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Abstract

Evading the reticuloendothelial system (RES) remains a critical challenge in the development of efficient
delivery and diagnostic systems for cancer. Sialic acid (N-acetylneuraminic acid, Neu5Ac) is recognized
as a “self” marker by major serum protein complement factor H and shows reduced interaction with
the innate immune system via sialic acid-binding immunoglobulin-like lectin (Siglec), which is known as
one of the significant regulators of phagocytic evasion. Accordingly, we prepared different
surface-modified gold nanoparticles (AuNPs) and investigated the effects of sialic acid on cellular and
immune responses of nanoparticles in vitro and in vivo. Sialic acid modification not only facilitates evasion
of the RES by suppressing the immune response, but also enhances tumor accumulation via its active
targeting ability. Therefore, sialic acid modification presents a promising strategy to advance
nanotechnology towards the prospect of clinical translation.

Key words: sialic acid (N-acetylneuraminic acid, Neu5Ac), anti-recognition effect, evading phagocytosis, lectin targeting,
molecular imaging, positron emission tomography (PET).

Introduction

The immune system mediated clearance of
nanoparticles remains a significant challenge for
clinical application despite their promising potential
in site specific accumulation via passive or active
targeting [1-4]. Accordingly, there have been
tremendous efforts to prevent nanoparticles from
being uptaken by the reticuloendothelial system (RES)
by means of red blood cell (RBC) membrane
biomimetics, CD47, polyethylene glycol (PEG), efc. [5,
6]. Among these, PEG is the most widely used
material to reduce uptake by the mononuclear
phagocyte system (MPS) for improving the stealth
effect because of its low cost and ease of modification

[7-9]. However, PEGylated nanoparticles have a
potential drawback in diagnostic and therapeutic
efficacy due to the production of PEG-specific
antibodies [10-13]. In addition, PEG coating onto
nanoparticles has been reported to mitigate the drug
release and target cell interaction, thus compromising
the diagnostic and therapeutic goals [14, 15].
Therefore, there is an unmet need for developing new
strategies capable of enhancing the stealth effect or
substituting the effects of PEG.

One of the significant regulators of evading
phagocytosis is sialic acid (N-acetylneuraminic acid,
Neub5Ac), an acidic nine-carbon sugar that binds to
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immunosuppressive carbohydrate-recognition
receptors, notably sialic acid-binding
immunoglobulin-like lectin (Siglec) expressed by
immune cells [16, 17]. Sialic acid is capable of
regulating the alternative pathway of complement
activation. Major serum protein complement factor H
recognizes sialic acid as a “self” marker, which helps
to inhibit C1q/C3b fragment activation [18-22]. Siglec,
which is broadly expressed in the innate immune
system, has an intracellular immunoreceptor
tyrosine-based inhibition motif (ITIM) that can
mediate inhibitory signals upon binding to sialic acid
and activate downstream inhibitory signaling
through the recruitment of tyrosine phosphatases
SHP-1 and SHP-2 [23-27]. In addition, sialic acid can
also be used as a targeting ligand owing to its specific
binding to a  carbohydrate-binding lectin
overexpressed in several types of cancers [28-30].
Sialic acid-covered nanoparticles are expected to
facilitate inhibition of immune cell activation, which
allows RES escape by rendering the nanoparticles
prolonged circulation in the blood stream and
reduced uptake by the immune system. It is also
expected that sialic acid-covered nanoparticles can
target more specifically to the tumor site by
maximizing the benefit of nanoparticles via
multivalent high avidity binding of sialic acid to lectin
[31, 32].

Herein, we compare the effects of sialic acid as
well as different charged PEGylated nanoparticles in
phagocytosis and immune activation. The results
suggest that modification of nanoparticles with sialic
acid results in decreased clearance by the MPS and
improve their effectiveness as targeting moieties in
vitro and in vivo (Scheme 1).

Materials and Methods

Remarks and materials

Chemical structures, synthesis schemes, and
detailed experimental methods are described in the
Supporting  Information section. All animal
experiments were conducted in accordance with an
approved NIH protocol.

General methods

Cells were purchased from the American Type
Culture Collection (Rockville, MD, USA). Other
chemicals and biological materials were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA) or
Invitrogen (Carlsbad, CA, USA) unless otherwise
noted and used without further purification

Synthesis of 20 nm gold nanoparticles

To synthesize 20 nm gold nanoparticles, 10 mg
HAuCly was dissolved in 100 mL H>O and heated to
boiling under constant stirring. Then sodium citrate
solution (1.8 mL, 1 wt%) was quickly injected. The
whole solution was kept at 100°C for 30 min and then
cooled down to room temperature. The 20 nm gold
nanoparticles were stored at 4°C for further use.

