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ABSTRACT Gold nanoparticles (AuNPs) have been extensively
investigated as an emerging delivery carrier of various biopharmaceu-

ticals. Instead of nonspecific polyethylene glycol (PEG) conjugated Hopatyevee

interferon o (IFNc) for the dinical treatment of hepatitis C virus

(HCV) infection, in this work, a target-specific long-acting delivery system Cyfokines  Disse Space

of IFNo. was successfully developed using the hybrid materials of AuNP ) s :ﬁ isec

and hyaluronic acid (HA). The HA—AuNP/IFNa complex was prepared by E\i{é t\\;&\ g"?

chemical binding of thiolated HA and physical binding of IFNo. to AuNP. g 73 N Kupffer Zol
According to antiproliferation tests in Daudi cells, the HA—AuNP/IFNo. e ‘//‘/‘ cytokines HA receptor
complex showed a comparable biological activity to PEG-Intron with a HA Y e receptor

highly enhanced stability in human serum. Even 7 days postinjection,

HA—AuNP/IFNat complex was target-specifically delivered and remained in the murine liver tissue, whereas IFNo. and PEG-Intron were not detected in the
liver. Accordingly, HA—AuNP/IFNo. complex significantly enhanced the expression of 2’,5'-oligoadenylate synthetase 1 (0AS1) for innate immune responses to
viral infection in the liver tissue, which was much higher than those by IFNa., PEG-Intron, and AuNP/IFNa. complex. Taken together, the target-specific
HA—AuNP/IFNo. complex was thought to be successfully applied to the systemic treatment of HCV infection.
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old nanoparticles (AuNPs) have been
G exploited for various biomedical ap-

plications as a biocompatible carrier
of biopharmaceuticals, a contrast agent for
diagnostic imaging, and a photoabsorber for
photothermal therapy.'* AuNPs have many
advantages such as biocompatibility, simple
synthesis, facile surface modification, versa-
tile conjugation with biomolecules, and tun-
able optical properties.** Recently, AuNPs have
been widely investigated as a nanocarrier of
protein drugs. Rotello et al. reported a cationic
tetra-alkyl ammonium-functionalized AuNP/
anionic protein complex via electrostatic inter-
action, whose activity was maintained after
releasing from the AuNP/protein complex by
treatment with glutathione (GSH).° Chou et al.
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have also demonstrated that fluorescent gold
nanoclusters with insulin have preserved the
bioactivity of insulin, providing a versatility for
cellular imaging.” In addition, Tamarkin et al.
reported AuNP conjugated with thiolated
polyethylene glycols (PEGs) tethering tumor
necrosis factors (TNFs), which is now in
phase lll clinical tests under the trade name
Aurlmmune ®® The technical barriers of sys-
temically administered nanoparticle-based
protein drug delivery systems are known to
be the uptake by the reticuloendothelial
system (RES) and macrophages, renal and
biliary clearance, and enzymatic degrada-
tion of the protein in the body.'*"

As a drug delivery carrier, a biocompati-
ble linear polysaccharide of hyaluronic acid
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(HA)'® has several advantages such as antifouling
effect on the prevention of protein adsorption and
opsonization, due to its hydrophilic and polyanionic char-
acteristics in physiological environment,"' " and
highly efficient targeted delivery to liver tissues with
HA receptors such as hyaluronan receptor for endocy-
tosis (HARE) and cluster determinant 44 (CD44).'4~ ¢
HA derivatives with a modification degree less than ca.
25 mol % were specifically delivered to the liver and
remained much longer in cirrhotic mice than normal
mice.'” In addition, they were more efficiently deliv-
ered to hepatic stellate cells (HSCs) and hepatoma cells
than normal hepatocytes.'”” On the basis of these
findings, we developed a target-specific HA—interferon
a (IFNo) conjugate as an alternative to nonspecific
PEGylated IFNo. such as PEGASYS and PEG-Intron for
the treatment of hepatitis C virus (HCV) infection.'® The
sustained virological response (SVR) rates of chronic HCV
patients treated with PEGASYS and PEG-Intron were
only 39% and 23% with a side effect after repeated
injections possibly due to the nonspecific delivery by
PEGylation.'>?° However, the HA—IFNa conjugate was
target-specifically delivered to the liver and induced
higher expression of 2/,5’-oligoadenylate synthetase 1
(OAST) than that of PEG-Intron 3 days postinjection.

