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ABSTRACT: Macrophages, the major component of the mononuclear phagocyte
system, uptake and clear systemically administered nanoparticles (NPs).
Therefore, leveraging macrophages as a druggable target may be advantageous
to enhance NP-mediated drug delivery. Despite many studies focused on NP−cell
interactions, NP-mediated macrophage polarization mechanisms are still poorly
understood. This work aimed to explore the effect of NP physicochemical
parameters (size and charge) on macrophage polarization. Upon exposure to
biological fluids, proteins rapidly adsorb to NPs and form protein coronas. To this
end, we hypothesized that NP protein coronas govern NP−macrophage
interactions, uptake, and subsequent macrophage polarization. To test this
hypothesis, model polystyrene NPs with various charges and sizes, as well as NPs
relevant to drug delivery, were utilized. Data suggest that cationic NPs potentiate
both M1 and M2 macrophage markers, while anionic NPs promote M1-to-M2
polarization. Additionally, anionic polystyrene nanoparticles (APNs) of 50 nm exhibit the greatest influence on M2 polarization.
Proteomics was pursued to further understand the effect of NPs physicochemical parameters on protein corona, which revealed
unique protein patterns based on NP charge and size. Several proteins impacting M1 and M2 macrophage polarization were
identified within cationic polystyrene nanoparticles (CPNs) corona, while APNs corona included fewer M1 but more M2-promoting
proteins. Nevertheless, size impacts protein corona abundance but not identities. Altogether, protein corona identities varied based
on NP surface charge and correlated to dramatic differences in macrophage polarization. In contrast, NP size differentially impacts
macrophage polarization, which is dominated by NP uptake level rather than protein corona. In this work, specific corona proteins
were identified as a function of NP physicochemical properties. These proteins are correlated to specific macrophage polarization
programs and may provide design principles for developing macrophage-mediated NP drug delivery systems.
KEYWORDS: nanoparticles, drug delivery, protein corona, macrophage polarization, surface charge, nanoparticle size

■ INTRODUCTION
Nanoparticle (NP)-based drug delivery systems (DDSs) have
been widely investigated for myriad applications.1−5 Despite
this investment, most systemically administered NPs are taken
up and eliminated by the mononuclear phagocyte system
(MPS), one of the significant barriers to DDS translation into
effective therapies.6−8 As a critical cellular component of MPS,
leveraging macrophages as a druggable target may be
advantageous to enhance DDS delivery.9−12 Macrophages are
actively involved in many diseases, where various macrophage
polarization statuses and types, such as classically activated
macrophage (M1 macrophage) and alternatively activated
macrophage (M2 macrophage) phenotypes, exert significant
differences in disease progression. M1 macrophages, which
secrete pro-inflammatory cytokines, are upregulated in aged
and diabetic patients, leading to delayed fracture healing or
even failed healing.13 In addition, M2 macrophages are less
effective for tissue repair in these chronic inflammatory
conditions.13,14 Therefore, in this context, promoting M2
macrophage polarization and/or inhibiting M1 macrophage

differentiation may enhance healing. In contrast, anti-
inflammatory M2 macrophages support tumor growth and
metastasis.11,15,16 Tumor-associated macrophages (TAMs)
share many common features with M2 macrophages, leading
to suppression of anti-tumor immune reactivity, one of the
current limitations of cancer therapies.11,15,17−19 Hence,
suppressing M2 and elevating M1 macrophage polarization
may improve treatment outcomes for various diseases or
injuries.
NPs with different physicochemical properties differentially

affect macrophage polarization.20 Specifically, NPs made from
silica, gold, carbon, and other metals promote M1 polarization,
while polymeric and liposomal NPs tend to induce M2
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macrophage polarization.10,21 However, these findings are
inconsistent. For example, anionic epoxide-modified poly(N-
isopropylacrylamide-co-acrylic acid) [p(NIPAm-co-AAc)] NPs
promoted macrophage M2 polarization,22 while anionic
carboxyl-modified polystyrene NPs upregulated M1 markers
as well as pro-inflammatory cytokine expression.23 Despite
numerous studies, the underlying mechanism of NP-mediated
macrophage polarization is still not fully understood.20

Upon introduction to biological fluids, proteins rapidly
adsorb onto NPs and form protein coronas, providing the
NP−protein corona as a new biologically active entity.24−27

Therefore, the protein corona drives NP−macrophage
interactions and subsequent macrophage uptake and polar-
ization.28−31 Physicochemical characteristics, such as NP
material, size, and surface properties, have been suggested to
play a role in determining the protein corona profile,24,32−34

which may alter NP−macrophage interactions and down-
stream polarization. Several studies have investigated the
impact of NP protein corona on macrophage uptake. Indeed,
NP charge and hydrophobicity affect protein corona formation
and macrophage uptake.35,36 Furthermore, protein corona
formation is controlled by the hydrophobicity and bulkiness of
chemical moieties utilized to modify NPs, which directly affects
the uptake of NPs by macrophages.35,36 Additionally, Walkey
et al. investigated the impact of NP size and poly(ethylene
glycol) (PEG) grafting density on NP protein adsorption and
macrophage uptake.37 However, this study focused on tuning
NP design to minimize macrophage uptake rather than
studying macrophage polarization. Although it has been
considered that NP−cell interaction and subsequent cellular

response (uptake, translocation, and function) are closely
related to protein adsorption,10,20,22,24,38−40 the impact of NP
protein corona on macrophage polarization is poorly under-
stood. One study demonstrated that the corona formed on
AuNP is dynamic, leading to variable macrophage polarization
as a function of incubation times.41 However, investigation of
the underlying mechanism governing the link between protein
corona and macrophage polarization was inconclusive.
Altogether, the importance of macrophages and protein
coronas highlights the need for a comprehensive and
fundamental understanding of how NP physicochemical
properties affect protein corona formation and macrophage
polarization.
This work evaluated the impact of NP charge and size on

macrophage polarization, comprehensively characterized the
protein corona profiles from these NPs, and established
foundational knowledge on the underlying mechanism of how
NP physicochemical properties influence macrophage polar-
ization via the protein corona. First, model polystyrene NPs
with various charges and sizes were used to study the impact of
NPs on bone marrow-derived macrophages. Gene expression,
cell surface markers, and released cytokines were evaluated to
characterize macrophage polarization. After incubation with
serum, the protein corona was analyzed using proteomics to
determine the quantity and identity of proteins and their
impact on macrophage polarization. Three NP systems
previously developed for various delivery applications were
also explored to compare these findings to NPs more relevant
to drug delivery. This study sought to understand the effect of
NP physicochemical properties on macrophage polarization

