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ABSTRACT: Nanoparticle modification with poly(ethylene gly-
col) (PEG) is a widely used surface engineering strategy in
nanomedicine. However, since the artificial PEG polymer may
adversely impact nanomedicine safety and efficacy, alternative
surface modifications are needed. Here, we explored the “self”
polysaccharide heparosan (HEP) to prepare colloidally stable HEP-
coated nanoparticles, including gold and silver nanoparticles and
liposomes. We found that the HEP-coating reduced the nano-
particle protein corona formation as efficiently as PEG coatings
upon serum incubation. Liquid chromatography−mass spectrom-
etry revealed the protein corona profiles. Heparosan-coated nanoparticles exhibited up to 230-fold higher uptake in certain innate
immune cells, but not in other tested cell types, than PEGylated nanoparticles. No noticeable cytotoxicity was observed. Serum
proteins did not mediate the high cell uptake of HEP-coated nanoparticles. Our work suggests that HEP polymers may be an
effective surface modification technology for nanomedicines to safely and efficiently target certain innate immune cells.

KEYWORDS: Nanoparticles, liposome, cellular uptake, heparosan, protein corona, surface engineering, PEGylation, nanomedicine,
drug delivery

■ INTRODUCTION

Nanoparticles provide flexible platforms for the development
of drug delivery technologies, disease diagnostics, and
vaccines.1−6 Yet upon exposure to physiological fluids, proteins
adsorb onto the nanoparticle surface to form a layer termed the
protein corona.7,8 This protein corona can alter the biological
fate and immunogenicity of nanoparticles.7−10 For example,
certain proteins can undergo configurational changes upon
adsorption to nanoparticle surfaces, potentially resulting in
nanoparticle aggregation or the presentation of novel antigenic
sites.11,12 To address this challenge, nanoparticle surface
modifications with synthetic polymers are commonly used in
nanomedicine to enhance colloidal stability and reduce the
nonspecific protein adsorption.13−17

While the FDA has approved the clinical use of nano-
particles with polymer coatings, such as poly(ethylene glycol)
(PEG) and dextran, these coating agents have been reported in
some cases to impact nanomedicine safety and efficacy
adversely.18−20 These reports have raised growing clinical
concern about anti-PEG immunogenicity, which may be
amplified by the widespread use of PEG in cosmetics, health
care products, and over-the-counter medications.21,22 Anti-
PEG antibodies can bind to PEGylated nanoparticles, which
may induce undesired immune responses, including premature
clearance of nanomedicines, allergic reactions, and anaphy-

laxis.21,23−29 There is a need to investigate alternative
nanoparticle surface modifications that can address the
shortcomings of PEGylated nanomedicines.30

Here, we explored the polysaccharide heparosan (HEP) as a
biocompatible nanoparticle surface modification agent. The
HEP polysaccharide is a biosynthetic precursor in the
anticoagulant polysaccharides pathway in animals.31,32 In a
previous report, no immunogenicity was observed when HEP
was used as a surface coating agent for drug delivery liposomes
in vivo.33 While some reported studies used HEP-coated
liposomes and micelles,33−36 we demonstrate here the broad
applicability of HEP surface modifications for various inorganic
and organic nanomaterials (i.e., gold nanoparticles (AuNPs),
silver nanoparticles (AgNPs), and synthetic liposomes). Using
AuNPs as a model system, we systematically characterized
HEP-based surface modifications and quantitatively assessed
the associated biological interactions.
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First, we adopted two different methods, salt aging and pH
reduction, to efficiently functionalize the negatively charged
HEP on the surface of AuNPs of various sizes. Then, AuNPs
with various HEP surface densities were exposed to serum-
containing media, and we compared the protein corona
characteristics to PEGylated nanoparticles. Next, we performed
label-free liquid chromatography tandem mass spectrometry
(LC-MS/MS) to study the protein corona profiles of HEP- or
PEG- functionalized AuNPs. We quantified the cytotoxicity,
cytokine release profiles, and the cellular uptake of these HEP-
or PEG-coated AuNPs upon exposure to various cell types.
Additionally, we assessed the cellular uptake profiles of HEP-
or PEG-coated AgNPs and liposomes. Our results indicate that
HEP polymers may be an effective surface modification
technology for nanomedicines.

