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There are increasing studies about the biocompatibility of nanomaterials (NMs) as their applications in
biomedicine become more widespread. The biocompatibility of NMs involves the recognition by the
immune system including complement protein gClqg. In this work, the interaction of graphene oxide
(GO) and self-assembled monolayer (SAM)-coated gold (111) surface with gClqg was studied by molecular
dynamics (MD) simulations. The impacts of surface polarity of GO on its interaction with gClg and the
possible immune response were discussed by comparing the binding behavior of gClq to the GO sheets
with different oxidation degrees (i.e., CsO;(OH); and C,004(OH),). We find the ghB module of gClq tends
to bind to GO sheet (CsO4(OH);) with strong surface polarity, as the ghB module forms more hydrogen
bonds with this GO sheet. On the other hand, the ghC module of gClg tends to bind to GO
(C20041(OH);) with weak surface polarity, as the ghC module tends to form pi—pi stacking and stronger
hydrophobic interaction with this GO sheet. Similar phenomena are also found in the adsorption of gClq
with SAM: ghC prefers to bind to hydrophobic CH3z-SAM, and ghB prefers to bind to charged COO-SAM.
The different binding modules of gClg may result in different activation levels of complement system.
Our findings suggest that the surface polarity of NMs regulates the interaction of NMs with gClqg and the
subsequent immune response. In other words, the biocompatibility of NMs may be regulated by
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Introduction

Because of their applications in biomedicine and biotech-
nology,*® the studies on the biocompatibility of nanomaterials
(NMs), especially graphene oxide (GO)*™** and self-assembled
monolayer (SAM) modified surfaces,”*** have received inten-
sive attention. One important factor affecting the biocompati-
bility of NMs is their interaction with the immune system and
the resulting immunological effects.’*>" There is growing
evidence that the immunological effects of NMs are influenced
by their surface polarity."”>* For example, the polyvinyl
alcohol-coated poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(PLGA-NPs) with neutral surface show higher phagocytosis than
charged PLGA-NPs coated with chitosan or poloxamer 188."
And there have been a variety of experimental works showing
the impacts of oxidation degree of GO on the interaction with
proteins and the resulting inflammation response and cyto-
toxicity in macrophages.”**
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The complement system consisting of three complement
pathways (i.e., classical, alternative and lectin pathway) is an
important part of human immune system. The activation of
immune response through the classical complement pathway is
initiated by complement protein gC1q when it senses foreign
intruders.”® gC1q is composed of three modules, i.e., ghA, ghB,
and ghC. Both ghB and ghC modules can recognize foreign
intruders, though the immune response initiated by ghB is
stronger than that by ghC.*® There are two distinct recognition
modes of gC1q with foreign intruders: ghC module is likely to
have a central role in the binding of gC1q with hydrophobic
targets,*** and gC1q bind polyanions is largely dependent on
the ghB module.*"** Therefore, the surface properties of foreign
intruders, especially the surface polarity, should affect the
recognition mode of gC1q and subsequent activation level of
complement system. Thielens et al** found that only anionic
polydiacetylene micelles can bind complement proteins and
activate the complement system. Wibroe et al.*® found that the
activation level of complement system is positively correlated
with the oxidation degree of GO.

Molecular dynamics (MD) simulations have been widely
used to study the interaction between NMs and immune-related
proteins and to discuss the impacts of surface properties of
NMs. For example, Yu et al®*® investigated the interaction of
both pristine and modified fullerenes with leukocyte common
antigen (CD45) and found their distinct binding modes. Xie
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et al.*’” studied the adsorption behavior of lysozyme which plays
an important immunomodulatory role in human innate
immune system,*® and they explored the effects of surface
polarities of self-assembled monolayer (SAM) on Au (111) on
their interaction with lysozyme. In addition, previous compu-
tational studies on the interaction of NMs with the complement
protein gC1q investigated the effects of the size of NMs on the
binding stability of gC1q.>*® To our knowledge, there are no
computational researches on the interaction mode between
¢C1q and NMs, especially the comparison of two recognition
modules, i.e., ghB and ghC modules. The impacts of the surface
polarities of NMs on the recognition behavior of gC1q and the
resulting immune response remain largely elusive.