Figure 1. Model anionic, cationic, and neutral nanoparticles composed of polystyrene (APNs, CPNs, and NPNs) suggest charge-dependent
macrophage polarization. (A,E) Schematic of primary mouse macrophage polarization. (B,F) Heatmap of all tested genes represented as the log-
transformed normalized data (normalized to the housekeeping gene, GAPDH, as well as untreated M1, and M2, respectively), showed both
upregulation of M1 and M2 genes after CPN treatment while elevated M2 but downregulation of the M1 gene after APN treatment. A similar trend
was found using flow cytometry (C,G) of the expression of the M1 macrophage differentiation markers, MHCII, and CD38, and M2 markers,
CD206, and CD163. Data represented as mean ± standard deviation (SD), n = 3. ***p < 0.001, ****p < 0.0001, compared to untreated controls
as determined by one-way ANOVA. (D,H) Heatmaps of all tested inflammatory cytokines represented as log-transformed normalized data
(normalized to untreated M1 and M2, respectively) suggested increased pro-inflammatory and anti-inflammatory cytokines after CPN treatment.
In contrast, after APN treatment, there is downregulation of pro-inflammatory cytokines and but upregulation of anti-inflammatory factors.
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and how protein coronas associated with NP characteristics
guide and modulate macrophage polarization.

■ RESULTS AND DISCUSSION
In NP DDS design, significant effort has been made to
minimize macrophage uptake to improve drug delivery
efficiency. Macrophages are ubiquitous cells responsible for
the uptake and elimination of NPs7,20 and can be leveraged as a
druggable target to enhance drug delivery efficiency.
Interestingly, NPs significantly modulate macrophage polar-
ization, as demonstrated in a few recent studies.20,37 However,
the focus has been on investigating the impact of NPs on
macrophage uptake and polarization rather than the underlying
mechanisms.31,35,37,42,43 Numerous properties, such as NP
composition, size, shape, and surface modifications, affect the
responses of cells, including macrophages. Although it has
been demonstrated that surface-modified polymeric micro-
particles can modulate macrophage activity in vivo22 and that
surface modification impacts the interactions between NPs and
macrophages,42 it is unclear how NP physicochemical

properties affect macrophage polarization. To address this
deficit, we sought to characterize the impact of NP
physicochemical properties on macrophage polarization.
To first investigate the impact of NP charge on macrophage

polarization, 100 nm polystyrene NPs (Magsphere Inc.) were
utilized with cationic (cationic polystyrene NPs, CPNs),
anionic (anionic polystyrene NPs, APNs), and neutral (neutral
polystyrene NPs, NPNs) surface charges. Initially, the
cytocompatibility of polystyrene NPs was analyzed44 using
the macrophage cell line Raw 264.7. As measured using
AlamarBlue, a metabolic activity assay, viability was >98% for
all NP-treated groups, suggesting that all NPs are cytocompat-
ible (Figure S4). To determine how macrophages respond to
the NP surface charge, bone marrow-derived monocytes
(BMDMs) were differentiated for 7 days using M-CSF
(macrophage colony-stimulating factor) to M0 macrophages,
which were then polarized to M1 or M2 macrophages,
respectively (see the detailed experiment setup in Figure S4).
Macrophage phenotypes, including M0, M1, and M2 macro-
phages, were treated with CPNs, APNs, or NPNs. To

Table 1. Characterization of NP Physicochemical Properties

name

polymera

NPbblock 1 block 2 diblock copolymer

name/repeats Mn (kDa) name/repeats Mn (kDa) Mn (kDa) PDI size (nm) PDI ζ potential (mV)

DMAEMA-NP DMAEMA 14.9 DMAEMA-co-BMA-co-PAA 15.0 29.9 1.04 27 ± 2 0.11 20 ± 1
PSMA-PS-NP PSMA 20.5 PS 31.0 51.5 1.03 32 ± 3 0.10 −29 ± 2
PEG-PS-NP PEG 20.0 PS 24.2 42.2 1.05 26 ± 2 0.26 −0.03 ± 0.05

aCharacterization polymer via NMR (proton nuclear magnetic resonance spectroscopy), GPC (gel permeation chromatography for molecular
weights (Mn) and polydispersity index (PDI)). bNP characterization via DLS using a Malvern Zetasizer Nano ZS. Values are mean ± SD from
three independent experiments.

Figure 2. Macrophages treated with cationic nanoparticles [DMAEMA NPs, or NP (+)], anionic nanoparticles [PSMA-PS NPs, or NP (−)], and
neutral nanoparticles (PEG-PS NPs, or NP) also exhibited charge-dependent polarization. (A,E) Schematic of primary mouse macrophage
polarization. (B,F) Heatmap of all tested genes represented as the log-transformed normalized data (normalized to the housekeeping gene,
GAPDH, as well as untreated M1, and M2, respectively) also suggested upregulation of both M1 and M2 genes after cationic NPs treatment, while
for anionic nanoparticles, M1 genes were downregulated and M2 genes were promoted. The same trend was shown in flow cytometric analysis
(C,G) (M1 macrophage differentiation markers, MHCII and CD38, and M2 markers, CD206 and CD163). Data represented as mean ± SD, n = 3.
***p < 0.001, ****p < 0.0001, compared to untreated controls as determined by one-way ANOVA. (D,H) Heatmap of all tested inflammatory
cytokines represented as the log-transformed normalized data (normalized to untreated M1, and M2, respectively).
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characterize macrophage polarization, gene expression and
surface marker expression were then evaluated. As indicated in
Figure 1, all M1 genes (Cxcl11, Nos2, and IL1β) and the
majority of M2 genes (Arg1, CD163, and CD206) were
upregulated after CPN treatment. Consistent with qPCR gene
expression results, flow cytometry also suggests increases in
M2 surface markers (CD206+/CD163+) and upregulation of
M1 markers (MHCII+/CD38+). However, after incubation
with APNs, downregulation of M1 (Cxcl11, Nos2, and IL1b)
and upregulation of M2 genes (Arg1, CCL17, CD163, and
CD206) were observed from qPCR analysis, while flow
cytometry indicates a ∼1.5-fold decrease of M1 surface
markers and ∼2-fold increase of M2 surface markers.
Interestingly, neither M1 nor M2 markers changed after
NPN treatment.
To further evaluate the NP charge-dependent impact on