■ RESULTS AND DISCUSSION

We demonstrated in previous studies that orthopyridyl
disulfide (OPSS) is an effective linker to bind OPSS-modified
polymers to citrate-coated gold nanoparticles (AuNPs).16,37

Therefore, we covalently attached an OPSS group via an amide
bond to a modified HEP polysaccharide chain containing an
amine at the reducing-end terminus to form OPSS-HEP.
Figure S1 depicts the chemical structure of OPSS-HEP. The
qualitative characterization of the successful OPSS conjugation
to HEP is shown in Figure S2. We selected 10-kDa OPSS-PEG
as a comparative control for the 13-kDa OPSS-HEP to match
the molecular weights of both polymers.
To modify colloidally dispersed citrate-coated AuNPs with

negatively charged HEP polymers (Figure 1A), we established
two different surface modification strategies: (I) an increase in
ionic strength to 0.7 M through the stepwise addition of a
saline solution (salt aging method, Figure 1B), or (II) a single-

step pH reduction to pH 3 by addition of an aqueous
hydrochloric acid solution (pH reduction method, Figure 1C).
We applied these two methods to increase surface coating
effectiveness by reducing the electrostatic repulsion between
individual HEP polymers.38,39

To establish the feasibility of the salt aging and pH methods
for the attachment of OPSS-HEP onto AuNPs, we used 15 nm
AuNPs as a model nanoparticle system. These AuNPs can be
synthesized reproducibly with high yield (typically >80%) and
narrow size distribution (<10% deviation).37 As shown in
Figure 2A, simply mixing AuNPs with OPSS-HEP did not
result in substantial increases in AuNPs hydrodynamic
diameter, measured by dynamic light scattering (DLS),
which is likely due to the electrostatic repulsion between
individual negatively charged HEP polymers. In contrast, both
salt aging and pH methods increased the AuNPs hydro-
dynamic diameters similarly up to ∼49 nm as a function of the
amount of OPSS-HEP added per nanoparticle surface area in a
coating reaction (Figure 2B). Saturation of the surface was
indicated by a plateau when maximal hydrodynamic size was
achieved. These DLS results were supported qualitatively by
agarose gel electrophoresis experiments, where the migration
of the nanoparticles was reduced with an increase in size and
HEP surface coverage (Figure S3). Transmission electron
microscopy (TEM) of negative-stained nanoparticles indicated
the presence of a dense surface coating layer around HEP-
modified AuNPs and revealed an average increase in
nanoparticle size of ∼25 nm (Figure 2C−E). This size
increase is smaller than the hydrodynamic size increase
observed with DLS, most likely due to a partial collapse of
the polysaccharide structure during the sample dehydration
process required for TEM imaging.

Figure 1. Schematic of gold nanoparticle (AuNP) surface modification with heparosan (HEP) polymers. (A) General surface attachment strategy
of OPSS-terminated HEP (OPSS-HEP). (B) Salt aging method: (i) OPSS-HEP is mixed with colloidally dispersed citrate-coated AuNPs. (ii) The
ionic strength of the dispersion is then increased by the stepwise addition of a NaCl solution (denoted with multiple arrows). (C) pH method. (i)
OPSS-HEP is mixed with colloidally dispersed citrate-coated AuNPs. (ii) The pH of the colloidal dispersion is subsequently decreased to ∼pH 3 by
the one-step addition of a hydrochloric acid solution.
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To determine the HEP coating efficiency on AuNPs, we
prepared tritium [3H] radiolabeled OPSS-HEP polymers and
used liquid scintillation counting measurements to quantify the
amount of HEP conjugated to AuNPs (Figure 2F,G). As
shown in Figure 2G, the maximum achievable HEP surface
coating density was ∼1.1 HEP/nm2. In addition, we observed
that the colloidal stability of HEP-conjugated AuNPs did not
change noticeably for various storage conditions (Figure S4).
Collectively, our data confirmed that both salt aging and pH
methods resulted in effective and stable HEP surface coating of
15 nm AuNPs.
Next, we expanded this surface modification strategy to

larger nanoparticles to demonstrate the generalizability of our
approach. As shown in Figures S5−S8, we used both surface
modification methods to successfully coat 55 and 100 nm
AuNPs with OPSS-HEP, resulting in similar overall increases
in hydrodynamic diameter (∼49 nm) as observed with 15 nm
AuNPs. These results indicate that both surface modification
strategies were functional and consistent across a wide range of
nanoparticle sizes. Additionally, we found that the long-term
colloidal stability of AuNPs coated with low HEP surface

density (<0.1 HEP/nm2) could be increased to over one year
when using the pH method without citrate (Figure S8). In
summary, both surface modification strategies allowed the
successful coating of HEP polymers onto various AuNPs
systems. It is worth mentioning that these surface coating
strategies could be used as effective general approaches to
modify nanoparticles with negatively charged polymers, which
is in line with reports by Hurst et al. and Xu et al. for DNA
coatings.38,39