In this study, MD simulations were performed to investigate
the interaction of complement protein gC1q with the GO sheet
and self-assembled monolayer (SAM)-coated gold (111) surface.
We focused on the impacts of the surface polarity of the GO and
SAM on the binding mode of gC1q as well as the corresponding
immune response. The ghB module of gC1q recognizes GO with
high oxidation degree (C;0,(OH),), whereas the ghC module of
gC1q recognizes GO with low oxidation degree (C,,04(OH),).
There are up to 22 charged residues distributed on the surface
of ghB module engendering the preference for GO with higher
polarity. Such recognition mode may trigger strong comple-
ment activation level and immune response. On the other hand,
the surface of ghC module shows a predominance of non-polar
residues (~40%) including several aromatic residues. Thus,
ghC can form pi-pi stacking and hydrophobic interaction with
the GO with lower polarity and induce a weak immune
response. Similar phenomena are also found for gC1q adsorp-
tion on self-assembled monolayer (SAM)-protected gold nano-
particle with distinct surface polarities (i.e. hydrophobic CH3-
SAM and charged COO-SAM). The ghB prefers to bind to
COO-SAM, and the ghC prefers to bind to the CH;-SAM. Our
results suggest that the recognition mode of gClq and the
activation of corresponding immune response can be modu-
lated by turning the surface polarity of GO and SAM.

Methods

A. Protein and surface models

The crystal structure of gC1q protein was obtained from the
Protein Data Bank (PDB ID: 1PK6 (ref. 40)). As shown in Fig. 1A,
gC1q protein is a compact, almost spherical heterotrimeric
assembly consisting of 394 residues. As the O/C ratio of gra-
phene oxide (GO) can be effectively adjusted in a range of ~11-
~51% in experiments,*~** two kinds of GO sheets with distinct
O/C ratios, i.e., C50;(OH), (Fig. 24), and C,,0,(OH), (Fig. 2B)
were constructed based on the Lerf-Klinowski model.** The
oxygen-containing groups (epoxy and hydroxyl functional
groups) were randomly distributed on both sides of the GO
sheet. Both kinds of GO sheets have the same size of 7.1 x 7.5
nm’. In addition, self-assembled monolayer (SAM)-protected
gold nanoparticles with distinct surface polarities were con-
structed using 10-amino-1-decanethiol (-S(CH,);¢-R), where R
stands for a functional group, i.e. -CH3, -COO. All alkanethiol
chains of SAM were packed on the gold (111) surface with
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Fig. 1 Top view of the structure of gClg, comprising three modules:
ghA (cyan), ghB (green) and ghC (red) (A). Side view of the hydrophobic
(orange) and positively charged (blue) residues on the surface of two
binding modules (highlighted in black) of gClq: ghB (B) and ghC (C).

A B

Fig.2 Top view of the graphene oxide: CsO4(OH); (A) and C5004(OH),
(B). Atoms in graphene oxide sheet are shown as vdW spheres (C: gray,
O: red, H: white). The initial configurations of protein gClq with ghB (C)
and ghC (D) facing the GO sheet. Water molecules are shown as red
dots.

a /3 x /3 lattice structure.***” And all the SAMs have dimen-
sions of 7.2 nm x 7.4 nm.

B. MD simulations

In our simulations, OPLS-AA force field*® was applied for the
protein and SAM. We adopted the force field for graphene
nanosheets and oxygen-containing groups from previous
studies,**® wherein the sp> carbon atoms were modelled as
uncharged Lennard-Jones particles with ¢ = 0.340 nm and
a depth of potential well ¢ = 0.233 k] mol™*. The GO is electri-
cally neutral. Detailed force field parameters of sp>-hybridized
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carbon, hydroxyl and epoxy groups are described in the Table
S1.%

The ghB and ghC modules of gC1q were facing the two GO
surfaces (Fig. 2C and D) separately to obtain four different
initial configurations of gClq on the GO sheet (ie., ghB/
C504,(OH);, ghB/C,,0:(OH);, ghC/C504(OH);, and ghC/
C5001(0OH);). The initial closest distance of heavy atoms
between the protein and GO is 0.5 nm. All gC1q/GO systems
were embedded in a box of 7.4 x 7.7 x 8.5 nm® and solvated
with TIP3P*' water molecules. The distance between the protein
or GO sheet and the boundary of the box was at least 1.0 nm.
Afterwards, nine chloride ions were added to neutralize the
system, and then appropriate numbers of chloride and sodium
ions were added to reach a physiological salt concentration of
0.15 M at neutral pH. Finally, all the simulations were per-
formed using GROMACS 2018.3 package.>