In this work, we developed a new target-specific
delivery system of IFNa using hybrid materials of AuUNP
and HA to improve the efficacy of IFNa for the treat-
ment of chronic HCV infection. We found that IFNa
tightly bound to AuNP and remained on the surface of
AuNP at the physiological pH of 7.4 even after repeated
centrifugation and extensive washing. For target-spe-
cific delivery, we introduced HA to the AuNP/IFNa
complex system to prepare a HA—AuNP/IFNo. com-
plex. HA—AuNP/IFNa. complex was characterized by
ELISA, UV—vis spectra, dynamic light scattering (DLS),
transmission electron microscopy (TEM), and circular
dichroism (CD) spectroscopy. After confirmation of in
vitro antiproliferation activity and serum stability in
Daudi cells, target-specific systemic delivery of HA—
AuNP/IFNo. complex was carried out for the treatment
of chronic HCV infection. In vivo antiviral activity of
HA—AuUNP/IFNa. complex was assessed by measuring
the expression levels of OAS1, which is induced by
IFNa and participates in innate immune responses to
viral infection in the liver." The target-specific delivery
system of HA—AuNP/IFNa. complex was discussed for
further clinical applications for the treatment of various
liver diseases.

RESULTS AND DISCUSSION

Preparation of HA—AuNP/IFNo. Complex. Figure 1a shows
a strategic illustration of HA—AuNP/IFNo. complex for
the targeted systemic treatment of HCV infection. In our
previous work, real-time bioimaging of HA derivatives
using quantum dots revealed that HA derivatives could
be target-specifically delivered to liver sinusoidal

LEE ET AL.

endothelial cells (LSECs) and HSCs."” HSCs have a less
contacting chance with HA in the blood because HSCs
exist under the LSEC layer in a normal liver. However,
the more seriously liver disease has progressed, the more
HSCs are activated.'” It has been reported that HSCs in
cirrhotic liver proliferated by 10—20 times and
squeezed through the LSEC fenestrae.?? Accordingly,
we hypothesized that HA—AuNP/IFNo. complex can
bind to HA receptor and IFNa receptor on the surface
of mainly LSECs or HSCs by a dual targeting effect
promoting IFNo-induced cytokine release. The IFNa-
induced cytokine can affect the hepatocyte in the
neighborhood by paracrine signaling, which is one of
the cell signaling forms to target cells near the signal-
releaseing cells.?® Figure 1b shows a schematic repre-
sentation of the preparation of the HA—AuNP/IFNa
complex. First, thiol end-functionalized HA (HA—SH)
was synthesized by reductive amination of HA with
cystamine and then reduction with DTT as described
elsewhere.>* The obtained HA—SH was immobilized
onto the surface of AuNP via gold—thiol chemistry. The
size of the AUNP was ca. 22.16 nm with a narrow PDI of
0.14 according to the DLS analysis. Then, IFNo. was
mixed with HA—AuNP (or AuNP) at pH 7.4. The un-
bound HA and IFNa. were removed by repeated cen-
trifugation and washing. The average number of HA
molecules bound to a single AuNP was ca. 70. The
number of IFNa molecules added per single HA—AuNP
for the preparation of HA— AuNP/IFNo. complex was 10,
20, 50, 100, and 200, respectively. With increasing feed
ratio of IFNa to single HA—AuUNP, the protein content
bound to the HA—AuNP increased up to ca. 110, cover-
ing all of the available binding sites with IFNo.. The IFNa.
content in HA—AuNP/IFNa. (or AuNP/IFNo) complex
was determined by ELISA. The maximal number of
IFNa. per AuNP without HA was ca. 120, and the com-
plex was described as AuNP/IFNo. 120 complex. To
confirm the IFNa content in HA—AuNP/IFNa (or AuNP/
IFNo) complex, we prepared FITC-labeled IFNo and
compared the amount of FITC-IFNa in the supernatant
and in the HA—AuNP/IFNa. complex after etching the
AuNPs with 0.2 M KCN. The results were well matched
with those by the ELISA assay (Figure S1). While AuNP
and AuNP/IFNa. 17 complex were gradually aggre-
gated and precipitated in a NaCl solution (150 mM)
AuNP/IFNa. 120 complex remained stable for up to 24 h
(Figure S2). In addition, HA—AuNP and all of the HA—
AuNP/IFNa. complexes were very stable in a high ionic
strength NaCl solution (150 mM) without aggregation
and precipitation for up to 24 h.

