A. Khalil and R. Abu-Dahab, Int. J. Mol. Sci., 2020, 21, 3320.

23 E. George, A. Goswami, T. Lodhiya, P. Padwal, S. Iyer,
I. Gauttam, L. Sethi, S. Jeyasankar, P. R. Sharma,
A. A. Dravid, R. Mukherjee and R. Agarwal, Biomater. Adv.,
2022, 139, 213003.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06180a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:5

3:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
24 P. Yuan, L. Liu, A. Aipire, Y. Zhao, S. Cai, L. Wu, X. Yang,
A. Aimaier, J. Lu and J. Li, Int. J. Biol. Macromol., 2023, 227,
1015–1026.

25 S. P. Vyas and R. Goswami, Nanomedicine, 2019, 14, 229–253.
26 E. Albuquerque, U. L. Fulco, E. Caetano and V. Freire,

Quantum Chemistry Simulation of Biological Molecules,
Cambridge University Press, 2020, p. 416.

27 K. K. Cot́ı, M. E. Belowich, M. Liong, M. W. Ambrogio,
Y. A. Lau, H. A. Khatib, J. I. Zink, N. M. Khashab and
J. F. Stoddart, Nanoscale, 2009, 1, 16–39.

28 H. E. Toma, V. M. Zamarion, S. H. Toma and K. Araki, J. Braz.
Chem. Soc., 2010, 21, 1158–1176.

29 R. F. R. Da Costa, V. V. N. Freire, E. M. E. Bezerra,
B. B. S. Cavada, E. E. W. S. Caetano, J. J. L. de Lima Filho
and E. L. E. Albuquerque, Phys. Chem. Chem. Phys., 2012,
14, 1389–1398.

30 K. Farias, R. F. da Costa, A. S. Meira, J. Diniz-Filho,
E. M. Bezerra, V. N. Freire, P. Guest, M. Nikahd, X. Ma,
M. G. Gardiner, M. G. Banwell, M. d. C. F. de Oliveira,
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