For each run, the simulation was first energy-minimized by
using the steepest descent method, and then the system was
pre-equilibrated with a 1 ns equilibration in the NVT ensemble
to relax the solvent molecules with position restraints imposed
on the GO sheet and the backbone of protein. After that, the
system was pre-equilibrated with 1 ns constant pressure equil-
ibration in the NPT ensemble. Finally, production run was
performed in the NPT ensemble for 50 ns. The temperature of
all systems was maintained at 310 K using a v-rescale thermo-
stat® with a 0.1 ps coupling constant, and the pressure was kept
at 1 bar with semi-isotropic coupling directions (X + Y, Z) using
the Berendsen's algorithm.** The standard periodic boundary
conditions (PBC) were applied in all directions (X, Y and Z2).
Solute bonds involving hydrogen atoms were constrained by the
LINCS algorithm.>® Both the van der Waals (vdW) interaction
and real-space Coulomb interaction were calculated using
a cutoff distance of 1.0 nm, while the long-range electrostatic
interaction was handled by the particle mesh Ewald (PME)
method.*® For all simulations, the integration time step was 2.0
fs, and snapshot was recorded every 5 ps. The neighbor list
generated with a cutoff distance of 1.0 nm was updated every 20
steps. Visualization and analysis of MD trajectories were
implemented by VMD1.9.3.>

Results and discussion

We first investigated the adsorption of gClq with its ghB
module facing the graphene oxide (GO) sheets. The adsorption
on C50,(OH); and C,,0,(OH), was studied separately. And the
number of contacts with GO was calculated to illustrate the
adsorption process (a contact is counted when a heavy atom in
the protein is within 0.5 nm of a carbon/oxygen atom in GO). It
should be noted that the contacts of gC1q are totally attributed
to ghB.

As shown in Fig. 3A, the number of contacts of gCiq
increases in a stepwise manner as the adsorption proceeds. For
example, during the adsorption process on C;O;(OH),, the
number of contacts progressively increases to ~100 (¢ = 2.5 ns),
~200 (t = 6 ns), and ~229 (¢ = 23 ns). Similar adsorption
process is also exhibited on C,,0;(OH);. In both systems, the
number of contacts reaches a plateau after ¢ = 25 ns. And the
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Fig. 3 The number of contact heavy atoms of gCl1q (ghB) with GO (A).
Representative structures of gClqg with ghB adsorbed on GO (B).

average numbers of contacts over the interval of ¢ = 25 ns to 50
ns are 229.9 (C50,(OH),) and 123.0 (C,,041(OH),). This suggests
that the adsorption of ghB on Cs0,(OH), is stronger than on
C,001(OH);. The distinct adsorption behaviors are also reflected
in the representative snapshots of the adsorbed protein. ghB
module adopts flat structure and establishes more intimate
contact with C;0,(OH); than with C,,0,(OH); (Fig. 3B).

The interaction energies between ghB and GO sheets were
also calculated. The Coulomb interaction potential of ghB
module with C50,(OH); (—192.9 k] mol ') is stronger than that
with C,004(OH); (—25.4 k] mol™"). In addition, the average
number of hydrogen bonds formed between ghB module and
C50:(OH); is 7.5, much higher than that formed with
C5001(OH); (0.7). Taken together, the binding preference of the
ghB module for C50,(OH); is largely attributed to the favorable
electrostatic interaction.

