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ABSTRACT: It is well-known that proteins after administration into biological environments adsorb on the surface of nanoparticles
(NPs). The biological identity could be determined by protein corona, but whether and how the preadsorbed molecules impact the
composition of the corona and immunological response have rarely been reported. Here, the effects of preadsorbed chymotrypsin
(Chy) on forming protein corona and subsequent immunological response are reported. We find that preadsorbed Chy on the
surface of AuNPs results in a protein corona with enriched immunoglobulins and reduced human serum albumin protein, which
further affect the polarization of macrophages into specific phenotypes. Our study suggests that the protein surrounding the
nanoparticles could affect the protein corona and immunological response, which may direct the preparation of multifunctional
nanomedicine for future studies.

1. INTRODUCTION are immunosuppressed, promoting tissue repair and regulating
inflammation. Surface-modified nanoparticles have been shown
to modulate macrophage polarization.'”*’ Specifically, the
surface chemistry on NPs could impact the formation of the
protein corona and then determine nanoparticle targeting and
: 21-22232425262728293031323334353637

immune responses.

Gold nanoparticles (AuNPs) have been widely studied in
the nanobiomedicine field in the past decade.'™ Especially,
AuNPs have been identified as excellent photothermal therapy

5—8 o
agents for tumor treatment’ = as well as CT imaging reagents
for cancer diagnosis'*'® as well as treatment platforms for drug
loading and release.'® However, AuNPs displayed severe

When exposed to blood, nanoparticles (NPs) will inevitably
interact with biomolecules and form a “protein corona” on
their surface. Increasing evidence show that protein corona has
an important influence on the bioavailability of nano-
medicines.' > Many factors such as the size, shape, and
physicochemical properties of NPs affect the formation of
protein corona.”” Thus, the surface chemistry on NPs
modulates the formation of a protein corona as a critical
consideration. Therefore, understanding the role of surface
binding techniques on how to form the protein corona is a
prerequisite toward the safe and eflicacious clinical application

of nanomedicines.”~*17 toxicity toward cells, larval zebrafish, etc.,’ indicating
L . . noteworthy toxicity issues of AuNPs in biological applications.

Because of increasing contact with nanomaterials, the effects . . . L.
18 The following studies show that the protein corona, which is

of nanoparticles on macrophages deserve particular attention.
Macrophage is a part of the immune system that phagocytoses
foreign antigens. However, macrophages could be polarized Received:  October 21, 2023
into the M1 phenotype or the M2 phenotype by exposure to Revised:  December 25, 2023
diverse stimuli, and M1 and M2 phenotype macrophages play Accepted: January 3, 2024
distinct roles in many situations. M1 macrophages are often Published: June 17, 2024
thought of as tumor-killing macrophages, primarily antitumor

and immune-boosting. On the other hand, M2 macrophages
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Figure 1. Transmission electron microscopy image from three kinds of AuNPs. (a) AuNPs, (b) preadsorbed-Chy-AuNPs, and (c) protein corona
on the surface of preadsorbed-Chy-AuNPs. (d) Fourier transform infrared spectroscopy (FT-IR) of the obtained Chy, AuNPs, and preadsorbed-

Chy-AuNPs.
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Figure 2. (a) Hydrodynamic diameters and (b) {-potentials of the obtained AuNPs and preadsorbed-Chy-AuNPs. (c) Bicinchoninic acid (BCA)

quantification of protein on the surface of preadsorbed-Chy-AuNPs.

on the surface of NPs, could alter the toxicity'” of NPs.
Moreover, more studies also found that the protein corona
could regulate the polarization of macrophages to either
proinflammatory (M1) phenotype or anti-inflammatory (M2)
phenotype.””'> However, the natural corona formed by
unconditional contact between NPs and plasma proteins has
a variable impact on macrophage polarization due to the
instability of protein corona components.'> Therefore, it is
highly desired to develop a new method that could
directionally polarize macrophages into a definite phenotype.
In this work, a convenient method was developed to decorate
AuNPs for inducing macrophages directionally into the M2
phenotype. After a systematic screening, we found that the
coating of chymotrypsin on the surface of AuNPs can affect the
adsorption of plasma proteins, thereby regulating the polar-
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ization of macrophages. Moreover, combined proteomics
techniques were used to elucidate the corona, and enriched
immunoglobulins (Igs) were observed when compared to
pristine AuNP-corona. In a word, our findings demonstrate
that the cladding of protein on the surface could affect the
deposition of plasma protein and further regulate the
immunological response of nanoparticles.