The hydrophilicity of PEG has been reported to reduce
protein adsorption through repulsion between the PEGylated
nanoparticle surface and serum proteins.40,41 HEP polymers
exhibit a high number of hydroxyl and amide groups ([−4-N-
acetylglucosamine-α1,4-glucuronic acid-β1−]n) that render the
polymer overall hydrophilic. This hydrophilicity and the overall
negative charge of the polysaccharide may reduce HEP
polymer−protein interactions. On the basis of this rationale,
we then hypothesized that HEP would not only enhance the
colloidal stability but further reduce the serum protein
adsorption onto the nanoparticle surface. To evaluate
heparosan’s ability to reduce protein adsorption, we exposed

Figure 2. Characterization of heparosan (HEP) surface modification using 15 nm AuNPs. (A) Dynamic light scattering (DLS) was used to
measure the hydrodynamic diameter of 15 nm AuNPs after simply mixing with various amounts of HEP per nm2 of nanoparticle surface area with
vortexing (without changes in salt concentration (salt aging) or pH reduction). The increase in hydrodynamic diameter of only ∼3 nm suggests
that HEP did not efficiently conjugate AuNPs. Bars indicate mean ± SD (n = 3). (B) DLS results of 15 nm AuNPs mixed with various amounts of
HEP per nm2 nanoparticle surface area and addition of saline (salt aging) or subsequent decrease in pH (pH reduction method). The increase in
hydrodynamic diameter of ∼49 nm suggests efficient HEP conjugation. Bars indicate mean ± SD (n = 3). Statistical tests were performed by two-
way ANOVA; n.s. indicates no statistically significant differences. (C,D) Representative TEM micrograph of 15 nm citrate-coated AuNPs with a
diameter of 14.9 ± 0.6 nm (C) and HEP-AuNPs with a diameter of 24.7 ± 1.4 nm (D). Citrate-coated AuNPs (C) and HEP-AuNPs (D) were
stained with 2% uranyl acetate. The light gray halo around the dark AuNP core corresponds to the coating or shell of the surface conjugated HEP.
Scale bar indicates 50 nm. (E) Size analysis of 15 nm citrate- and HEP-AuNPs by TEM imaging. The core only is the core size of citrate-AuNPs of
panel C (control; red bar). The core of HEP-AuNPs of panel D is represented by a brown bar. The diameter of the core and shell of HEP-AuNPs
of panel D is represented by a slanted lined brown bar. Bars indicate mean ± SD. Statistical tests were performed by one-way ANOVA (p < 0.0001
(****); n.s. indicates no statistically significant differences). (F) Schematic of AuNP surface modification with radiolabeled HEP. (G)
Radiochemical assessment of HEP coating density. Liquid scintillation analysis was used to measure the 3H radioactivity in comparison to coating
density (the addition of [3H]-HEP per nm2) conjugated to 15 nm AuNPs.
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HEP-modified AuNPs coated with various surface densities to
100% fetal bovine serum (FBS; Figure 3A) as a model
serum.7,42,43 We qualitatively assessed the serum protein
adsorption before and after FBS incubation on 15-, 55-, or
100 nm HEP-AuNPs with two different methods: (i) by DLS
via changes in hydrodynamic diameter (Figure S9), and (ii) by
agarose gel shift experiments via changes in nanoparticle
electrophoretic mobility (Figure S10). After the FBS exposure,
nanoparticles without HEP surface modification exhibited a
substantial and consistent DLS size increase of ∼26 nm
(Figure 3B) and an overall reduced electrophoretic mobility
(Figure S10). We did not observe significant differences in
hydrodynamic diameter for AuNPs modified with >0.5 HEP/
nm2 before and after FBS incubation (Figure 3C and Figure
S9). To demonstrate the broad applicability of this HEP
surface modification strategy, we additionally synthesized
HEP-coated AgNPs and liposomes.44−46 We observed no
significant changes in hydrodynamic diameter for HEP-coated
AgNPs and liposomes before and after FBS incubation
indicating minimal interactions between the nanoparticle
surfaces and serum proteins (Figure S11). Our findings
suggest that the HEP surface modification strategy effectively
minimizes serum protein adsorption onto the surfaces of