macrophage polarization, secreted proteins were analyzed.
Specifically, cell culture supernatants were collected after NP
treatment for 3 days and analyzed using the Mouse Cytokine
Proinflammatory Focused 10-Plex Discovery Assay Array
(MDF10) (Eve Technologies). As is shown in Figure 1C,
compared with untreated M1 macrophages, CPNs elevated
both pro-inflammatory (GM-CSF, IFNγ, IL1β, IL-6, IL-12p70,
MCP-1, and TNFα) and anti-inflammatory cytokines (IL-4
and IL-10), while APNs reduced pro-inflammatory cytokines
(IFNγ, IL1β, IL-6, IL-12p70, and TNFα) and promoted anti-
inflammatory cytokines (IL-4 and IL-10). It is worth noting
that, consistent with gene level and surface protein level
evaluations, no changes in cytokines were observed due to
NPN treatment. In sum, the results suggest that CPNs
promote M1 macrophage polarization from either M1 or M2
phenotypes, while APNs promote M1-to-M2 modulation, and
NPNs have no impact on macrophage polarization.

To investigate whether polystyrene NP charge-dependent
macrophage polarization is consistent with NPs more relevant
to drug delivery, three NP-based DDSs with varying charges
were investigated.45−47 Specifically, cationic, anionic, and
neutral NPs were formed through self-assembly of poly-
( d i m e t h y l a m i n o e t h y l m e t h a c r y l a t e ) - b - p o l y -
(dimethylaminoethyl methacrylate-co-butyl methacrylate-co-
propylacrylic acid) (p(DMAEMA)-b-p(DMAEMA-co-BMA-
co-PAA) or DMAEMA-NP), poly(styrene-alt-maleic anhy-
dride)-poly(styrene) (PSMA-PS NP), and poly(ethylene
glycol)-b-poly(styrene) (PEG-PS NP), respectively. The
characteristics of both polymers and NPs via GPC (Figure
S2), nuclear magnetic resonance (NMR) (Figure S1), dynamic
light scattering (DLS) (Figure S3), and ζ potential measure-
ment are summarized in Table 1, revealing that all NPs had
expected surface charges based on surface functionality (20
mV for DMAEMA NP, −26 mV for PSMA-PS NP, and −0.03
mV for PEG-PS NP), as well as consistent sizes of ∼30 nm
(Table 1). According to the macrophage polarization data in
Figure 2, cationic DMAEMA NPs induce both M1- and M2-
polarization simultaneously across different phenotypes, while
anionic PSMA-PS NPs promote M2 polarization and inhibit
M1 differentiation. These findings agree with current reports
on the impact of NP charge on macrophage polarization but to
a greater extent (∼8-fold) in M2 marker upregulation for both
treated M1 and M2 macrophages. Furthermore, macrophages
treated with CPNs secrete higher levels of IL-1 and formed
more inflammasomes.48 In another study, exposing macro-
phages to cationic polymers such as polyethyleneimine (PEI)
stimulates M1-like polarization via toll-like receptor 4 (TLR4)
signaling and immune cell infiltration into tumors.49 The
synthetic cationic peptide IDR-1018 drives M1-to-M2 differ-
entiation, enhancing anti-inflammatory activities while main-

Figure 3. Macrophage polarization is NP size-dependent. (A,E) Schematic of primary mouse macrophage polarization. (B,F) Heatmap of all tested
genes represented as the log-transformed normalized data (normalized to a housekeeping gene, GAPDH, as well as untreated M1 and M2,
respectively) showed downregulation of M1 genes while upregulation of M2 genes. Among them, 50 nm NPs demonstrated the greatest
macrophage modulation. A similar trend was observed in flow cytometric analysis (C,G) of the expression of the M1 macrophage differentiation
markers, MHCII and CD38, and M2 markers, CD206 and CD163. Data represented as mean ± SD, n = 3. ***p < 0.001, ****p < 0.0001,
compared to untreated controls as determined by one-way ANOVA. (D,H) Heatmap of all tested inflammatory cytokines represented as the log-
transformed normalized data (normalized to untreated M1 and M2, respectively).
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taining some pro-inflammatory functions via regulation of the
transcription factor IRF4.50 Although there are limited studies
of how macrophages respond to ANPs, APNs decrease M2-like
polarization by reducing the CD163 and CD200R expres-
sion,23 which contradicts our findings. This discrepancy might
be related to different sources of macrophages (human vs
mouse), NP dose, or NP treatment timelines, which highlights
the need to comprehensively explore the impact of NP
physicochemical properties on macrophage polarization.
In addition to surface charge, NP size also regulates

macrophage polarization.51 There is no definitive agreement
on the relationship of size and macrophage phenotype. Some
studies report that 5 nm diameter gold NPs (AuNPs) have the
greatest inhibition of TNFα compared to AuNPs of 15, 20, and
35 nm diameter.52,53 Other studies show M2 macrophage
markers positively correlate with the NP size.54,55 Therefore,
the impact of NP size on macrophage polarization was tested
with 20, 50, and 100 nm APNs (CD bioparticles). After
establishing cytocompatibility (Figure S1), macrophage polar-
ization was evaluated using gene expression, flow cytometry,
and secreted protein analyses. As reported in Figure 3, all three
APNs downregulated macrophage M1 markers, specifically
Cxcl11 and Nos2, while upregulating M2 genes (Arg1, CD163,
and CD206), with 50 nm NPs exhibiting the greatest effect.
Flow cytometry results further confirmed that APNs bias M1-
to-M2 macrophage polarization. Indeed, 50 nm APNs
exhibited the greatest upregulation in M2 markers while
inhibiting M1 markers.