Synthesis of
N-acetyl-6-S-acetyl-6-thiomannosamine

To improve solubility for N-Acetylneuraminic
acid (NeubAc), the free acid form was converted into
the triethylammonium salt. A solution of
N-Acetylneuraminic triethylammonium salt (212 mg,
0.50 mmol) and thioacetic acid (0.14 mL, 1.97 mmol) in
dry DMF (3.0 mL) was added at 0°C to a solution of
TPP (236 mg, 0.90 mmol) and DEAD (0.14 mL, 0.90
mmol) in THF (2.5 mL). The reaction mixture was
allowed to acclimate to room temperature and was
stirred for 3 h. The reaction product was further
purified by column chromatography.
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Scheme 1. lllustration of AuNP distribution and tumor targeting (a) Unmodified AuNPs are phagocytized by the reticuloendothelial system (RES) and only
a small amount of AuNPs are delivered to tumor cells. (b) Sialic acid-mPEG-AuNPs can escape RES uptake and efficiently target tumor cells.
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Synthesis of N-acetyl-9-thioneuraminic acid

1 N NaOMe in MeOH (0.5 mL) was added to a
solution of N-acetyl-6-S-acetyl-6-thiomannosamine
(100 mg, 0.272 mmol) in MeOH (8 mL) at 0°C. The
mixture was stirred for 2 h, then neutralized with
Amberlite IR 120 (H*) and filtered. After addition of
water (3 mL), the solution was concentrated under
vacuum to ~ 0.5 mL and passed at 4°C through a
column of Amberlite IR 120 (H*). Residual solvent
was removed by freeze drying to yield
N-acetyl-9-thioneuraminic acid.

Characterization of AuNPs

The zeta potential and size of the gold
nanoparticles were measured by a nanoparticle
analyzer (5Z-100, HORIBA, Kyoto, Japan).
Transmission electron microscopy (TEM) was used to
observe the particle size and morphology of AuNPs
(JEM 2010, Jeol Ltd, Tokyo, Japan). The UV-Vis
absorption spectra were measured with a Genesys 10S
UV-vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Cell culture and animals

The murine macrophage cell line RAW264.7 and
murine breast cancer cell line 4T1 were obtained from
the American Type Culture Collection (ATCC,
Rockville, MD, USA) and were maintained in
Dulbecco's Modified Eagle Medium (DMEM) and
RPMI 1640, respectively, with further supplemented
10% fetal bovine serum, 100 U/mL penicillin, and 100
pg/mL streptomycin (Gibco, Grand Island, NY, USA).
Cells were grown to confluency at 37°C in a
humidified atmosphere containing 5% CO,. Mice
were inoculated subcutaneously with 1 x 10¢ of 4T1
cells on the right flank of 6-7 week old FVB mice (n =
4/group). When the tumors reached an approximate
volume of 500 mm3, PET imaging studies were
completed. Tumor growth was monitored by caliper
measurement. All animal experiments were
performed under a National Institutes of Health
Animal Care and Use Committee (NIHACUC)
approved protocol.

Cytotoxicity assay

The murine macrophage RAW264.7 cells were
cultured in 96-well plates at a density of 1 x 10*
cells/well. Different concentrations of AuNPs (0.8 ~
200 pg/mL) were added into each well and the
mixture was incubated at 37°C for 24 h and 48 h. After
incubation, PBS was used to wash the cells twice.
AlamarBlue® reagent (Thermo Fisher Scientific,
Waltham, MA, USA) was added as 10% of the sample
volume to each well and the plate was incubated at
37°C for another 3 h. The absorbance was measured

by a plate reader at 570 nm, and the cell viability was
calculated. Cell viabilities were normalized untreated
control group.

In vitro darkfield microscopy imaging

Darkfield images were taken with a Zeiss
Axioskop 2 plus microscope equipped with a
black-white CCD camera. All images were taken at
60X magnification under the same lighting conditions
using an Olympus IX-81 inverted epifluorescence
microscope (Olympus, Tokyo, Japan).