2. RESULTS AND DISCUSSION

2.1. Physicochemical Properties of Preadsorbed-Chy-
AuNPs. AuNPs were prepared with gold chloride and sodium
citrate by using water as the solvent. The image of
representative transmission electron microscopy (TEM) is
shown in Figure la. The size of the primary particle was found
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Figure 3. (a) SDS-PAGE visualizing the quantities and the kinds of proteins forming on AuNP-corona and preadsorbed-Chy-AuNPs. (b) Band
intensities of adsorbed proteins on NPs. (c) Profile GE Image Quant TL on the basis of their gray values.

to be 38 nm from the TEM image. The preadsorbed Chy on
AuNPs is shown in Figure 1b, and the Chy thickness was
found to be 2.5 nm. Figure lc shows the preadsorbed-Chy-
AuNP-protein corona, which was prepared by incubating the
preadsorbed-Chy-AuNPs with plasma for 12 h and centrifuged
for separation.

The comparison of the FT-IR peaks for AuNPs and
preadsorbed-Chy-AuNPs is shown in Figure 1d, which
confirms the deposition of protein on the surface of AuNPs.
From the IR spectra of proteins, we found that vibrational
bands, which are the most prominent, were amide I bands
(1700—1600 cm™!) and amide II bands (~1550 cm™).'® The
vibrational location of the amide I bands is determined by the
nature of the hydrogen band from the C—O and NH
moieties.”® The characteristic band of the C—O stretching
vibrations is shown as amide II bands.*® Therefore, the peaks
at 1546 and 1641 cm™" could be assigned to the IR vibration of
preadsorbed-Chy-AuNPs.

Dynamic light scattering (DLS) and {-potential further
characterized the preadsorbed-Chy-AuNPs. As shown in
Figure 2a, the hydrated diameter of preadsorbed-Chy-AuNPs
was 87 + 0.62 nm. The complex of AuNP-chymotrypsin
aggregating together with proteins may cause the hydrated
diameters to increase. As shown in Figure 2b, in water, the {-
potential values from the AuNPs were (—25.9 + 0.70 mV),
while chymotrypsin was preadsorbed on the surface of AuNPs,
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and the {-potential was changed to be 12.5 + 0.21 mV. The
results indicated the changes on the surface of nanoparticles.

The amount of chymotrypsin adsorbed on the surface of
AuNPs was determined by a Bradford protein assay kit, with
calculations of samples based on the standard curve. From
Figure 2c, we can see that 0.04 mg of protein/1 mg of AuNP
proteins was adsorbed on the surface of preadsorbed-Chy-
AuNPs. NPs were incubated with plasma pooled from three
healthy donors and separated by centrifugation. Preadsorbed-
Chy-AuNPs were also incubated with plasma; after centrifu-
gation, preadsorbed-Chy-AuNP-corona was separated via
removing the supernatant. We found that 0.76 mg of
protein/1 mg of AuNP of proteins was adsorbed on the
surface of preadsorbed-Chy-AuNPs.

2.2. Composition of Protein Corona on the Surface of
Preadsorbed-Chy-AuNPs. The major components of the
protein corona on the surface of AuNPs and preadsorbed-Chy-
AuNPs could be visualized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3).
The protein coronas were treated with SDS-Tris-HCI buffer
according to the method reported in the literature.'® As shown
in Figure 3, different types and densities of proteins among the
NP-corona complexes constitute the coronas. From Figure 3a,
we found that the quantities and the kinds of proteins
adsorbed by AuNPs are very different from preadsorbed-Chy-
AuNPs.

https://doi.org/10.1021/acsomega.3c08288
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Table 1. Identified Corona Proteins Binding to AuNPs and Preadsorbed-Chy-AuNPs after Incubation”

accession number protein name

P68871 hemoglobin subunit

P19652 a-1-acid glycoprotein 2

P02647 apolipoprotein A-I

POCOL4 complement C4-y

P01859 immunoglobulin heavy constant y2
P01861 immunoglobulin heavy constant y-4
P01857 immunoglobulin heavy constant y1
P01877 immunoglobulin heavy constant a-2
P00738 haptoglobin

P01871 immunoglobulin heavy constant
P02675 fibrinogen f chain

P02768 serum albumin

P02787 serotransferrin

P00488 coagulation factor XIII A chain
P06396 gelsolin

QO6NZF1 zinc finger CCCH domain-containing protein
P00450 ceruloplasmin

P01023 a-2-macroglobulin

P01024 complement C3

P02751 fibronectin

MW (kDa) function
17,102 oxygen transport
23,588 related to acute phase response
30,759 metabolism
33,130 immune response
35,878 immune response
35,918 immune response
36,083 immune response
36,503 immune response
45,177 modulate acute phase response
49,276 immune response
56,577 immune response, coagulation
66,500 osmotic pressure
75,100 transport
83,728 participate in blood clotting
86,034 peptidase
106,316 transport
122,128 iron transport
163,188 immune response
187,030 immune response
262,460 growth, migration, and differentiation