Characterization of HA—AuNP/IFNa. Complex. The forma-
tion of AuNP/IFNo. and HA—AuNP/IFNo. complexes
was assessed by UV—vis spectra, DLS, and TEM. The
direct interaction of IFNow with AuNP was confirmed
from the red shift in the surface plasmon resonance
(SPR) band of AuNP after addition of IFNa. The SPR
peak of free AUNP appeared around 519 nm and that of
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Figure 1. (a) Strategic illustration of HA—AuNP/IFNa. complex for the target-specific systemic treatment of HCV infection.
(b) Schematic representations for the preparation of thiol end-modified HA and HA—AuNP/IFNa. complex.

AuNP/IFNa. complex was shifted to 526 nm (Figure 2a).
The stepwise binding of HA-SH and IFNa to AuNP
shifted the SPR peak to 523 and 527 nm, respectively
(Figure 2b). After binding IFNa, the mean hydrody-
namic diameter of AuNPs increased from 22.16 nm
with a PDI of 0.142 to 29.25 nm with a PDI of 0.164
(Figure 3a). The difference of the diameter between
free AuNP and AuNP/IFNo. complex was ca. 7 nm,
reflecting a single-layer binding of IFNa. with a dimen-
sion of ca. 3—4 nm to AuNP without aggregation.?>°
The mean hydrodynamic diameters of HA—AuNP and
HA—AuNP/IFNo. complex were 46.03 nm with a PDI of
0.099 and 52.23 nm with a PDI of 0.089, respectively.
TEM images in Figure 3b and c exhibited the mono-
dispersed morphology of AuNP/IFNo. and HA—AuUNP/
IFNa. complexes.
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To investigate the mechanism for the formation of
HA—AUNP/IFNa. (or AuNP/IFNa) complex, we tried
to release the protein from the surface of AuNP by
disrupting the specific interactions. As reported else-
where,? proteins can physically bind onto the surface
of AuNPs by electrostatic attraction and/or hydro
phobic interaction, as well as covalent bonding. HA—
AuNP/IFNa. (AuNP/IFNa) complex was incubated in
either a high ionic strength solution (1 M MgCl,) or a
detergent solution (1% Tween 20). After incubation for
3 h and centrifugation, the supernatant was analyzed
by ELISA. As shown in Figure S3, the amount of re-
leased IFNo from the HA—AuNP/IFNa. complex was
10.1% in a MgCl, solution and 42.6% in a Tween 20
solution. The hydrophobic interaction appeared to
contribute more than the electrostatic attraction for
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Figure 2. UV—vis spectra of (a) AuNP/IFNo. and (b)
HA—AuUNP/IFNa complexes.

the binding of IFNa onto AuNP. However, because
95.3% of IFNa. was released from the HA—AuNP/IFNo
complex in a MgCl, plus Tween 20 solution, IFNa was
thought to bind the HA—AuNP by the synergistic
combination of electrostatic and hydrophobic interac-
tions. AuNP/IFNo. complex also showed a similar trend.
These results indicated that there was almost no
chemical bonding between AuNP and thiols in IFNao.
IFNa contains four cysteine residues that form two
disulfide bonds playing an important role in its biolog-
ical activity.”® Then, the stability of HA—AuNP/IFNo
(AuNP/IFNo) complex by electrostatic and hydropho-
bic interactions was investigated in the serum. It was
reported that blood proteins can interact with AuNP.?*
Especially, serum albumin is known to interact strongly
with AuNP.3° Although IFNo was gradually released
from HA—AuUNP/IFNa 17 complex in bovine serum albu-
min (BSA) solution with increasing time, the amount of
released IFNa from AuNP/IFNa 120, HA—AuNP/IFNa. 75,
and HA—AuNP/IFNa. 110 complexes was very low for up
to 3 days (Figure S4). The HA—AuNP/IFNo. complex with
the higher IFNa content was more stable in BSA solution,
preventing the binding of BSA onto AuNPs.

The secondary structure of IFNo. was analyzed by
CD spectroscopy before and after being released from
the HA—AuUNP/IFNo. complex (Figure 4). IFNa dis-
played the characteristic CD spectra with a negative
ellipticity peak at 208 and 220 nm, indicating an a-
helical structure. The achiral HA—AuNP (or AuNP) had a
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noisy spectrum without a UV—vis CD response at
200—250 nm. After binding of IFNa to the surface of
HA—AuNP, HA—AuNP/IFNa. complex showed a clear
change in the UV—vis CD spectrum, reflecting the
conformational change of IFNa and/or energy transfer
from the protein to the AuNP (Figure 4a).3' For further
investigation, CD analysis was carried out for the
IFNa released from the HA—AuUNP/IFNo. complex
(Figure 4b). The CD spectrum of the native IFNa. was
not changed in the MgCl, plus Tween 20 solution. In
addition, the CD spectrum of IFNa. released from the
HA—AuUNP/IFNa. complex was identical to that of the
native IFNo, which revealed that the secondary structure
of IFNa was maintained after binding onto the surface of
HA—AuNP. From the results, the energy transfer from the
protein to the AUNP was thought to be the main reason
for the CD spectral change after binding of IFNa to
HA—AuUNP.