Inductively coupled plasma mass spectroscopy
(ICP-MS)

Quantification of AuNPs was performed using
ICP-MS. RAW264.7 cells were seeded onto a 6-well
plate, and one day later, the cells were treated with
each AuNP formulation (15 pg/mL) for 24 h,
respectively. Cells of interest were harvested and
digested in a mixture of HNOs (50 pL ~25 %) and HCl
(150 uL ~75 %). 50 pL of AuNPs were also digested in
a mixture of HNOj3 (25 uL ~25 %) and HCI (75 pL ~75
%). The samples digested in 2~3% w/v HNOs were
diluted with ultrapure water to 5 mL. Both sample
preparations were performed on the same day of the
measurements. The total elemental concentrations of
the samples were determined by means of ICP-OES
(Agilent 700 Series ICP Optical Emission
Spectrometers, Santa Clara, CA, USA).

RT-PCR analysis

The total RNA content was isolated from AuNP
treated RAW264.7 cells using TRIzol reagent
(Invitrogen, Grand Island, NY, USA) according to
manufacturer's instruction, and then RNA quantity
was assessed using a Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). For
PCR, cDNA was synthesized from total RNA using
Verso cDNA synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The sequences of the forward
and reverse primers of CD14 were
5-ACTTTCAAGGCCCAGGAGTG and 5-AGGTG
GGACCACAGAGAGTT, respectively. The sequences
of the forward and reverse primers of CD86 were
5'-GCGGGATAGTAACGCTGACA and 5-ACCACT
CCCATCCTGACTGA, respectively. The sequences of
the forward and reverse primers of F4/80 were
5-ACTTTCAAGGCCCAGGAGTG and 5-AGGTG
GGACCACAGAGAGTT, respectively. The sequences
of the forward and reverse primers of P-actin were
5-TGAGCTGCGTTTTACACCCT and 5-AGGGTG
AGGGACTTCCTGTAA, respectively. The PCR
reaction (94°C for 30 s, 60°C for 30 s, 72°C for 30 s) was
run for 30 cycles after an initial single cycle of 94°C for
2 min to activate the Taq polymerase. After 30 cycles
of amplification, PCR products were analyzed by gel
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electrophoresis in 1.5% agarose gels and visualized by
GelRed™ (Biotium, Hayward, CA, USA) staining. The
results were analyzed by one-way ANOVA with
Newman-Keuls Multiple Comparison test using
Prism software (GraphPad Software Inc., La Jolla, CA,
USA) to determine if differences between groups
were statistically significant (p<0.05).

In vitro confocal microscopy imaging

For confocal imaging, macrophages were plated
in coverslip-bottom culture chambers (LabTEK) to
confluency and fixed in 1x PBS with 4% w/v
paraformaldehyde for 30 min at room temperature.
The cells were then washed with PBS three times and
incubated with anti-CD14-FITC, anti-CD86-FITC,
anti-F4/80-PE, or anti-CD301-APC (BD Pharmigen™,
San Diege, CA, USA) for 1 h at room temperature,
respectively. Cells were then washed with PBS three
times and mounted with antifade mounting medium
with DAPI (Vectashield, Burlingame, CA, USA).
Confocal microscopy was then performed with an
Olympus Fluoview FV10i automated confocal
laser-scanning microscope (Olympus, Tokyo, Japan).

In vitro immunoactivation

In wvitro immunoactivation was characterized
using  flow cytometry and enzyme-linked
immunosorbent assay (ELISA). Flow cytometry was
used to study the expression levels of costimulatory
markers and maturation markers. Specifically,
RAW?264.7 cells were seeded into a 6-well plate, and
one day later, the cells were treated with each AuNP
formulation (15 ng/mL) for 24 h. Cells of interest were
harvested and stained for 30 min at 4°C with
anti-CD14-FITC, anti-CD86-FITC, or anti-F4/80-PE
targeting plasma surface markers. Then the cells were
washed and resuspended in FACS buffer. All flow
cytometry analyses were performed on a BD Accuri
C6 (BD Bioscience, San Jose, CA, USA) and data were
analyzed by Flowjo (TreeStar, Ashland OR, USA).
Alternatively, enzyme-linked immunosorbent assay
(ELISA) was used to measure the concentration of
secreted proinflammatory cytokines by immune cells
upon immunoactivation. RAW264.7 cells were treated
with each AuNP formulation (15 pg/mL) for 24 h. The
cell culture medium was then collected and
centrifuged to remove any debris. The concentrations
of cytokines (e.g., TNF-a and IL-6) in the culture
medium of RAW264.7 cells were assayed using ELISA
(R&D Systems, Minneapolis, MN, USA) per the
manufacturer’s instructions. The results were
analyzed by one-way ANOVA with Newman-Keuls
Multiple Comparison test using Prism software
(GraphPad Software Inc.,, La Jolla, CA, USA) to
determine if differences between groups were

statistically significant (p<0.05).