Secreted cytokines were analyzed further to elucidate the
impact of NP treatment on macrophage function. Consistent
with qPCR and flow cytometry, treatment by all three sizes of
APNs decreased pro-inflammatory cytokines (IL1b, IL-2, IL-6,
IL-12p70) and increased anti-inflammatory cytokines (IL-4
and IL-10) in M1 macrophages. When comparing the levels of
these cytokines, 50 nm NPs reduced the overall number and
extent of pro-inflammatory cytokines compared with 20 and
100 nm APNs (Figure 3). Likewise, anti-inflammatory factors
induced by 50 nm APNs were the highest. According to these
data, 50 nm NPs promote the differentiation of M1-to-M2
more efficiently. In addition to this finding, the effect of NP
size on M2 macrophages was tested. 50 nm APNs more
effectively inhibit pro-inflammatory factors and promote anti-
inflammatory factors. In conclusion, the impact of 50 nm NPs
on macrophage M2 polarization is more robust than that of
other NP sizes, consistent with other results showing that NP
size plays a critical role in NP−cell interactions.34,56

Once NPs are introduced to biological fluids, proteins
rapidly adsorb and form coronas.60,61 The protein corona
underpins NP−cell interactions, including macrophage polar-
ization.20,62 NP charge results in different profiles of adsorbed
proteins,28,35,54 which may explain differences in macrophage
phenotypic modulation. The protein corona from differently
charged NPs was analyzed to investigate this underlying
mechanism further. Specifically, CPNs, APNs, and NPNs were
exposed to mouse serum for 2 h at 37 °C. The NP and the
adsorbed proteins were collected using centrifugation, while

Figure 4. Proteomics from NP protein coronas after exposure to mouse serum suggests charge-specific modulation on macrophage polarization.
(A,B) The top 200 corona proteins were distinguished by molecular weight and isoelectric point using UNIPROT and ExPASy. (C) Protein corona
amounts were quantified by the BCA assay. (D) Enrichment analysis of the top 200 proteins from each corona. The GO enrichment results were
computed using FUNRICH,57−59 and the GO terms were identified using a published UNIPROT rodent’s genome. All listed enrichment scores
had a Q-value < 0.05. (E) Heatmap of the eight most abundant macrophage polarization-relevant proteins. (F) Venn diagram showing the
overlapping identified proteins and distinct proteins from each NP corona. (G) Heatmap of the fold changes of the 22 unique proteins from the
anionic NP corona.
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the unbound or loosely bound proteins were removed via
washing and centrifugation.27,33 Protein was quantified using
the bicinchoninic acid assay (BCA), with CPNs having the
greatest overall protein adsorption. Protein adsorption to
APNs and NPNs was the same (Figure 4A). While sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS−
PAGE) provides the molecular distribution and the mass of the
protein corona, the resolution on the corona profile is relatively
low. Therefore, proteomics using liquid chromatography mass
spectrometry (LC−MS/MS) was performed to determine the
composition of each protein corona quantitatively and
qualitatively. A total of 940 proteins were identified within
all three protein coronas. The Supporting Information lists the
identified proteins. The top 100 or 200 most abundant
proteins from each protein corona were selected for analysis.
From the protein corona molecular weight composition, APNs
had a smaller protein corona mass than the other two coronas
(Figure 4B). In contrast, most proteins adsorbed on CPNs had
isoelectric points (pI) below 7 compared with the protein
coronas from anionic and NPNs (Figure 4C), which is
consistent with literature implicating electrostatic interactions’
dominating protein adsorption.28,35 The molecular weight of
the protein coronas from all three NPs was similar, with the

majority of proteins identified as being 50 kDa or less,
consistent with recent findings by Clemments et al.63

To further understand how the protein corona formed on
cationic, anionic, and neutral polystyrene nanoparticles (CPNs,
APNs, and NPNs) affects biological interactions and
modulates macrophage polarization, proteomic functional
enrichment analysis was performed for all three NP protein
coronas using FUNRICH.57−59 Different immunological
responses correlated with the proteins in each corona were
discovered by gene ontology (GO) analysis (Figure 4D). A
complete list of enriched GO terms, including cellular
components, molecular functions, biological processes, protein
domains, as well as reactome pathways, is shown in the
Supporting Information. According to these analyses, protein
coronas from NPs with different charges exhibit distinct
biological functions culminating in differential immune
processes, similar to prior studies.31,64 To gain more in-depth
knowledge of why NPs with varying charges modulate
macrophages, eight macrophage polarization-relevant proteins
from the corona were further investigated (Figure 4E). The
protein heatmap was plotted based on log-transformed protein
abundance, where APNs absorb the greatest M2-relevant
proteins and the least M1-associated proteins, which correlates

Figure 5. Proteomics from protein coronas of polystyrene NPs with varying sizes suggest that macrophage polarization is dominated by
macrophage uptake instead of protein corona. (A) Protein corona amounts were quantified by the BCA assay. (B) Enrichment analysis of the top
200 proteins from each corona. The GO enrichment results were computed using FUNRICH,57−59 and the GO terms were identified using a
published UNIPROT rodent’s genome. All listed enrichment scores had a Q-value < 0.05. (C) Venn diagram showing the overlapping identified
proteins and distinct proteins from each NP corona. (D) Heatmap of the fold changes of the seven unique proteins from the 20 nm NP corona. (E)
Macrophage NP uptake analyzed by flow cytometry. (F) DLS of 20, 50, and 100 nm NPs before and after protein adsorption. Data represented as
mean ± SD. ***p < 0.001, ****p < 0.0001, determined by two-way ANOVA, multiple comparisons.
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with the observation that APNs increase M2 and reduce M1
macrophage polarization. M1 and M2-related proteins from
the corona are adsorbed to CPNs, which aligns with the
simultaneous upregulation of M1 and M2 macrophage
phenotype by CPNs. NPNs also adsorb M1 and M2
macrophage-correlated proteins with similar protein level to
APNs (Figure 4B). However, no changes in macrophage
polarization were observed from NPNs, suggesting that other
factors, including possibly the charge itself, may underpin the
distinctive macrophage polarization differences.
Venn diagrams were plotted from the top 200 most