In Vitro Biological Activity of HA—AuNP/IFNo. Complex. /n
vitro biological activity of AuNP-based IFNo. complexes
was investigated by an antiproliferation assay of Daudi
cells with increasing concentration of IFNa.. Daudi cells,
human B-lymphoblasts, are very sensitive to IFNo and
arrested in the GO/G1 phase of the cell cycle in the
presence of IFNo.>? Accordingly, their growth is inhib-
ited in the presence of a very low concentration of
IFNo. Before the antiproliferation assay, the cytocom-
patibility of HA—AuUNP was assessed in Daudi cells by
the MTS assay. There was no significant effect on the
proliferation or cell viability, even when the concentra-
tion of HA—AuNP was 10 times higher than that for the
biological activity test of HA—AuNP/IFNo. complex
(Figure S5). Then, the antiproliferation activity of
AuNP/IFNa. 120, HA—AuNP/IFNa 75, and HA—AuUNP/
IFNa 110 complexes was compared with that of IFNa
and PEG-Intron by measuring the concentration for
50% inhibition of cell growth (ICso) (Figure 5a). The
antiproliferation effect of AuUNP-based IFNo. complexes
was lower than that of native IFNa, but comparable to
that of PEG-Intron. Because IFNo. was slowly released
from the complexes in the physiological environment,
the biological activity of AuNP-based IFNa. complexes
might be enhanced after release in the body. To in-
vestigate the direct serum stability of AuNP-based
IFNa. complexes, native IFNa. and AuNP-based IFNoa
complexes were incubated in human serum at 37 °C for
4 days and assessed for the biological activity of IFNa
as described above. As shown in Figure 5b, IFNa
degraded in human serum, and the biological activity
was reduced to one-twentieth compared with that of
native IFNa. On the other hand, AuNP/IFNa 120, HA—
AuNP/IFNa. 75, and HA—AuNP/IFNa. 110 complexes
showed a serum stability, maintaining bioactivity for
up to 4 days in human serum. The AuNP-based IFNa
complexes with enhanced serum stability might be
beneficial for the systemic treatment of liver diseases
such as chronic HCV infection and liver cancer.
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Figure 3. (a) Dynamic light scattering analysis for the hydrodynamic diameter of AuNP/IFNo. and HA—AuNP/IFNo. complexes.
Transmission electron microscopic images of (b) AuNP/IFNa and (c) HA—AuNP/IFNo. complexes.

In Vivo Distribution of HA—AuNP/IFNa. Complex. For an
in vivo body distribution study of the HA—AuNP/IFNca
complex, the accumulation in the liver tissue was first
investigated by human IFNa ELISA4 h and 1, 3,and 7
days after a single intravenous injection of six kinds of
samples: PBS, IFNa, PEG-Intron, HA-AuNP, AuNP/IFNo
120, and HA—AuNP/IFNa. 110 complexes (Figure 6).
HA—AuUNP did not show any effect on the IFNa con-
centration in the liver tissue. Native IFNo. was detected
at a very low level of ca. 15 pg/(mg protein) in the liver
tissue after 4 h and was not detected 1, 3, and 7 days
postinjection due to the rapid clearance within 24 h in
the body."® In the case of PEG-Intron, IFNa. was de-
tected at a higher level than native IFNa until 3 days,
but was not detected at 7 days. Interestingly, the amount
of IFNot in HA—AuNP/IFNa. 110 complex accumulated in
the liver was much higher than that of PEG-Intron remain-
ing even after 7 days. The IFNo. in AuNP/IFNa. 120 com-
plex was also detected at 7 days, but the total amount
was significantly lower than that of HA—AuNP/IFNa
110 complex. Then, the hepatocellular distribution of
HA—AuNP/IFNo. 110 complex was investigated in Balb/
¢ mice. Parenchymal (PC, hepatocytes) and non-parench-
ymal (Kupffer cells, LSECs, and HSCs) cells were isolated
from the liver by the collagenase perfusion two-step
method. The cell-specific distribution of AuNP-based
IFNa. complexes was analyzed by ICP-MS. The distribu-
tion of HA—AuNP/IFNa 110 complex was the highest at
ca. 1411 fg/cell in LSEC, followed by ca. 120 fg/cell in PC
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via fenestrae, and ca. 4 fg/cell in other cells, respectively
(Figure S6). HA—AuUNP showed a similar trend with HA—
AuNP/IFNo. 110 complex on the hepatocellular distribu-
tion. In contrast, the distribution of AUNP/IFNa. 120 com-
plex was only ca. 374 fg/cell in LSEC, ca. 14 fg/cell in PC,
and ca. 150 fg/cell in other cells including Kupffer cells.
TEM clearly visualized the well-dispersed HA—AuNP/IFNa
110 complexes taken up in LSECs (Figure 7). The results are
well matched with our previous report on target-specific
delivery of HA derivatives to liver tissues including LSECs
and HSCs."”