64Cu labeling of AuNPs

To prepare radioactive [¢*Cu]-labeled AuNPs, 4
pL of ®#CuCl, was premixed with 1.2 mg of
Na-ascorbate (in 0.1 M borate buffer pH 8.6). Then 100
pL of unmodified AuNPs, COOH-PEG AuNPs,
NH>-PEG AuNPs, mPEG AuNPs, and sialic
acid/mPEG AuNPs (2 mg/mL) was added,
respectively. The mixture was incubated at 37°C for 1
h. The resulting [¢*Cu]-labeled AuNPs were purified
by centrifugation (4000 g, 5 min) three times to
remove the unreacted [*Cu] and excess amount of
reagents. The purified [*#Cu]-labeled AuNPs were
finally dispersed in PBS. The labeling efficiency was
determined by  wusing  instant  thin-layer
chromatography (ITLC) plates and 0.1 M citric acid
(pH 5) as an eluent.

MicroPET imaging and biodistribution

4T1 tumor bearing mice were injected through
the tail vein with 50 pCi of ®Cu-AuNPs in saline.
MicroPET/X-ray  imaging  experiments  were
conducted on a Genesys4 PET scanner (Sofie
Biosciences, Culver City, CA, USA). 5-10 min static
microPET images were acquired under general
anesthesia (isoflurane/O,) at 1 h, 4 h, 24 hand 48 h
post-injection. Image data was automatically
reconstructed using a 3D MLEM algorithm, which
was evaluated by ROI analysis with the AMIDE
software package. ROIs were drawn in the tumor,
heart, liver, and spleen with results expressed as %
ID/cm3 of tissue. After 50 h, mice were sacrificed and
blood and major organs were harvested, weighed,
and assayed with a gamma counter (Wallac Wizard
1480, PerkinElmer, Waltham, MA, USA) for
biodistribution studies. Radioactivity associated with
each organ was expressed as a percentage of injected
dose per gram of tissue (%ID/g) for a group of 4
animals.

Ex vivo histological staining

4T1 tumor-bearing mice were sacrificed 50 h
after AuNP injection. Tumors and major organs were
collected, fixed in Z-Fix solution (Anatech Ltd., Battle
Creek, MI), and stored at room temperature.
Hematoxylin and eosin (H&E) staining slides were
prepared by Histoserv (Germantown, MD, USA) and
observed using a BX41 bright field microscope
(Olympus, Tokyo, Japan).

Statistical analysis

At least three independent samples were tested
in each group, and data were expressed as mean + SD
with statistical ~significance determined using
one-way ANOVA (and nonparametric). ANOVA was
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used for multiple comparisons (GraphPad Software
Inc., La Jolla, CA, USA). p < 0.05 was considered as
statistically significant.

Results and Discussion

Preparation and characterization of AuNPs

In this study, gold nanoparticles (AuNPs) were
employed as a model system to investigate the
potential of sialic acid coating to yield
immunologically inert nanoparticles with good
biocompatibility, simple synthesis, controllable size,
and large surface-to-volume ratio [33-35]. In
particular, the thiol-mediated place-exchange reaction
allows simple functionalization of the surface of
AuNPs [36].

Prior to the preparation of sialic acid modified
AuNPs, thiolated sialic acid was synthesized via a
two-step reaction [37]. Briefly, sialic acid was reacted
with thioacetic acid (AcSH) under Mitsunobu
condition, and the resultant S-acetyl group was
converted to a thiol group via S-deacetylation using
methanolic methoxide (Figure S1). In 'H-NMR,
up-shifted protons of H-9 and H-9" at 2.9 and 2.7 ppm
respectively were observed compared to the parent

sialic acid (Figure S2). In addition, the mass peak at
324 m/z was attributed to the [M-H] of thiolated
sialic acid (Figure S3). These results demonstrate the
successful synthesis of thiolated sialic acid.