We also studied the adsorption behavior of gC1q with its ghC
module initially facing the GO sheets. In these cases, the
contacts of gC1q with GO are totally attributed to the ghC
module. As shown in Fig. 4A, the numbers of contacts of ghC
with both GO sheets reach a plateau before ¢ = 30 ns. Thereafter
they oscillate around the mean values of ~213 (C»,04(OH),) and
~141 (C50,(OH),). Besides, the interaction energy between ghC
and C,(04,(OH); is stronger than that between ghC and
C50,(OH); (—411.1 k] mol ™" vs. —320.5 kJ mol ™). Such differ-
ence is mainly attributed to the stronger van der Waals energy
between ghC and C,,0;(OH); than that between ghC and
C504(0OH); (—311.8 kJ mol " vs. —217.6 k] mol ). In order to
comprehensively evaluate the binding stability of protein, we
further calculated free energy of protein binding using MM-
PBSA method.”® The binding free energy between ghC and
C0041(OH); is also stronger than that between ghC and
Cs;0,(0H); (—368.9 kI mol™' ws. —3082 kI mol ).
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Fig. 4 The number of contact heavy atoms of gClq (ghC) with GO (A).
Representative structures of gClq with ghC adsorbed on GO (B).

Consequently, gC1q can adsorb on GO sheets through its ghC
module. And the adsorption on C,,0;(OH), is clearly stronger
than on C;0,(OH),. As can be seen in the representative snap-
shots of the adsorbed protein, ghC module adopts flat config-
uration and establishes more intimate contact with C,,0,(OH),
than with C50,(OH); (Fig. 4B).

While there are more contact atoms of ghC with C,,0,(OH),
than with C50,(OH),, the Coulomb interaction potential of ghC
with these two GO sheets are very close: —102.9 kJ mol "
(C504(OH);) vs. —99.3 k] mol ™" (C,,04(OH);). In addition, the
average numbers of hydrogen bonds formed between ghC and
oxygen-containing groups on GO sheets are also modest: 4.5
(C501(OH);) vs. 3.7 (C004(OH),). In short, the interaction
between polar groups, e.g. hydrogen bond interaction, may not
account for the distinct adsorption behaviors of ghC on these
two GO sheets. The binding preference of ghC for C,,0,(OH),
with weak surface polarity may be attributed to the hydrophobic
interaction.

Taken together, gC1q exhibits distinct behaviors on GO
sheet with various oxidation degrees: the ghB module of gC1q
prefers to bind to GO sheet with high oxidation degree
(C501(OH),), whereas the ghC module of gC1q tends to bind to
GO sheet with low oxidation degree (C,,0,(OH);). In other
words, the binding modes of gC1q are markedly affected by
surface polarity of GO sheet.

In order to further validate the impacts of the surface polarity
of nanomaterials on their interaction with gC1q, we have also
studied the binding behavior of gClq on self-assembled
monolayer (SAM)-protected gold nanoparticles with two
distinct surface polarities (i.e. hydrophobic CH;-SAM and
charged COO-SAM). The number of contacts of gClq was
calculated to compare the binding preference of the protein. It
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can be seen from Fig. S27 that the average number of contacts of
¢hC with the CH;-SAM is significantly higher than that with the
COO-SAM (17.0 vs. 0). This result suggests that ghC prefers to
bind to the hydrophobic SAM, which is consistent with the
result that ghC prefers to bind to C,,0,(OH); with weak surface
polarity. As for the case of ghB (Fig. S17), the average number of
contacts with SAMs are 34.9 (COO-SAM) and 9.8 (CH3-SAM),
separately. The binding preference of ghB to COO-SAM is
considerably higher than that to CH;-SAM, which is also in
agreement with the result that ghB prefers to bind to C50,(OH),
with more oxidized groups. The results of both SAM and GO
suggest that the surface polarity of nanomaterials affect the
adsorption mode of gC1q: the ghC prefers to bind to nano-
materials with weak surface polarity, and the ghB prefers to
bind nanomaterials with strong surface polarity.

We notice the adsorption behavior of protein in response to
the surface polarity of GO and SAM is largely ascribed to the
distinct residue composition (i.e., positively charged, negatively
charged, polar, and non-polar residues) of the surface of ghB
and ghC modules (Table S21). Charged residues are more
abundant on the surface of ghB than on the surface of ghC (22
vs. 16), especially positively charged residues (14 vs. 9). On the
other hand, the number of non-polar residues in ghC is much
higher than in ghB (27 vs. 18). The distinct residue composition
is also illustrated in Fig. 1B and C. In short, ghC exhibits much
lower surface polarity than ghB.