On the basis of the hepatocellular distribution time
profile, the distribution of HA—AuNP/IFNo. complex in
major organs was investigated 1 day after the single
injection in comparison with AuNP/IFNo. 120 complex
(Figure 8). The IFNoa level of HA—AuUNP/IFNa 110
complex was the highest at ca. 236 pg/(mg proteins)
in the liver, followed by ca. 120 pg/(mg proteins) in the
spleen, ca. 11 pg/(mg proteins) in the kidney, and no
detection in the lung (Figure 8a). However, the IFNa
level of AUNP/IFNoL 120 complex was the highest at ca.
128 pg/(mg proteins) in the spleen, followed by ca. 98
pg/(mg proteins) in the liver, ca. 50 pg/(mg proteins) in
the lung, and ca. 16 pg/(mg proteins) in the kidney. The
analysis of Au content in these organs by ICP-MS also
showed a similar trend 1 day postinjection of AuNP/
IFNa. 120 and HA—AuUNP/IFN 110 complexes (Figure 8b).
There have been many reports on severe lung toxicity after
IFNow monotherapy as well as combination therapies with
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Figure 4. Circular dichroism spectra of (a) IFNa. and HA—
AuNP/IFNo. complex and (b) released IFNo. from HA—AuNP/
IFNo. complex in a Tween 20 plus MgCl; solution.

Ribavirin and conventional or PEGylated IFNa, such as
interstitial pneumonia, bronchiolitis obliterans orga-
nizing pneumonia (BOOP), sarcoidosis, and severe
profiles of asthma exacerbation.®® In contrast, HA might
be highly efficient for target-specific delivery of drugs to
the liver tissues with HA receptors reducing the side
effects.’> '8 In addition, polyanionic HA has the anti-
fouling effect preventing protein adsorption and opso-
nization, and prohibits enzymatic degradation of IFNa
via steric hindrance. Nanoparticles larger than 10 nm
were reported to avoid rapid clearance via renal filtration
and urinary excretion.'® Therefore, HA—AuNP/IFNo. 110
complex might be more advantageous than the conven-
tional or PEGylated IFNow with minimal side effects.

In Vivo Antiviral Activity of HA—AuNP/IFNa. Complex. OAS1
is expressed by IFNa stimulation and is one of the key
components for the innate immune responses to HCV
infection.2' OAS1 initiates the synthesis of 2/,5'-oligo-
adenylate, which activates the RNase L-associated path-
way leading to the cleavage of viral and cellular RNAs.>*
The antiviral activity of IFNa is highly related with
OAS1 expression level, which is widely used to predict
the sustained viral response and therapeutic effect
of interferon-based treatment on chronic HCV infec-
tion.?’ We monitored the OAS1 expression levels in the
liver tissue 7 days after intravenous injection of PBS as a
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Figure 6. IFNa content accumulated in the liver tissue 4 h
and 1, 3, and 7 days after intravenous injection of native
IFNo, PEG-Intron, AuNP/IFNo 120, and HA—AuNP/IFNa. 110
complexes (n = 3, ND = no detection).

control, IFNa, PEG-Intron, HA—AuNP, AuNP/IFNa. 120,
HA—AuUNP/IFNa. 75, and HA—AuNP/IFNa 110 complexes
(Figure 9). The elevated OAS1 expression level by treat-
ment with AuNP/IFNo. and HA—AuNP/IFNa. complexes
was more significant than those by native IFNa and PEG-
Intron (Figure 9a). According to the densitometric quan-
tification of Western blots, HA—AuNP/IFNa 110 complex
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Figure 7. Transmission electron micrographs of HA—AuNP/IFNc 110 complex (a, b) in two representative LSECs between
parenchymal cells in the liver tissue and (c, d, e) their magnified images in the regions 1, 2, and 3. Scale bars indicate 2 um in