The resultant thiolated sialic acid was mixed
with citrate-stabilized AuNPs (~20 nm) and then
methoxy polyethylene glycol (mPEG) to yield sialic
acid/mPEG AuNPs. mPEG modified AuNPs (mPEG
AuNPs) were used as a control and negatively and
positively charged PEGylated AuNPs, COOH-PEG
AuNPs and NH>-PEG AuNPs respectively, were
prepared to investigate whether surface charge
modulates the immune response. After surface
modification, the morphology was retained (Figure
1a) and the UV-vis absorbance was not changed after
surface modification, indicating that AuNPs have
enough colloidal stability to prevent self-aggregation
(Figure 1b). The hydrodynamic size of nanoparticles
was increased due to the hydrophilic shell formed by
PEG (Figure 1c) and the surface charge of each PEG
modified AuNP was in accordance with the
corresponding functional end groups of each PEG
(Figure 1d). The slightly negative charge of sialic
acid/mPEG AuNPs was attributed to the carboxylic
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acid group of sialic acid [38]. The size and zeta
potential of AuNPs are summarized in Table S1.

Reduced cellular uptake by sialic acid in vitro

We presumed that the modification by sialic acid
facilitates the evasion of phagocytosis of nanoparticles
by macrophages (Figure 2a). To confirm our
assumption, cellular uptake of each type of AuNP by
murine macrophage cell line RAW264.7 was
evaluated in vitro using darkfield microscopy (Figure
2b). All AuNPs showed insignificant cytotoxicity up
to 200 pg mL-", owing to the biocompatibility of
AuNPs and PEG (Figure S4). The citrate-capped
unmodified AuNPs showed high cellular uptake,
which was attributed to the nonspecific adsorption of

receptor-mediated endocytosis [39]. As expected, the
modification of PEG and sialic acid exhibited reduced
cellular uptake as compared with unmodified AuNPs.
To confirm the effects of surface charge as well as
sialic acid in cellular uptake quantitatively, the
intracellular Au content was measured by inductively
coupled plasma mass spectroscopy (ICP-MS) (Figure
2c). Positively charged NH;-PEG AulNPs showed
higher cellular uptake than negatively charged
COOH-PEG AuNPs and neutral mPEG AuNPs, in
accordance with previous reports [40]. In particular,
the sialic acid/mPEG AuNPs exhibited two-fold
lower cellular uptake than mPEG AulNPs, evidencing
the stealth effect of sialic acid in evading phagocytosis
by macrophages.
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Sialic acid-mediated suppression of immune
response in macrophages

As the activation of macrophages increases
phagocytosis, it is expected that the reduced cellular
uptake of sialic acid/mPEG AuNPs would be
attributed to the decreased immune response. Under
optical microscopy, spindle-like morphology was
observed in unmodified AuNP treated macrophages
(Figure S5). However, the morphology of the
macrophage with sialic acid/mPEG AuNPs was
almost identical to that of untreated control, while
those treated with PEG modified AuNPs exhibited
spindle-like morphology. These results strongly
encouraged us to investigate whether sialic acid is
able to suppress the immune response of
macrophages.  Accordingly, mRNA level of
representative activated macrophage markers, CD14
and CD86, was investigated using reverse transcript
polymerase chain reaction (RT-PCR) (Figure 3). The

»

z

a 2

-]

2

£

o

£

c

= =]
CD14
CD86
F4/80
B-actin

s
o
]

o

Relative expression of mRNA
(target RNA/ B-actin)

CD14

COOH-PEG AuNPs

o

22

R

mRNA level of F4/80 was also evaluated as a general
macrophage marker. The treatment of each type of
AuNP showed negligible change in the mRNA level
of F4/80, indicating that the inherent nature of
macrophages remained unchanged. The unmodified
AuNPs showed increased level of CD14 and CD86,
whereas COOH-PEG AuNPs, mPEG AuNPs, and
NH»>-PEG AuNPs exhibited similar levels of CD14 and
slightly higher levels of CD86 compared to the
untreated control. The reduced immune response of
macrophages treated with PEG modified AuNPs was
ascribed to the hydrating layers of PEG because these
inhibit protein adsorption and clearance of
nanoparticles via MPS [39]. In particular, for
macrophages treated with sialic acid/mPEG AuNPs,
mRNA levels of CD14 and CD86 were not only lower
than those of PEG modified AuNP groups, but also
similar to the untreated control.
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Figure 3. In vitro comparative analysis of CD14, CD86 and F4/80 mRNA expression after AuNPs treatment. (a) RT-PCR analysis of macrophage
markers, CD14, CD86, and F4/80, mRNA expression levels in RAW264.7 cells after AuNP (15 pg/mL) treatment for 24 h: Representative images of three
independent experiments (Lane 1: control group, no treatment; Lane 2: unmodified AuNPs treated group; Lane 3: COOH-PEG AuNPs treated group; Lane 4:
NH2-PEG AuNPs treated group; Lane 5: mPEG AuNPs treated group; Lane 6: sialic acid/mPEG AuNPs treated group). (b) Relative expression levels of mRNA in
RAW?264.7 cells after AuNP treatment for 24 h compared with that in untreated control group. Asterisks represent significant differences between cells treated with
the corresponding different regimes (***p < 0.001, **p < 0.05, *p < 0.1; n = 3; one-way ANOVA with Newman-Keuls multiple comparison test). Data represent mean