“Plasma proteins were determined by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS) (proteome

analysis) and reproducibly investigated on SDS gels.
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Figure 4. (a—c) Macrophage morphology activated by control (without NPs), AuNPs, and cells treated with the AuNP-protein complex. (d—f)
Expression via iNOS, IL-10, and arginase-1 according to control (without NPs), AuNPs, and AuNP-protein complex. Error bars represent the
standard error of the mean (SEM) ***p < 0.001 compared to control cells, which was determined by our test.

GE Image Quant TL (Figure 3b) is another method to
analyze the different amounts of protein that are adsorbed by
NPs. The banding pattern showed that most of the total
intensity of corona in the serum and Au-corona was
contributed by 63 kDa, the most abundant protein. Around
48, 25, 56, 68, and 100 kDa, the bands were shown to have
lower abundant proteins (Figure 3b). In the proteins adsorbed
on preadsorbed-Chy-AuNPs, the most abundant proteins were
around 48 and 25 kDa. 68, 30, 36, and 100 kDa made a smaller

27901

contribution to the total corona intensity. From the results, it
can be seen that the change in surface functionalization of the
NPs may induce different biological responses.

Next, liquid chromatography-mass spectrometry (LC—MS)
results confirmed that the peptide sequences and trypsin
digested the selected SDS-PAGE bands. In Table 1, a library of
20 proteins in coronas is listed, containing highly abundant
proteins (e.g., immunoglobulins [Igs], apolipoprotein [Apo],
and human serum albumin [HSA]) and low-abundance
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Figure 5. Schematic diagram of the AuNP-protein complex coincubated with macrophage cells. Preadsorption of AuNPs was performed through
incubation with plasma and then pelleted from the supernatant through centrifugation. After washing, the AuNP-protein complex was treated with

macrophage cells for 24 h.

proteins (e.g., gelsolin and zinc finger CCCH domain-
containing protein) in blood. Most of the proteins are highly
abundant in blood (e.g, human serum albumin [HSA],
apolipoprotein [Apo], and immunoglobulins [Igs]), whereas
some of them are low abundance proteins in blood (e.g., zinc
finger CCCH domain-containing protein and gelsolin). From
Figure 3c, we can see that complement proteins (~189 kDa),
HSA (~66.5 kDa), and Ig (~48 kDa) were detected in Au-
coronas, while Ig (~48 kDa) and fibronectin (~26 kDa)
comprised the majority of the preadsorbed-Chy-AuNPs. HSA
(~66.5 kDa) was also detected in CHY-AuNP-corona, only
occupying a small proportion. The adsorption of apolipopro-
tein A-I, haptoglobin, and zinc finger CCCH domain-
containing protein was also detected in CHY-AuNP-corona;
these proteins are related to immune response and may cause
reversal of macrophage polarization.

2.3. Constituent Analysis of the Protein Corona.
2.4. Induction of the Polarization of Macrophages and
Cytokine Release. Recently, cell morphology was reported as
an indicator of cell phenotype,” and the morphology of
macrophages was assessed using RAW 264.7 cells as a model
cell line via AuNPs and activation of preadsorbed-Chy-AuNPs.
The macrophage polarization state is related to changes in cell
shape.” The iconic morphology of macrophages in the
polarization state is monitored as two types: cells in the M1
phenotype are rounded and cells in the M2 state are elongated.
The main thing that distinguishes M1 from M2 is that the
degree of cell elongation is monitored (length of the longest
axis divided by the length of the short axis across the cell
nucleus).*>*' From Figure 4a,b, the control group without NP
was detected as round-shaped cells, which was consistent with
the reported literature.'® The incubated macrophages with
preadsorbed-Chy-AuNPs caused more than 80% of the cells to
have obvious pseudopods and elongated shapes (Figure 4c).
The cell elongation may have an influence on programs of
genetic association with macrophage phenotype.

The expression using arginase-1 and inducible nitric oxide
synthase was also evaluated in order to distinguish the M1/M2
polarization state of macrophage stimulated by preadsorbed-
Chy-AuNPs; these methods are usually used as biomarkers of
M1 and M2 macrophages.*” Compared to the control groups,
we found that AuNPs showed slightly lower iNOS levels
(Figure 4d) and cells with preadsorbed-Chy-AuNP stimulation
showed significantly higher levels of arginase (Figure 4f).