(a, b) and 200 nm in (c, d, e).
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Figure 8. (a) IFNo. content and (b) Au content in major
organs of mice 1 day after intravenous injection of AuNP/
IFNo 120 and HA—AuUNP/IFNo 110 complexes (n = 3).

enhanced the OAS1 level statistically higher than HA—
AuNP/IFNo. 75 and AuNP/IFNa. 120 complexes (Figure 9b).
The relatively high expression of OAS1 by the treatment
with HA—AuNP/IFNa 110 complex might be attributed
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Figure 9. (a) Western blot analysis of OAS1 in mouse liver
tissues 7 days after intravenous injection of (1) PBS as a
control, (2) native IFNq, (3) PEG-Intron, (4) HA—AuNP, (5)
AuNP/IFNa. 120, (6) HA—AuNP/IFNa. 75, and (7) HA—AuNP/
IFNa. 110 complexes. (b) Quantification of the expressed
OAS1 level by densitometric analysis (n = 3). **p < 0.01
versus AuNP/IFNo. 120 complex.

to the enhanced stability in the body and target-
specific delivery of the complex to the liver tissue
(Figure 6). HA—AuNP had no effect on OAS1 expres-
sion, indicating that the enhanced OAS1 expression
was solely induced by the IFNa in the HA—AuNP/IFNa
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complex. This prolonged and improved therapeutic
effect for longer than 7 days confirmed the feasibility of
HA—AuNP/IFNa 110 complex for the treatment of HCV
infection. The target-specific HA—AuNP/IFNo. complex
might be successfully developed for further clinical
applications. Moreover, the HA—AuNP was thought to
be effectively exploited to prepare a diverse protein
complex for target-specific systemic treatment of var-
ious liver diseases.

CONCLUSION

HA—AuNP/IFNo. complex was successfully prepared
by chemical binding of thiolated HA and physical
binding of IFNa to AuNP. UV—vis spectra and DLS
analyses confirmed the successful formation of HA—
AuNP/IFNa. complex. CD analysis revealed the main-
tenance of the secondary structure of IFNa even after
binding to HA—AuNP. According to antiproliferation

MATERIALS AND METHODS

Materials. Sodium hyaluronate, the sodium salt of hyaluronic
acid, with a molecular weight of 12 kDa was purchased from
Lifecore Co. (Chaska, MN, USA). Chloroauric acid (HAuCl,),
sodium citrate, tris(2-carboxyethyl)phosphine hydrochloride
(TCEP-HCI), fluorescein isothiocyanate (FITC), 6’-aminofluores-
cein, and human serum were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The PD-10 desalting column was purchased
from GE Healthcare (Uppsala, Sweden). Human interferon o-2b
(IFNa-2b) and PEG-Intron were kindly provided by Shinpoong
Pharmaceutical Co. (Seoul, Korea). Cell Titer 96 AQueous
One Solution Reagent was purchased from Promega (Madison,
WI, USA), and BCA protein assay kit from Thermo Scientific
(Rockford, IL, USA). The human IFNa ELISA kit was purchased
from PBL InterferonSource (Piscataway, NJ, USA). Human Daudi
cell line was purchased from Korean Cell Line Bank. Rabbit anti-
OAS1 polyclonal antibody and rabbit anti-glyceraldehyde
3-phosphate dehydrogenase (GAPHD) monoclonal antibody
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Horseradish peroxidase-conjugated goat anti-rabbit
IgG was purchased from Kirkegaard and Perry Laboratories
(Gaithersburg, MD, USA). All procedures with animals were carried
out in accordance with Pohang University of Science and Technol-
ogy (POSTECH) guidelines for animal care and use. Deionized
water was used in this work, and all reagents were used without
further purification. The protein structures of IFNo. and serum
albumin in Figures 1 and S4 were obtained from DrugBank.