various nanoparticles, that is, AuNPs, AgNPs, and liposomes.
We corroborated these findings qualitatively with sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of isolated proteins from AuNPs surfaces (Figure
3E,F; Figure S12). Using a quantitative bicinchoninic acid
(BCA) assay, we confirmed that the observed nanoparticle
surface protein adsorption correlated inversely with increasing
surface density of the HEP coating (Figure 3D). This ability to
reduce the protein adsorption of HEP-coated AuNPs was
similar for AuNPs that were surface-modified with OPSS-PEG.
We used PEG as a control surface modification due to PEG’s
widespread use in nanomedicine.6,47,48 We summarized the
physicochemical characterization results of PEG-modified
AuNPs in Figure S13. Overall, our findings confirmed that
the HEP surface modification effectively reduced protein
adsorption onto nanoparticles, and this effect was more
pronounced with increasing HEP surface coating densities
similar to PEGylated nanoparticles.
Next, we used label-free LC-MS/MS to characterize the

adsorbed proteins isolated from the nanoparticle surfaces
(Figure 4). Table S1 summarizes the complete list of protein
names, molecular weights, and known biological activities of
the 16 detected protein species identified on the HEP- and

Figure 3. Nanoparticle surface engineering with heparosan reduces protein corona formation. (A) Schematic representation of nanoparticle protein
corona formation with and without HEP coating. (B,C) Dynamic light scattering (DLS) was used to compare the hydrodynamic diameter
differences before and after FBS incubation (slanted lined bars stand for incubation with FBS) of citrate-coated (B; 0 HEP/nm2) and HEP-coated
(panel C)15-, 55-, or 100 nm AuNPs. Bar graphs indicate mean ± SD (n = 3). Statistical tests were performed by two-way ANOVA (p < 0.0001
(****)). (D) Quantitative BCA protein assay results for HEP- or PEG-coated 55 nm AuNPs created by increasing amounts of polymer added to
coating reactions. Results are presented as mean ± SD (n = 3). (E,F) SDS-PAGE showing the qualitative biomolecular composition of the
adsorbed FBS protein layer on 55 nm AuNPs with various surface HEP (panel E) or PEG densities (panel F). The coating densities represent the
added amount of polymers in a coating reaction per nanoparticle surface area.
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PEG-coated AuNPs. The HEP and PEG surface coatings
shared 12 proteins (Figure 4E). Average spectral counts for
each identified protein from HEP-AuNPs and PEG-AuNPs are
reported in Tables S2 and S3, respectively. The spectral counts
varied with both the densities and types of surface coating, as
summarized in the corresponding heat maps (Figure 4A,C).
We performed hierarchy clustering to organize proteins into
groups based on the correlation of relative abundances (Figure
4B,D). We observed that the identified proteins presented
distinct preferential surface adsorption as a function of the
nanoparticle surface coating types and densities. We
summarized the similarities and differences between the five
protein cluster groups in a Venn diagram (Figure 4F). Our
proteomic analysis showed that changes in nanoparticle surface
coating affect the types and quantities of surface-adsorbed
proteins.
Considering the potential impact of the nanoparticle protein

corona on biological function and toxicity, we then compared
the cytotoxicity, hemolysis potential, and cytokine release
profiles of HEP- or PEG-modified AuNPs (Figures 5A,B, S14).

On average, we added about five polymers/nm2 to modify
AuNPs with HEP or PEG. We evaluated the cytotoxicity for
various nanoparticle doses, nanoparticle sizes, and incubation
periods in different cell types (Figures S15A−C). We did not
observe any noticeable cytotoxicity at the highest nanoparticle
dose tested. In addition, we did not detect any pronounced
hemoglobin release upon incubation of human red blood cells
with HEP- or PEG-modified nanoparticles (Figures 5B, S15D).
We analyzed the cytokine release levels in supernatants of
RAW264.7 macrophages after 24 h of incubation with either
citrate-, HEP-, or PEG-modified AuNPs (Figure S14). In
comparison to the untreated cell control, no significant
changes were observed in this panel of over three dozen
cytokines, interleukins, or factors known to be involved in
stress and inflammatory reactions. These results highlight the
biocompatibility of HEP coatings and warrant the future
investigation of HEP for safe and effective nanomedicine
coatings.
Since the protein corona molecular composition is critical in