* s.d. NS, not significant.
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The effects of sialic acid in the suppression of
immune response were demonstrated in protein
levels quantified by FACS analysis. In accordance
with the RT-PCR results, F4/80 protein expression
level remained constant after each AuNP treatment.
PEG modification also decreased protein expression
of CD14 and CD86 compared to the unmodified
AuNPs, however, those levels were higher than
untreated controls. Although PEG modified AuNPs
with different charges showed negligible changes in
CD14 and CD86 mRNA level, significant difference
was observed in CD86 protein expression level.
Negatively charged COOH-PEG AuNPs induced
lower protein expression of CD86 than neutral mPEG
AuNPs as well as positively charged NH>-PEG
AuNPs, while there was no significant difference in
CD14 protein expression level among PEG modified
AuNPs. These results imply that the negative charge
has potential advantages in preventing the activation
of macrophages in wvitro. On the contrary, for
macrophages treated with unmodified AuNPs and
PEG modified AuNDPs, there was no statistically
significant difference in CD14 and CD86 protein
expression levels between untreated and sialic
acid/mPEG AuNPs treated macrophages.

The confocal microscopy images correlated well
with the results observed by FACS (Figure 5 and
Figure S6). PEG and sialic acid suppressed the
expression of CD14 and CD86 which are markers for
classically activated macrophages. However, it is
noteworthy that the CD301 protein expression level
remained unchanged after AuNP treatment. As
CD301 is a marker for alternative macrophages [41],
these results suggest that AuNPs did not induce
macrophages to differentiate into M2 macrophages.

As activated macrophages secrete
proinflammatory cytokines, the amounts of tumor

necrosis factor-a (TNF-a) and interleukin (IL)-6 were
measured by enzyme-linked immunosorbent assay
(ELISA). Secreted TNF-a levels, rated from highest to
lowest, were observed in unmodified AuNPs, PEG
modified AuNPs, silalic acid/mPEG AuNPs, and
untreated macrophages (Figure 6a). In particular,
TNF-a level was found to be 4.5 times lower in sialic
acid/mPEG AuNPs than that in PEG modified
AuNPs, indicating the immune suppressing effect of
sialic acid. On the other hand, there is no statistical
difference in IL-6 levels among macrophages with
PEG modified AuNPs, silalic acid/mPEG AuNPs, and
untreated macrophages, except that the one treated
with unmodified AuNPs showed a higher level of
secretion (Figure 6b). Taken together, these in vitro
results suggest that in addition to the effects of PEG,
sialic acid suppresses the immune stimulation of
macrophages and subsequently enables the
nanoparticles to evade phagocytosis.