abundant proteins for each protein corona, of which 158
(56.2%) were shared between anionic, cationic, and neutral
NPs (Figure 4F). Nevertheless, each NP had several uniquely
adsorbed proteins, suggesting that the NP surface charge plays
a role in the composition of protein coronas, consistent with
previous reports.28,35,54 We confirmed that APNs promote
macrophages to an M2-like phenotype, and extensive studies
have demonstrated that M2 macrophages improve heal-
ing.12,14,20,65−67 Therefore, APNs may be the most promising
drug delivery carriers in tissue regeneration applications.
However, further investigation is needed to assess whether
this charge-dependent macrophage polarization occurs uni-
formly in other NP systems.
Of the top 200 abundant proteins from the APN protein

corona, 22 unique proteins were subsequently explored to
determine how they relate to macrophage polarization (Figure
4G). The heatmap was plotted as a log-transformed fold
change between anionic to CPNs and anionic to NPNs.
Among these 22 proteins, 16 (72.7%) proteins upregulate M2
polarization, while only 6 (27.3%) proteins are implicated in
M1 polarization. The abundance of most proteins associated
with pro-M2 modulation was much greater than that of those
in the other polystyrene NP coronas. Specifically, the fold
changes in abundance between APNs and CPNs were 23.5-
fold (β-1,4-galactosyltransferase 1), 85.5-fold (Progranulin),
3.9-fold (Metalloproteinase inhibitor 3), 17.2-fold (Coagu-
lation factor XI), 1.8-fold (hepatocyte growth factor-like
protein), 12.0-fold (fructose-bisphosphate aldolase B), 2.1-
fold (transcobalamin-2), 2.4-fold (leukotriene A-4 hydrolase),
onefold (Ras suppressor protein 1), 12.8-fold (multiple inositol
polyphosphate phosphatase 1), 9-fold (β-1,4 N-acetylglucosa-
minyltransferase 1), and 2.5-fold (lysosomal protective
protein). In addition, several of the pro-M1 proteins from
these 22 proteins were less abundant in APN versus CPN
coronas, specifically 0.8-fold (collagen a1 (XII) chain), 0.7-fold
(multimerin-1), and 0.7-fold (lg kappa VII region 7S34.1).
According to these results, since most unique APN corona
proteins correlate to M2-like polarization, it is no surprise that
macrophages exposed to ANPs polarize preferentially to the
M2 phenotype. Although there is a correlation between these
unique APN protein profiles and M2-like polarization, one
caveat is that the abundance of these proteins is relatively low.
For example, when comparing the relative abundance of these
unique proteins to albumin, a ubiquitous protein found within
the corona, these proteins are 2−3 orders of magnitude lower
in abundance (Figure S6). With this consideration, further
analysis, including selective protein adsorption from these
unique proteins to test individual modulation on macrophage
phenotypes, would be beneficial to understand and validate
these distinct corona proteins’ roles in modulating macrophage
polarization. In addition to investigating charge-associated
protein corona profiles, mechanistic studies such as exploring

the interaction between NP charge and intracellular trafficking
will also provide valuable information governing the mecha-
nism of NP charge-dependent macrophage polarization.
Based on the analysis of size, which indicates 50 nm APNs

robustly promote M2 polarization (Figure 3), we hypothesized
that this phenomenon could be due to varying protein corona
identities formed on different-sized polystyrene NPs. To test
this hypothesis, protein adsorption was analyzed with 20, 50,
and 100 nm APNs. As is shown in Figure 5A, protein
adsorption onto 20 nm NPs in the protein corona is the
highest, and the absorbed protein decreased with increasing
NP sizes. In general, there is an inversely proportional
relationship between NP surface energy and size.34 Of all
sizes tested, 20 nm particles have the highest surface energy
and greatest protein adsorption, which decreases with
increasing size. Our observation that NP surface curvature
correlates with protein adsorption is supported by several
previous studies.32,63,68−70 To further explore protein compo-
sition, proteomics analysis was performed. The protein
compositions from the 20 nm NP corona and 50 nm NP
corona are very similar in both molecular weight distribution
and pI from the top 200 abundant proteins, while the protein
corona of 100 nm NPs has greater 10−20 kDa proteins with pI
5−6 than those in the other two protein coronas (Figure S3).
To further characterize the specific protein content from

each corona and correlation to macrophage polarization,
proteomic functional enrichment analysis was also performed
for these three polystyrene NP coronas using FUNRICH. A
complete list of enriched GO terms is shown in the Supporting
Information. According to this analysis, coronas from 20 to 50
nm NPs are very similar yet very different from the 100 nm NP
corona (Figure 5B). For example, complement activation from
the alternative pathway, which is linked to M2 polarization, has
greater enrichment in both 20 and 50 nm coronas versus 100
nm NP corona, resulting in 20 and 50 nm NPs to promote M2
macrophage polarization. To further explore the difference
between 20, 50, and 100 nm NP protein coronas with respect
to M2 polarization, Venn diagrams (Figure 5C) were plotted
with the top 200 most abundant proteins, and the seven
proteins unique to the 50 nm NP corona were analyzed. As is
shown in Figure 5D, although all the M2-related proteins from
these 7 proteins have greater abundance in the 50 nm NP
corona compared with the 100 nm NP corona, abundance is
still very similar to that in the 20 nm NP corona. According to
the enrichment analysis and the identification of seven unique
proteins from the 50 nm NP corona, protein compositions and
proportions are very similar in 20 and 50 nm NP coronas,
although the adsorbed protein amounts are different from each
other. Based on the compositions, protein coronas from the
APN with various sizes were not dominant factors in polarizing
macrophages into the M2 phenotype.
To further explore the potential size-dependent impact of