governing the nanoparticles’ biological fate and cellular

Figure 4. Proteomic analysis of nanoparticle protein corona by LC-MS/MS. (A,C) Heat maps and clustergrams of the most abundant proteins
isolated from HEP- (panel A) or PEG-coated (panel C) AuNPs. The dendrogram on the left side of the heat map shows the hierarchical
relationship between proteins in each row across the densities. According to the correlation in the dendrogram, proteins were clustered into groups
a, b, c, d, and e (represented by colored bars on the right side of the heat maps and colored lines in the dendrograms). The average amount of each
protein was calculated from three independent experimental replicates. The scale bars on the top of the heat maps stand for the relative abundance
of proteins (min, avg, and max represent the minimum, average and maximum amount of proteins in the heat map, respectively). Only proteins
with relative abundance larger than 0.25% were included. (B,D) The number of proteins in a cluster group was reported. The data points represent
proteins amount of the same cluster groups over different densities. The connections of data points show the trend of protein amount change in
each cluster group along with different densities. (E,F) The proportional Venn diagrams of protein corona isolated from HEP- or PEG-coated 55
nm AuNPs and the clustered groups. The intersection of proteins from HEP- with PEG-coated AuNPs (panel E). Proteins from the clustered
groups a, b, c, d, and e were intersected (panel F). The cluster groups a, b, c, d, e are defined in panels A and C.
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interactions, we wondered about potential differences in cell
uptake efficiencies between HEP- and PEG-modified nano-
particles. We incubated HEP-AuNPs or PEG-AuNPs with
various healthy and cancerous cell lines, including J774A.1
macrophages, RAW264.7 macrophages, DC2.4 dendritic cells,
HUVEC human endothelial cells, B16f10 melanoma cells, and
C2C12 muscle cells. Our nanoparticle-cell incubation experi-
ments revealed high associations of HEP-AuNPs with certain
cell types of the innate immune system (Figure S16). To prove
that the observed nanoparticle-cell interactions were due to the
intracellular uptake of nanoparticles, we conducted confocal
laser scanning microscopy (CLSM) to visualize AuNPs in a
label-free manner via light scattering.49,50 Figure 5E shows

intracellular CLSM image sections, which confirmed the
substantial uptake of HEP-coated AuNPs into these cells
(Figure S17).
To further confirm the intracellular localization of AuNPs,

we performed a gold etching experiment by exposing cells to
KI/I2 etchant, a highly effective etchant of gold. Our rationale
for the etching experiment was that any externally located
AuNPs, for example, AuNPs attached to the cell membrane,
will dissolve during this etching treatment.51,52 As shown in
Figure S18, quantitative inductively coupled plasma mass
spectrometry (ICP-MS) of cells exposed to nanoparticles
revealed no notable changes in the extent of nanoparticle cell
uptake after the etchant treatment. These results suggest that

Figure 5. Cytotoxicity, hemolysis, and cell uptake of HEP- and PEG-modified 55 nm AuNPs. (A) Cell viability test of RAW 264.7 or J774A
macrophages treated with 1-nM HEP-AuNPs for 48 h with control groups (cells with PEG- AuNPs or without AuNPs) by XTT assay. Bar graphs
indicate mean ± SD (n = 5). (B) Hemolysis assay of 55 nm nanoparticles (1-nM HEP- or PEG-AuNPs final). 1× PBS or 1% Triton-X 100 were
used as negative and positive controls, respectively. Bar graphs indicate mean ± SD (n = 3). (C) Cell uptake assays: HEP-AuNPs or control PEG-
AuNPs were incubated with B16F10 murine melanoma, C2C12 murine muscle cells, J774A.1 murine macrophages, RAW 264.7 murine
macrophages, or DC2.4 murine dendritic cells. ICP-MS was performed to quantify cell uptake of nanoparticles. About 70×, 230×, and 45× more
HEP-AuNPs were internalized than PEG-AuNPs in J774A.1 macrophage, RAW 264.7 macrophage, and DC 2.4 dendric cells, respectively. Bar
graphs indicate mean ± SD (n = 3−4). (D) The effect of FBS (protein corona) on cellular uptake of HEP-AuNPs with control (PEG-AuNPs)
when incubated with J774A.1 murine macrophages, RAW 264.7 murine macrophages, and DC2.4 murine dendritic cells. ICP-MS was performed to
quantify nanoparticles cell uptake. No significant difference was observed with FBS-treatment as in panel C. Bar graphs indicate mean ± SD (n =
3−4). (E) Confocal laser scanning microscopy images of HEP- and PEG-coated AuNPs incubated with DC2.4 dendritic cells for 3 h. The added
coating density of HEP-AuNPs and PEG-AuNPs in this figure was ∼5 polymers/nm2. The scale bar indicates 20 μm.
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most AuNPs were located inside the cells in line with our
CLSM images. To visualize the subcellular distribution of
AuNPs, we performed transmission electron microscopy
(TEM) of cells incubated with AuNPs. The TEM micrographs
shown in Figure S19 reveal the localization of AuNPs in
intracellular vesicles. We additionally confirmed the intra-
cellular uptake of HEP-coated AgNPs and liposomes with
CLSM (Figure S20).
We then used ICP-MS to quantify nanoparticle cellular