Further confirmation of polarization was evaluated by the
levels of IL-10 (a cytokine secreted by M2 macrophages) in

RAW 264.7 cells (Figure 4e). In comparison between the
negative control groups and the AuNP-corona, cells treated
with the preadsorbed-Chy-AuNPs released higher levels of IL-
10, further confirming that they differentiated into the M2
phenotype. From the results, we found the preadsorbed-Chy-
AuNP-treated cells were in the M2 polarization state (Figure
5). Chy predeposited on the surface of AuNPs changed the
composition of the protein corona, subsequently inducing an
immunological response, which provided insights into the
clinical translation of nanomedicine.

3. CONCLUSIONS

In conclusion, we demonstrate that modifications of nano-
carriers via adsorption of chymotrypsin can result in polar-
ization of macrophages as the M2 phenotype. We also show
that physical adsorption is a controlled way to form the protein
corona. Some fundamental insights are provided by our study
based on the complex influence on the protein corona, which is
helpful to develop the safety of nanomaterials applied to
medicine.

4. MATERIALS AND METHODS

4.1. Chemicals and Materials. N,N-Methylene bis-
(acrylamide) methylene glycol and sodium citrate were
ordered from Aladdin Reagent Co., Ltd. Au(IIl) chloride
trihydrate was ordered from Chinese Sinopharm Chemical
Reagent Co., Ltd. Ammonium bicarbonate (NH,HCO;), pL-
dithiothreitol (DTT), N,N,N’,N’-tetramethylethylenediamine
(TEMED), sodium dodecyl sulfate (SDS), and iodoacetamide
(IAA) were ordered from Sigma-Aldrich. Coomassie brilliant
blue R250, glycine, bromophenol blue, protein marker,
tris(hydroxymethyl) aminomethane hydrochloride (TRIS-
HCl), and Dulbecco’s modified Eagle’s medium (DMEM)
without sodium pyruvate were ordered from Beijing Solaibio
Co., Ltd. Methanol, ethyl alcohol absolute, and ammonium
persulfate were ordered from Deen Chemical Reagent
(Tianjin) Co., Ltd. Hydrochloric acid, acrylamide, glacial
acetic acid, and glycerol were ordered from Tianjin Damao
Chemical Reagent Co., Ltd. Acetonitrile (ACN) was ordered
from Saan Chemical Technology (Shanghai) Co., Ltd.
Sequencing-grade modified trypsin was ordered from Promega
(Beijing) Biotech Co., Ltd. We used double-distilled water.

4.2. Preparation of AuNPs. The preparation of AuNPs
was done according to a procedure published by Jana et al.”’
First, in a 500 mL three-necked round-bottom flask, sodium
citrate solution (2 mL, mass fraction 1%) was added dropwise
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to a solution of HAuCl, (200 uL, 0.1 g/mL) in H,O (200 mL)
with moderate stirring. Then, the reaction mixture was refluxed
until a pink solution was detected. After that, the reaction
mixture was quenched with ice water and centrifuged at 6000
rmp, and the AuNPs were separated, washed with deionized
water three times, and then kept at 4 °C in a refrigerator for
further use.

4.3. Preparation of Preadsorbed Chy on the Surface
of AuNPs. 4.3.1. Physical Adsorption. Proteins were
physically immobilized on the surface of NPs, AuNPs (4
mg) were dispersed in phosphate-buffered saline (PBS) buffer
(5 mL, S0 mM, pH 6), and then Chy (10 mg, 2 mg/mL) was
added. After that, the mixture was incubated at room
temperature for 6 h, and the preadsorbed-Chy AuNPs were
separated and then washed twice with the deionized water and
finally diluted to a final volume of 2 mL using distilled water.

4.4. Preparation of AuNP-Coronas. Preadsorbed-Chy
AuNPs (8 mg) were added to 10% serum (7 mL), and the
mixture was incubated with constant agitation at 37 °C for 6 h,
forming the AuNP-coronas. The AuNP-coronas from the
supernatant plasma (pelleted fraction) were separated using a
centrifuge at 5000 rpm for 10 min. Subsequently, the resulting
particles were washed with PBS (2 mL X 3 times) and
resuspended in PBS (1 mL) for further use. We carried out
three independent repetitions for separation.