Synthesis of Thiol End-Modified HA. HA—SH was prepared by
reductive amination as described elsewhere.2* HA (MW 12 000,
100 mg) and cystamine dihydrochloride (60 mg) were dissolved
in 0.1 M borate buffer (10 mL, pH 8.5) with 0.4 M NaCl and stirred
for 2 h. NaBH3;CN was added to the solution at a final concen-
tration of 200 mM and reacted at 40 °C for 5 days. The reaction
mixture was incubated with 100 mM DTT for 12 h to introdue a
free thiol group, dialyzed (MWCO: 3500 Da) against a large
excess of 100 mM NaCl solution for 2 days, 25% ethanol for
1 day, and pure water for 1 day to remove unreacted chemicals,
and freeze-dried for 3 days. Before use, HA—SH was treated with
TCEP to completely reduce disulfide bonds and eluted through
PD-10 desalting column to remove TCEP. The efficiency of thiol
end-functionalization of HA was higher than 95%, as deter-
mined by Ellman's assay.

Preparation of HA—AuNP/IFNo. Complex. AuNPs were synthe-
sized using citrate as a reducing agent and stabilizer. HAuCl,
(10 mg) was dissolved in 90 mL of water, and the solution was
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tests in Daudi cells, in vitro biological activity of HA—
AuNP/IFNa. complex was lower than that of native
IFNa, but comparable to that of PEG-Intron. HA—
AuNP/IFNa complex showed highly enhanced stability
in human serum. After intravenous injection, HA—
AuNP/IFNa. complex was target-specifically delivered
and remained in the liver tissue longer than 7 days.
The normalized OAS1 expression levels in the liver
tissues clearly demonstrated a more significant thera-
peutic effect of HA—AuNP/IFNa 110 complex even 7
days postinjection than native IFNo. and PEG-Intron.
The results might be attributed to the enhanced
serum stability of HA—AuNP/IFNa. complex and its
target-specific delivery to the liver tissue. Taken to-
gether, HA—AuNP/IFNa complex was thought to have
a great potential as a new nanomedicine with an
enhanced and prolonged efficacy for the treatment
of chronic HCV infection.

heated to boiling. Sodium citrate solution (500 uL of 250 mM)
was added to the boiling solution and stirred for 30 min until the
color turned to wine-red. HA—SH solution (820 uL of 1 mg/mL)
was added to the AuNP solution (50 mL of 5.4 nM), which was
stirred for 24 h. HA—AuNP was purified by centrifugation at
20000g for 20 min and redispersed in water (pH 7.4). The
average number of HA molecules bound to a single AuUNP was
determined by measuring the fluorescence intensity of amino-
fluorescein-labeled HA after etching the AuNPs in 0.2 M KCN
with a spectrofluorophotometer (Fluoroskan Ascent FL, Lab
Systems, Germany) at the excitation/emission wavelengths of
485 and 538 nm. Then, IFNa solution (1 mg/mLin PBS, pH 7.4) at
various feed molar ratios of 20, 50, 100, and 200 to a single AuNP
was added to the HA—AuUNP (or AuNP) solution. After incuba-
tion at room temperature with mild stirring for 12 h, HA—AuNP/
IFNo. complex was purified by centrifugation at 20000g for
20 min twice and finally redispersed in PBS (pH 7.4). The number
of IFNo. molecules in the AuNP-based IFNa. complexes was
determined by human IFNow ELISA of diluted supernatant after
centrifugation following the manufacturer's protocol. For further
confirmation of the number of IFNa. molecules in the AuNP-based
IFNa. complexes, IFNa. was labeled with FITC at one molar ratio
following the manufacturer's protocol and dialyzed against PBS
(pH 7.4). FITC-IFNo. was immobilized onto the surface of HA— AuNP
(or AuNP) as described above. After purification by centrifugation,
the fluorescence intensity of the supernatants and the AuNP-
based IFNa. complex solutions after etching in 0.2 M KCN was
measured with the spectrofluorophotometer to determine the
IFNo. content in the AuNP-based IFNo. complexes using a standard
calibration curve of FITC-IFNa.