uptake in various cell types. Compared with 55 nm PEG-
AuNP, we observed up to 230-fold higher 55 nm HEP-AuNPs
uptake in immune cells, including J774A.1 and RAW264.7
macrophages, as well as in DC2.4 dendritic cells (Figure 5C).
For B16f10 melanoma cells, C2C12 muscle cells, murine 4T1
breast cancer cells, and human endothelial cells (HUVEC), the
uptake results of HEP-AuNPs were similar to those obtained
for PEG-AuNPs. (Figure 5C, Figures S18, S21).
Since our previous LC-MS/MS studies revealed that HEP-

and PEG-AuNPs exhibited different protein corona profiles, we
wondered about the role of the protein corona in driving
nanoparticle cell uptake. We performed cellular uptake
experiments with and without FBS in the cell media (Figure
5D and Figure S22). Our results indicate that heparosan’s
intrinsic properties rather than the protein corona determine
the observed cellular uptake efficiencies.
To investigate whether the nanoparticle size mediated the

high cellular uptake of HEP-AuNPs, we incubated RAW264.7
macrophages with 15 nm AuNPs. Interestingly, we observed a
21-fold higher cell uptake for 15 nm HEP-AuNPs than 15 nm
PEG-AuNPs (Figure S18). This finding confirms that relatively
high cell uptake can be achieved even with small HEP-
modified nanoparticles and further suggests that HEP has a
specific role in driving cellular interactions. Further mecha-
nistic studies are needed to determine how HEP-based surface
modifications facilitate the internalization of nanoparticles in
cells.
In summary, our data suggest that HEP-AuNPs exhibit no

apparent cytotoxicity or hemolysis, and very interestingly,
display relatively high cellular uptake by specific innate
immune cells. There is no correlation between this high
cellular uptake and the protein corona (as shown by controlled
FBS incubation experiments), thus suggesting that the uptake
behavior is intrinsic to the HEP polysaccharide. The high
cellular uptake of HEP-coated nanoparticles may increase the
effectiveness of macrophage and antigen-presenting cell
targeting deliveries and therapies compared to the existing
PEG-coatings. The important translational impacts for such
improved behavior may include higher potency of HEP-
modified nanomedicines yielding drug sparing (i.e., less active
ingredient is needed and thus cost savings and more doses per
manufacturing batch become available) and reduced potential
side effects due to lowered bioburden. In future studies, we will
investigate the mechanisms involved in the observed cellular
uptake behavior of HEP-modified nanoparticles.

■ CONCLUSIONS
We demonstrated that the salt aging and pH reduction
methods effectively coated negatively charged HEP onto
various sized AuNPs. Similar to PEG-based modifications,
surface engineering of AuNPs with HEP reduced protein
adsorption as a function of HEP surface density. While HEP
coatings exhibited a comparable ability to reduce protein
adsorption as PEG, HEP substantially enhanced cellular uptake

in certain antigen-presenting cells, but not in other tested cell
types from various lineages. While we observed some
differences in serum protein corona profiles between HEP-
AuNPs and PEG-AuNPs, we found that the high nanoparticle
cell uptake was not affected by serum proteins. We further
demonstrated our HEP-coating strategy’s broad applicability
for various inorganic and organic nanomaterials. In future
studies, we will investigate the mechanisms for the enhanced
cellular uptake of HEP-coated nanoparticles. This research will
guide the translation of HEP-based nanoparticle surface
engineering to enable nanomedicine-based immunotherapies,
such as vaccines and CAR-T therapies, that safely and
efficiently target immune cells.
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