APN on macrophage modulation, APN uptake was analyzed
via flow cytometry, suggesting that 20 and 50 nm NPs were
taken up much more readily than 100 nm NPs (Figure 5E),
which might be due to the preferential uptake of smaller NPs
by macrophages.43 Dynamic light scattering was further
performed to measure the sizes of different NPs as a function
of protein adsorption (Figure 5F). These data suggest that the
80 nm NP−corona complex from 50 nm APN is the most
favorable size for macrophage uptake. Furthermore, macro-
phages took up more 50 nm APN than 20 nm APN, indicating
that the higher efficiency in macrophage polarization
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modulation with 50 nm APN could be due, in part, to greater
NP uptake. In fact, several studies have suggested that NPs of
50 nm diameter are the optimal size for cellular uptake.71,72 In
conclusion, for APNs with a size equal to or less than 100 nm,
the impact on macrophage polarization is dominated by the
extent of NP uptake rather than protein corona identity.
Therefore, NP size can be leveraged to modulate macrophage
uptake for expected therapeutic outcomes in applications of
delivering APN-based DDSs to macrophages.
Our data show NP physicochemical properties affect protein

corona, which correlates to macrophage polarization. First, we
show that NP surface charge plays a critical role in macrophage
polarization, where cationic nanoparticles potentiate both M1
and M2 macrophage markers while anionic nanoparticles
promote M1-to-M2 modulation. Then, consistent with other
reports,20,23,54 proteomics reveals dramatically different protein
corona profiles from various charges of NPs. In addition, our
thorough analysis of these protein corona profiles enables us to
associate these distinct protein profiles with different surface
charges to macrophage polarization. Furthermore, we and
others showed that the most efficient cellular uptake occurs
with 50 nm NPs,34,54 which can also enhance M2 macrophage
polarization. However, in vitro analyses of NP−cell inter-
actions are simplified and do not recapitulate the complexity of
the in vivo environment.73−75 Ongoing studies include in vivo
analysis to further understand protein corona’s role in NP−
macrophage interactions. The findings regarding NP-modu-
lated macrophage polarization are of great value to the clinical
translation of nanotechnologies since the macrophage polar-
ization state is linked to disease progression. Therefore,
macrophage polarization can be targeted and modulated
when designing NP DDSs. For example, since TAMs show
greater M2 macrophage polarization, which promotes tumor
cell proliferation and invasion,10,11 NP DDSs that inhibit M2
macrophage modulation can be used as a critical parameter for
anti-tumor DDS design. Additionally, M2 macrophages
improve fracture healing.14 In this case, relevant DDSs that
promote M2 macrophage polarization can be utilized to
enhance healing outcomes. Nevertheless, macrophage modu-
lation is dynamic, with gradation between myriad phenotypes
that vary temporally.9,65,66 Therefore, time-dependent studies
are necessary to discover macrophage−polarization-related
temporal effects. Finally, in vivo nanotoxicological studies
should also be considered to assess undesired effects and
ensure the safe translation of NP-based DDSs from bench to
bedside.76 Altogether, investigating NP-mediated macrophage
polarization and uncovering underlying mechanisms provide
valuable information and guide DDS engineering for clinical
use.

■ CONCLUSIONS
Our analysis identified physicochemical properties of NPs,
such as charge and size, as having distinct impacts on
macrophage polarization, which was then confirmed with the
other NPs more relevant to drug delivery. Specifically, cationic
nanoparticles promote both M1 and M2 macrophage polar-
ization, whereas anionic nanoparticles bias M2-like macro-
phage modulation. Macrophages are actively involved in many
diseases, where various macrophage polarization statuses and
types exert significant differences in disease progression.
Therefore, based on our findings, physicochemical properties
of NP DDSs should be carefully considered to avoid unwanted
macrophage polarization. Due to distinct NP protein corona

formation, it is critical to be able to characterize the protein
coronas from various NPs and, ultimately, explore their
correlation with NP-mediated macrophage polarization. Our
proteomics analysis of protein coronas revealed distinct protein
corona patterns from different physicochemical properties of
NPs, which underpins the differential impact of NPs on
macrophage polarization. Furthermore, future studies are
warranted to comprehensively investigate the impact of other
physicochemical properties, such as material, shape, and
surface modification, etc., on the protein corona and its
relationship to macrophage modulation.77,84 Altogether, this
work can serve as a foundation for investigating the underlying
mechanism of NP-mediated macrophage polarization.

■ METHODS
Polymer Synthesis, NP Self-Assembly, and Character-

ization. Amphiphilic diblock copolymers of poly(styrene-alt-maleic
anhydride)-b-poly(styrene) (PSMA-b-PS) were synthesized via
reversible addition−fragmentation chain transfer (RAFT) polymer-
ization, as described previously.6,46,47,78,79 PSMA-b-PS copolymers
were then self-assembled into NPs via solvent exchange with a
hydrophobic core (PS) and a hydrophilic shell (PSMA).6,46,47,78,79

DMAEMA NPs, consisting of a pH-responsive core and cationic
corona, were self-assembled from poly(dimethylmethacrylate)-b-
poly(dimethylaminoethyl methacrylate-co-butyl methacrylate-co-pro-
pylacrylic acid) or p(DMAEMA)-b-p(DMAEMA-co-BMA-PAA) also
synthesized via RAFT, as described previously.45,80 For PEG-PS
copolymers, PS-COOH was first synthesized via RAFT, followed by
carbodiimide chemistry for conjugation of PEG to PS-COOH in an
organic solvent.80,81 Polymer molecular weights were determined with
gel permeation chromatography (GPC). NP size and surface charge
were measured using DLS (Malvern Instruments, Worcestershire,
UK), where the polymer concentration is 0.1 mg/mL.

Cell Culture and Macrophage Polarization. BMDMs were
harvested from female 6−8 weeks old Balb/c mice (Jackson
Laboratory). Briefly, femurs and tibias were harvested, bones were
rinsed with cold PBS, and the flushed marrows were filtered through a
70 mm cell strainer. Following centrifugation, the cell pellets were
lysed with red blood cell lysis buffer (5 mL for 1 min on ice), and
subsequently, the RBC lysis buffer was neutralized with 15 mL of
high-glucose Dulbecco’s modified Eagle medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS) and 100 units/mL
penicillin−streptomycin (Gibco), followed by centrifugation at 1100
rpm for 5 min. After resuspending the cells gently in 15 mL of DMEM
containing a macrophage colony-stimulating factor (M-CSF, 25 ng/
mL), they were plated into a T-75 flask and grown for 24 h. At this
point, if any adherent stromal cells and resident macrophages adhered
to the flask, then all non-adherent cells were transferred to a new plate
or flask for further differentiation. At day 7, cells were ready for M1
polarization with 50 ng/mL of lipopolysaccharide (LPS) and 25 ng/
mL of interferon-γ (INF-γ) and M2 polarization with 20 ng/mL of
interleukin-4 (IL-4).