4.5. Mass Spectrometry for Protein Identification.**
The samples were added to 12% SDS-PAGE gel and
maintained at 120 V for about 20 min until bromophenol
blue below the stacking gel reached 1.5 cm. After that,
according to the literature, a series of operations were
performed on the entire protein-containing gel region, such
as slice, reduction, alkylation, and finally in-gel digestion by
trypsin.45

After trypsin digestion, the obtained solution (1 yL) was
transferred to a MALDI plate and dried in air; then, HCCA (1
uL) was added and dried. Then, data were collected on the
MALDI-TOF mass spectrometer (Bruker Daltonics) and
searched using the Swiss-Prot master sequence database. The
mass accuracy for the monoisotopic mass was set to 0.2 Da in
the positive ion mode, and the method of unrestricted
classification was used.

4.6. Cell Lines and Culture. The Shanghai Institute of
Life Sciences provided the RAW 264.7 cell line. In a
humidified atmosphere containing 5% CO,, cells were cultured
in a complete medium (DMEM, 100 U/mL penicillin, 10%
fetal bovine serum [FBS], 100 pg/mL streptomycin, and 0.25
ug/mL amphotericin B) at 37 °C. The cells were washed with
PBS four times before incubation with NPs or AuNP-coronas.
Next, the preparation of Au-Chy (50 pg/mL) and stock
solutions of AuNP-OVA were carried out in a complete
medium. the medium containing NPs or NP-coronas was
aspirated and discarded after culturing for another 24 h. The
cells were separated and washed with PBS to remove NPs or
NP-coronas that adhered to the surface of the cells loosely.***”
The macrophage morphology was examined using a Leica
MC170 HD (Leica, Rijswijk, The Netherlands) to photograph
the adherent cells.

The control experiments were performed without the
addition of NPs or NP-corona using the same conditions.

4.7. Measurement of Nitric Oxide. First, in 6-well plates,
3.5 X 10" cells were cultured in a DMEM containing 10% FBS
for 24 h. We carefully aspirated the medium and used PBS to
wash the cells. Second, incubation of the cells with AuNPs or

27903

AuNP-coronas was done in a complete medium for another 24
h. The preparation of the control experiment was also done
without the addition of NPs or NP-coronas using the same
conditions. Based on the Griess reaction (US Everbright, Inc.),
the nitrite content of the cells was analyzed by the nitric oxide
(NO) method.”® The detailed operation followed the
manufacturing processes. Nitrite standard or culture super-
natant (100 pL) was mixed with a Griess reagent (100 yL, the
ratio of 0.1% N-[1-naphthyl-ethylenediamine dihydrochloride]
in 2.5% phosphoric acid and 1% sulfanilamide is 1:1) in a 96-
well plate. The absorbance at 540 nm was recorded by the
multimode reader (EnVision, PerkinElmer) to quantify the
NO amount produced by the RAW 264.7 cells.

4.8. Assay of Arginase. In 96-well plates, 3.5 X 10* cells
were seeded and then incubated for 24 h in DMEM containing
10% FBS. We aspirated the medium carefully and used PBS to
wash the cells. The incubation of the cells with AuNPs or
AuNP-coronas was done in a complete medium for another 24
h after washing. The preparation of the control experiment was
also done without the addition of NPs or NP-coronas using the
same conditions. The supernatant (10 uL) was transferred to
the enzyme-linked immunosorbent assay (ELISA) plate after
culturing for another 24 h, and the concentration of arginase
was assessed following the instructions of the manufacturer
(FANKEWEI], China). The absorbance at 450 nm and the
arginase amount that was produced by the quantified RAW
264.7 cells were recorded by the multimode plate reader
(EnVision, PerkinElmer).

4.9. Enzyme-Linked Immunosorbent Assay of IL-10.
The concentrations of IL-10 were determined using available
ELISA kits. In DMEM containing 10% FBS, macrophages (3.5
X 10* cells/mL) were treated with NPs for 24 h. The
preparation of the control experiment was also done without
the addition of NPs or NP-coronas using the same conditions.
Then, the culture medium (100 uL) was transferred to the
ELISA plate, which was assessed following the instructions of
the manufacturer (R&D Systems). Using a multimode plate
reader (EnVision, PerkinElmer), the cytokine levels were
analyzed via a standard calibration curve.

4.10. Statistical Analysis. All data were reported as mean
+ sd; n = 3 for the experiments. p Values were calculated using
one-way or two-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons to test the statistical significance
between different groups using SPSS version 22.0 (SPSS Inc.,,
Chicago). Significantly different values are indicated according
to the following criteria: NS, not significant; *, p < 0.05; **, p
< 0.01; and *** p < 0.001.
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