To further study the relationship between the surface residue
composition of gC1q and its adsorption behavior on the GO
sheet with varying surface polarity, the number of contact
residues (i.e., the contact residues are the ones that establish at
least one contact atom with GO sheet) with GO sheets were
assessed. We focused on the two preferential binding modes,
i.e., ghB module on C50,(OH); and ghC module on C,,0,(OH);.
In the case of ghB on C5;0,(OH),, the average number of posi-
tively charged, negatively charged, polar, and non-polar resi-
dues in contact with GO are 6.5, 3.0, 3.0, and 1.9, respectively
(Fig. 5A). Clearly, there are much more positively charged resi-
dues contacting with this GO than the other three types of
residues. The fraction of positively charged residues in the
contact residues is 45.1% (6.5 out of 14.4), considerably higher
than their “intrinsic” proportion (22.9%, 14 out of 61) on the
surface of ghB. Hence, the positively charged residues are
preferred in this binding mode.

We further identified the highly-involved residues (i.e., the
residues with the contact probability more than 50%). As can be
seen in Fig. 5C, the highly-involved residues include six posi-
tively charged residues (Arg108, Arg109, Arg114, Arg129, Lys132
and Arg163), three negatively charged residues (Asp110, Glu127
and Glu162) as well as three polar residues (GIn111, Ser130 and
GIn198) and two non-polar residues (Val105 and Pro106). As
mentioned above, the binding mode of ghB to C50,(OH), is
mainly attributed to a favorable electrostatic interaction. The
results about the highly-involved residues also agree with
previous experimental study, wherein the ghB module mainly
recognizes foreign intruders through the charged residues (i.e.,
Arg114, Arg129, Arg163, and Glu162).**** Our simulation further
suggests that three positively charged residues (i.e. Argl08,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The number of contact residues of ghB module with the
CsO4(OH); (A). Location of the positively charged residues of ghB
module (highlighted as blue region in black surface) adsorbed on
Cs04(OH)4 (B). Top view of the highly-involved residues whose contact
probability is more than 50% (C). The sidechains of adsorbed residues
are shown in licorice representation following the same color scheme
in (A).

Arg109 and Lys132) may also be involved in the intruder
recognition. Therefore, the adsorption of ghB on C50,(OH); is
mainly through its charged residues, especially the positively
charged ones.

Such binding mode is also consistent with the nature of
C50,(OH), with strong surface polarity: there are more hydroxyl
groups and epoxy groups on Cs0,(OH); than on C,,0;(OH);.
And there are more charged residues distributed on the surface
of ghB module than on ghC (22 vs. 16). These charged residues,
especially positively charged ones (Fig. 5B) form favorable
electrostatic interaction with the hydroxyl groups and epoxy
groups of GO (Fig. 5C, highlighted as vdW spheres). Hence, the
Coulomb interaction potential of ghB on C50,(OH); is stronger
than on C,,0,(OH); (—192.9 k] mol™ " vs. —25.4 k] mol ™).

Taken together, the binding preference of ghB module for
C50,(OH), is mainly owing to a favorable interaction through
hydrogen bonds. Similar phenomenon was also found for the
adsorption of virus protein R (Vpr13-33) from HIV-1 on GO,
whose adsorption affinity is also attributed to its positively
charged residues.*

As for ghC on C,,0;(OH),, the average numbers of the
positively charged, negatively charged, polar, and non-polar
contact residues are 1.9, 1.7, 6.9, and 5.9, respectively
(Fig. 6A). Clearly, there are much more non-polar and polar
residues contacting with GO than charged residues. In addition,
we find the number of non-polar and polar contact residues of

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The number of contact residues of ghC module with
C2001(OH)4 (A). Location of the contact non-polar residues of the ghC
module (highlighted as yellow region in black surface) with C,004(OH);
(B). Top view of the highly-involved residues whose contact probability
is more than 50% (C). The adsorbed residues are shown in licorice
representation following the same color scheme in (A).