Flow Cytometry. M0, M1, and M2-polarized macrophages were
treated with different NPs for 1 day. Cells were collected for cell
surface marker analysis using flow cytometry. The gating strategy of
flow cytometry is shown in Figure S5. Specifically, bone marrow-
derived macrophages were gated for F4/80+CD45+Ly6C-Ly6G-cells
to achieve a relatively pure population, and M1 and M2 phenotypes
were identified as MHCII+CD38+ and CD206+CD163+, respec-
tively, from the previously gated bone marrow-derived macrophage
population. The impact of NPs on M1 and M2 polarization was
analyzed by the percentage of M1 and M2 markers, normalized by
untreated groups.

Quantitative Real-Time PCR. At 24 h, cells treated with NPs and
the untreated group were collected for quantifying gene expression
levels. Briefly, RNA was extracted from cell pellets lysed with TRK
lysis buffer (Bio-Rad) containing 2-mercaptoethanol (1% v/v). After
determining the quantity and quality of extracted RNA via Cytation 5
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(Biotek) by the A260/280 ratio, cDNA was synthesized using the
iScript cDNA Synthesis Kit (Bio-Rad), and PCR was performed by
the PowerUp SYBR Green Master Mix Assay (Applied Biosystems) to
investigate the impact of polarization on a gene expression level.
Primer sequences are listed in Table S1.
Macrophage Function Evaluation via Cytokine Release.

After gene expression and a cell surface marker test, macrophage
function was further evaluated by Luminex (Eve Technologies) by
testing both pro-inflammatory and anti-inflammatory cytokines
released in the cell culture media. Specifically, these cytokines include
granulocyte−macrophage colony-stimulating factor (GM-CSF), IFNγ,
IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p70, monocyte chemoattractant
protein-1 (MCP-1), and tumor necrosis factor α (TNF-α).
Protein Corona Formation and Gel Electrophoresis for

Proteomics. 50 mL of NPs (50 mg/mL) were incubated in 50 mL of
mouse serum for 2 h at 37 °C. Unbound proteins were washed away
using 3 times of centrifugation at 30,000 rpm at 4 °C with 1× PBS for
40 min each. After that, the pellet was resuspended in 100 mL of 2 wt
% SDS in 1× PBS. 16 mL of these NP protein coronas were mixed
with 4 mL of Lane Marker Reducing Sample buffer (Thermo) and
incubated for 5 min at 95 °C. The resulting mixtures and a protein
ladder were loaded into a 4−20% mini-PROTEAN TGX Precast
protein gel (Bio-Rad) at 100 V for 15 min to get a 1 cm-long band.
The gels were washed 3 times for 5 min each in 200 mL of ddH2O to
remove SDS, which will interfere with the following staining. 100 mL
of Bio-Safe Coomassie stain was used to stain the bands with gentle
shaking overnight. The gels were finally rinsed extensively in ddH2O
after staining to further reduce background. The gels were then
submitted for proteomics analysis.
Sample Preparation for Proteomics. The regions of interior in

the gel were first cut into 1 mm cubes, de-stained, and then reduced
and alkylated with dithiothreitol (DTT) and iodoacetamide (IAA),
respectively (Sigma). Acetonitrile was used to dehydrate the gel
fragments. Trypsin (Promega) aliquots were reconstituted to 10 ng/
μL in 50 mM ammonium bicarbonate and added until just covering
the dehydrated gel pieces. The gel pieces were submerged completely
in ammonium bicarbonate after 30 min at room temperature, and
then the gel was placed at 37 °C overnight. The following day,
peptides were extracted by adding 50% acetonitrile and 0.1%
trifluoroacetic acid (TFA), followed by drying down in a CentriVap
concentrator (Labconco). Using handmade C18 spin columns,
peptides were desalted before being dried one more time and
reconstituting in 0.1% TFA.
Mass Spectrometry. The Easy nLC-1200 HPLC (Thermo

Fisher) was coupled to a Fusion Lumos Tribrid mass spectrometer,
and 1.8 μm beads (Sepax) were used to introduce peptides into the
column from each fraction (Thermo Fisher). While solvent B
contained 0.1% formic acid in 80% acetonitrile, solvent A contained
0.1% formic acid in water. A Nanospray Flex source running at 2 kV
was used to inject ions into the mass spectrometer. The gradient
started at 3% B and held for 2 min. It then increased to 10% B over 6
min, to 38% B over 35 min, to 90% B in 5 min, and was held for 3
min. It then ramped back down to the beginning conditions in 2 min
and stabilized for 7 min, making for a total run time of 60 min. A data-
independent mode was used to operate the Fusion Lumos. With a
resolution of 60,000 at 200 m/z, an AGC target of 4 × 105, and a
maximum injection duration of 50 ms, the entire MS1 scan was
performed. A staggered windowing approach of 20 m/z with 10 m/z
overlaps was used to monitor precursor ions. For instance, the final
window fragmented ions between 980 and 1000 m/z, while the first
cycle fragmented precursor ions between 400 and 420 m/z, 420 and
440 m/z, etc. The following cycle fragmented precursor ions between
390 and 410 m/z, then 410−430 m/z, etc., with ions between 990 and
1010 m/z serving as the cycle’s ultimate fragmentation. The number
of MS2 scans in each cycle was 30, and the collection of fragment ions
ranged from 200 to 2000 m/z. By applying a collision energy of 33%,
precursor ions were broken up by higher-energy C-trap dissociation
(HCD). With a resolution of 15,000, an AGC target of 4 × 105, and a
maximum injection time of 23 ms, MS2 images were amassed in the
Orbitrap.