Influence of sialic acid modification on in vivo
accumulation

We envisaged that the ability of sialic acid to
suppress the immune response and evade
phagocytosis in macrophages would enhance the
accumulation of nanoparticles in the tumor regions by
evading RES organs including liver and spleen. In
addition, sialic acid was expected to facilitate active
targeting because it is well-known to bind lectins
overexpressed in several tumors [32, 42, 43]. In order
to validate the biodistribution of AulNPs in vivo,
AuNPs were labeled with ®Cu. In particular, the
biodistribution study was expected to show the effects
of sialic acid in active targeting as well as evasion of
RES clearance since the EPR effect is presumed to be
similar among all the tested AuNPs due to their
similar hydrodynamic diameter.
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Figure 5. Representative confocal microscopy images of macrophage markers (CD14, F4/80) in RAW264.7 cells after AuNP treatment.
Macrophage markers, CD14 and F4/80, were stained in RAW264.7 cells after AuNP (15 pg/mL) treatment for 24 h. (a) Nuclei are stained with DAPI (blue). (b)
Classical activated macrophage surface marker, CD14 is observed as green fluorescence signal on the cell membrane surface. (c) Macrophage marker, F4/80 is
observed as red fluorescence signal on the cell membrane surface. (d) Merged images of DAPI, CD14, and F4/80. Scale bar = 20 ym
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Figure 6. Comparative analysis of secreted proinflammatory cytokines after AuNP treatment (a) Proinflammatory cytokine, tumor necrosis factor-a
(TNF-a), (b) interleukin (IL)-6 production was measured by ELISA in cell culture medium of the RAW264.7 cells after AuNP (15 pg/mL) treatment for 24 h,
respectively. Asterisks represent significant differences between cells treated with the corresponding different regimes (**p < 0.001, **p < 0.05, *p < 0.1; n = 3;
one-way ANOVA with Newman-Keuls multiple comparison test). Data represent mean * s.d.

As shown in ITLC plate analysis, #Cu was
successfully labeled onto each type of AuNP without
any un-doped trace radiation (Figure S7). 4T1
tumor-bearing mice were prepared as 4T1 tumor
overexpresses lectins which can bind to sialic acid
[44]. #*Cu-labeled AuNPs were injected intravenously
to 4T1 tumor mice and the biodistribution was

evaluated at 1, 4, 24 and 48 h post-injection (Figure 7,
Figure 8, and Figure S8). Unmodified AuNPs had
high initial accumulation in spleen and liver, which
dropped to similar levels as other AuNPs over time. It
is of note that sialic acid/mPEG AulNPs showed
almost twice as much tumor accumulation and half
the spleen accumulation as compared to the other
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AuNPs. In details, areas under curve (AUC) of spleen
was found to be 2.0 and 1.5 times lower in sialic
acid/mPEG AuNPs than in unmodified AuNPs and
mPEG AulNPs respectively, indicating the immune
suppressing effects of sialic acid. In addition, AUC of
tumor showed 2.4 and 1.6 times higher in siali
acid/mPEG AuNPS than unmodified AuNPs and
mPEG AulNPs respectively, implying sialic acid in
enhanced accumulation of tumor (Table S2). These
results suggest that sialic acid modification facilitates
the evasion of RES clearance and subsequently
promotes the enhancement of tumor accumulation,
which is attributed to its ability to evade phagocytosis
of macrophages by suppressing immune response. In
addition, active targeting effects of sialic acid might
contribute to the enhanced tumor accumulation of
sialic acid/mPEG AuNPs in 4T1 tumor as well.
Furthermore, treatment by sialic acid/mPEG AuNPs
did not induce noticeable cytotoxicity (Figure S9),
implying the potential application of surface

Unmodified AuNPs

modification of sialic acid as a safe way to enhance
tumor accumulation and evade the RES.

Conclusion

Herein, we investigated the ability of sialic acid
in evading the immune response and prolonging the
blood circulation of nanoparticles. In vitro
macrophage studies demonstrated that sialic acid
coating reduced cellular uptake of nanoparticles and
suppressed immune response. In vivo quantitative
pharmacokinetic studies confirmed that sialic acid
modification enabled prolonged systemic circulation
and improved tumor targeting ability of the
nanoparticles. Taken together, sialic acid modification
represents a new strategy of developing
long-circulating nanocarriers with “self” markers,
which is expected to advance the field of drug
delivery and molecular imaging systems.

b COOH-PEG AuNPs

Figure 7. Whole-body PET images of 6¢4Cu-AuNPs at different time points (a-e) PET imaging of 4T | tumor-bearing mice after i.v. injection of 1.85 MBq (50
uCi) of é4Cu-unmodified AuNPs (a), ¢4Cu-COOH-PEG AuNPs (b), 64Cu-NH2-PEG AuNPs (c), 64Cu-mPEG AuNPs (d), and 64Cu-sialic acid/mPEG AuNPs (e) at 1, 4,

24, and 48 h, respectively. (n = 4/group).
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Figure 8. PET ROI Analysis of ¢4Cu-AuNPs at different time points (a-d) The distribution of different AuNPs in tumor (a), heart (b), liver (c), and spleen (d)
at 1, 4, 24, and 48 h after i.v. injection. The quantification is based on PET images (n = 4/group).
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