ghC on C,,04(OH), are 3.1 times (5.9 vs. 1.9) and 2.3 times (6.9
vs. 3.0) more than that of ghB on C;0,(OH);. On the other hand,
the number of charged contact residues of ghC on C,,0,(OH),
is only 37.8% (3.6 vs. 9.5) of ghB on C;0,(OH);. Apparently, non-
polar and polar residues are preferred for this binding mode.
We also analyzed the highly-involved residues responsible
for their adsorption following the same criterion described
above. As can be seen in Fig. 6C, the highly-involved residues
include seven non-polar residues (Ala105, Pro106, Leul09,
Tyr1l55, Val159, Trp190 and Tyr197), seven polar residues
(His101, GIn102, Asn107, Ser108, Ser126, Thr127 and Ser157) as
well as two positively charged residues (Arg111 and Lys129) and
two negatively charged residues (Glu188 and Asp195). The
results about the highly-involved residues agree well with
previous experimental study, wherein ghC module recognizes
hydrophobic targets through its non-polar residues (i.e., Ala105,
Pro106, Tyr155 and Trp190).*"*> Our simulation further indi-
cates that three non-polar residues (Tyr197, Leul09, and
Val159) may also be involved in the intruder recognition. Hence,
the adsorption of ghC on C,,0,(OH), is mainly through its non-
polar residues. Such binding mode is consistent with the nature
of C,,0,(OH),, featuring weak surface polarity. And there are
more non-polar residues distributed on the surface of ghC than
on ghB (27 vs. 18). As a result, of the highly-involved residues of
ghC, all seven non-polar (Fig. 6B, highlighted in orange) and
57.1% polar residues (4 out of 7) bind to the non-oxidized region

RSC Adv, 2020, 10, 41993-42000 | 41997


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05493c

Open Access Article. Published on 18 November 2020. Downloaded on 1/18/2026 3:23:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 7 Representative snapshots for four polar residues in ghC
adsorbed on C,0041(OH);. The polar residues contact the non-oxidized
region of GO through their hydrophobic carbonaceous groups.

of GO (Fig. 6C, highlighted as vdW grey spheres). And these
polar residues mainly bind to the non-oxidized region of GO
through their hydrophobic carbonaceous groups (Fig. 7).

In order to illustrate the interaction of highly-involved resi-
dues of ghC module with C,,0,(OH); in a more quantitative
way, we calculated the interaction energies of different types of
these residues (ie., positively charged, negatively charged,
polar, and non-polar residues) with C,,0;(OH);. The interaction
energy of uncharged residues is stronger than charged residues
(—186.4 k] mol " vs. —118.4 k] mol ") owing to their stronger
van der Waals interaction energy (—180.1 kJ mol " wvs.
—34.6 k] mol '), which is mainly attributed to the pi-pi stacking
of the aromatic residues with the non-oxidized regions of
C5001(0OH); (Fig. 6C). In addition, we noticed that multiple non-
polar residues of ghC form favorable hydrophobic interaction
with extended non-oxidized regions of C,,0,(OH);, which is not
reflected in the interaction energy. Taken together, ghC module
binds to GO with low oxidation degree primarily through pi-pi
stacking and hydrophobic interactions.

Conclusions

In this work, the recognition mode of complement protein gC1q
with graphene oxide (GO) and self-assembled monolayer (SAM)-
coated gold (111) surface and the impacts of surface polarity of
these two typical nanomaterials were investigated using
molecular dynamics (MD) simulations. The protein gClq
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preferentially bind to GO with strong surface polarity
(C5041(OH),) through its ghB module. On the other hand, gC1q
tends to bind to GO with weak surface polarity (C,,0,(OH),)
through its ghC module. Similar results are also observed in the
adsorption of gC1q on SAM: ghC prefers to bind to nonpolar
CH;3-SAM and ghB prefers to bind to charged COO-SAM. The
dependence of recognition mode on the surface polarity of GO
is mainly attributed to the distinct surface residue composition
of ¢ghB and ghC module. There are more charged residues
distributed on the surface of ghB module, facilitating formation
of hydrogen bonds with GO with higher oxidation degree. By
contrast, the surface of ghC module is dominated by non-polar
residues, resulting in its tendency to form hydrophobic inter-
actions and pi-pi stacking with GO with large non-oxidized
region.

As shown in our work, complement protein gClq can
recognize a variety of foreign intruders with different surface
polarities. Moreover, its recognition mode and subsequent
immune response can be regulated by surface polarities of
intruders. Our results reveal the structural basis of gC1q for the
dependence of its recognition mode and the resulting immune
response on the surface polarities of nanomaterials (NMs).
These findings will be helpful to improve the biocompatibility
of NMs by regulating its immune response and provide some
theoretical guidance for the application of NMs in the field of
biomedicine.
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