Data Analysis. DIA-NN version 1.8.1 (https://github.com/
vdemichev/DIA-NN)82 was used to process raw data. Data analysis
for all experiments was done in DIA-library-free NN’s analysis mode.
The mouse UniProt database (UP000000589 10090, downloaded 4/
7/2021) with “deep learning-based spectra and RT prediction”
enabled was used to annotate the library. For Ox(M), the maximum
number of variable modifications was set to 1, the maximum number
of missed cleavages was set to 1, the peptide length range was set to
7−30, the precursor charge range was set to 2−3, the precursor m/z
range was set to 400−1000, and the fragment m/z range was set to
200−2000. The protein inferences were set to “Genes,” and
“Heuristic protein inference” was disabled. The quantification was
performed in “Robust LC (high precision)” mode. The software
automatically establishes the scan window size, MS1 and MS2 mass
tolerances, and other parameters. Subsequently, the posterior error
probability (50%) and the library protein group (1% each) Q-values
were used to filter the precursors. The amount of peptides quantified
in each protein group was tallied using the MaxLFQ algorithm as
implemented in the DIA-NN R package (https://github.com/
vdemichev/diann-rpackage) and the DiannReportGenerator Package
(https://github.com/kswovick/DIANN-Report-Generator).83.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c22471.

Additional experimental details, methods, and additional
figures for NMR, GPC, DLS, and biocompatibility
results et al. (PDF)
Proteomics raw data and list of proteins from various NP
coronas (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Danielle S. W. Benoit − Department of Biomedical
Engineering, University of Rochester, Rochester, New York
14623, United States; Center for Musculoskeletal Research,
University of Rochester Medical Center, Rochester, New York
14623, United States; Department of Chemical Engineering
and Materials Science Program, University of Rochester,
Rochester, New York 14623, United States; Phil and Penny
Knight Campus for Accelerating Scientific Impact,
Department of Bioengineering, University of Oregon, Eugene,
Oregon 97403, United States; orcid.org/0000-0001-
7137-8164; Email: dbenoit@uoregon.edu

Authors
Baixue Xiao − Department of Biomedical Engineering,
University of Rochester, Rochester, New York 14623, United
States; Center for Musculoskeletal Research, University of
Rochester Medical Center, Rochester, New York 14623,
United States; orcid.org/0000-0001-8337-8401

Yuxuan Liu − Materials Science Program, University of
Rochester, Rochester, New York 14623, United States

Indika Chandrasiri − Department of Biomedical Engineering,
University of Rochester, Rochester, New York 14623, United
States; Center for Musculoskeletal Research, University of
Rochester Medical Center, Rochester, New York 14623,
United States

Clyde Over y − Department of Biomedical Engineering,
University of Rochester, Rochester, New York 14623, United
States; Center for Musculoskeletal Research, University of
Rochester Medical Center, Rochester, New York 14623,
United States

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c22471
ACS Appl. Mater. Interfaces 2023, 15, 13993−14004

14001

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22471/suppl_file/am2c22471_si_001.pdf
https://github.com/vdemichev/DIA-NN
https://github.com/vdemichev/DIA-NN
https://github.com/vdemichev/diann-rpackage
https://github.com/vdemichev/diann-rpackage
https://github.com/kswovick/DIANN-Report-Generator
https://pubs.acs.org/doi/10.1021/acsami.2c22471?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22471/suppl_file/am2c22471_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22471/suppl_file/am2c22471_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danielle+S.+W.+Benoit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7137-8164
https://orcid.org/0000-0001-7137-8164
mailto:dbenoit@uoregon.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baixue+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8337-8401
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Indika+Chandrasiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clyde+Overby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c22471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c22471

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript Funding
Funding
This work was supported by grants from the National Science
Foundation (NSF) (CBET1450987 and DMR2103553);
National Institutes of Health (NIH) (R01 AR064200, R01
AR056696, P30 AR06955, R21 AR081063 (to DB) and S10
OD030302); Orthopaedic Research and Education Founda-
tion Grant 20-072 (to DB), Orthopaedic Trauma Association
Grant 6272 (to DB), and the University of Rochester Medical
Center Department of Orthopaedics Goldstein Award (to
DB).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors also wish to thank Kevin Welle, Matthew
Cochran, Celia Soto, Ming Yan, Emily Quarato, and Jared
Mereness for their assistance.

■ ABBREVIATIONS
MPS, mononuclear phagocyte system
NP, nanoparticle
CPNs, cationic polystyrene nanoparticles
APNs, anionic polystyrene nanoparticles
NPNs, neutral polystyrene nanoparticles
BMDMs, bone marrow-derived monocytes
Cxcl11, CXC motif chemokine ligand 11
Nos2, nitric oxide synthase 2
IL1β, interleukin 1β
Arg1, arginase 1
MHCII, major histocompatibility complex class II
CCL17, C−C motif chemokine ligand 17
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
DDSs, drug delivery systems
TAM, tumor-associated macrophage
M-CSF, macrophage colony-stimulating factor
GM-CSF, granulocyte-macrophage colony-stimulating fac-
tor
IFNγ, interferon gamma
IL-6, interleukin 6
IL-12p70, interleukin 12
MCP-1, monocyte chemoattractant protein-1
TNFα, tumor necrosis factor α
IL-4, interleukin 4
IL-10, interleukin 10
DMAEMA-NP, poly(dimethylaminoethyl methacrylate)-b-
poly(dimethylaminoethyl methacrylate-co-butyl methacry-
late-co-propylacrylic acid) nanoparticle
PSMA-PS NP, poly(styrene-alt-maleic anhydride)-poly-
(styrene)
PEG-PS NPs, poly(ethylene glycol)-b-poly(styrene)
GPC, gel permeation chromatography
NMR, nuclear magnetic resonance
DLS, dynamic light scattering
TLR4, toll-like receptor 4 signaling
AuNPs, gold nanoparticles

GO, gene ontology
pI, isoelectric point
BCA, bicinchoninic acid assay
LC−MS/MS, liquid chromatography−mass spectrometry
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Lesńiak, A.; Salvati, A.; Hanrahan, J. P.; Jong, W. H.; Dziubałtowska,
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