Characterization of HA—AuNP/IFNo. Complex. The formation of
HA—AuUNP/IFNa. (AuNP/IFNo.) complex was analyzed with a
UV—vis spectrophotometer (S-3100, Scinco Co., Seoul, Korea).
The hydrodynamic diameter of AuNP-based IFNo. complexes
was determined by DLS (n = 3, Zetasizer Nano, Malvern Instru-
ment Co., UK). For the TEM analysis, each 10 uL drop of the
AuNP-based IFNa. complex solutions was placed on a 300 mesh
copper grid with a carbon film, air-dried, and analyzed with a
TEM operating at 300 kV. The interaction between AuNP and
IFNo. was investigated by a releasing test of IFNo. from the AuNP-
based IFNa. complexes in the presence of chemical reagents
known to disrupt specific interactions. HA—AuNP/IFNo. (or AuNP/
IFNa) complex was treated with T M MgCl, solution, 1% Tween 20
solution, or a combined solution of the two agents with mild
stirring for 3 h. After centrifugation at 20000g for 20 min, the
supernatant was diluted with PBS (pH 7.4) and the amount of
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released IFNa was determined with human IFNo. ELISA kits. The
serum stability of AuNP-based IFNo. complexes was assessed
after incubation with 2 mg/mL of BSA. A 100 uL amount of each
sample was collected at predetermined time intervals, imme-
diately centrifuged at 20000g for 20 min, and stored at 4 °C. The
amount of released IFNa was determined with human IFNa
ELISA kits. Then, the secondary structure of AuNP-based IFNa
complexes was analyzed by CD spectroscopy. CD spectra of
IFNa, HA—AuUNP/IFNa. complex, and released IFNa from the
HA—AuNP/IFNo. complex after treatment with the mixed solution
of 1 M MgCl, and 1% Tween 20 in PBS (pH 7.4) were obtained with
a UV spectrophotometer (JASCO J-715, Essex, UK) at 25 °C over the
range 200—250 nm under a nitrogen atmosphere. A quartz
cuvette with a path length of 2 mm was used, and the data were
acquired at 0.2 mm intervals with a response time of 1 s. Each
spectrum was subtracted by the spectrum of PBS, and the residual
ellipticity was calculated as an average of three scans.

In Vitro Biological Activity of HA—AuNP/IFNo. Complex. The human
Daudi cell line was maintained in RPMI 1640 media supplemen-
ted with 10 vol % fetal bovine serum (FBS) and 10 IU/mL of
antibiotics (penicillin). The cells were resuspended at a concen-
tration of 4 x 10° cells/mL in assay media, and 50 uL of the cell
suspension containing 2 x 10* cells was seeded on the flat
bottom of a 96-well tissue culture plate. Serial dilutions of
protein samples were prepared in the assay media, and 50 ulL
of the diluted protein samples was added to the test wells in
triplicate. The plates were incubated at 37 °C in a humidified 5%
CO, tissue culture incubator for 4 days. Then, 20 uL of Cell Titer
96 AQueous One Solution Reagent was added to each well, and
the plates were incubated at 37 °C for 2 h. The absorbance was
measured at 490 nm using a microplate reader (EMax, Molecular
Devices, CA, USA). After incubation for 4 days, the untreated
control was used to calculate the growth inhibition (%). The
stability of IFNa. and AuNP-based IFNa. complexes in human
serum was assessed by the same antiproliferation assay using
Daudi cells after incubation with human serum at an IFNa
concentration of 100 xg/mL at 37 °C for 4 days.

Quantification of IFNo. Accumulated in the Tissue. Female Balb/c
mice at an age of 5 weeks weighing approximately 20 g were
housed under a standard condition of a 12 h light/dark cycle
with free access to food and water throughout the study period.
The mice were divided into six treatment groups as follows: PBS
as a control, IFNa, PEG-Intron, HA—AuNP, AuNP/IFNa. 120, and
HA—AuUNP/IFNa. 110 complexes. Each group received a single
intravenous injection of the samples at an IFNa dose of 0.5 mg/kg
via a 26-gauge needle. The dose of HA—AuNP was the same as
that of the HA— AuNP in HA— AuNP/IFNa. 110 complex. Three mice
in each group were sacrificed 4 h, 1 day, 3 days, or 7 days post-
injection. A syringe filled with PBS was inserted into the left
ventricle, and the right ventricle was cut open for drainage at
the same time. PBS was perfused into the heart slowly but
constantly. After most of the blood was flushed out, the liver,
spleen, kidney, and lung tissues were collected and flash-frozen. To
determine the IFNa content accumulated in various organs, the
dissected tissue (0.1 g) was homogenized in T mL of RIPA buffer as
a lysis buffer, maintained at 4 °C for 3 h to recover the IFNa-bound
AuNP, and centrifuged at 14 000 rpm and 4 °C for 15 min. The total
protein concentration in the supernatant was determined by the
BCA protein assay. The IFNo. concentration in the supernatant was
analyzed with human IFNa ELISA kits.

Quantification of Au Accumulated in the Tissue. As described
above, female Balb/c mice at an age of 5 weeks weighing
approximately 20 g received a single intravenous injection of
PBS as a control, AuNP/IFNa 120, and HA—AuNP/IFNa. 110
complexes at an IFNo. dose of 0.5 mg/kg. The dose of HA—AuNP
was the same as that of the HA—AuNP in HA—AuNP/IFNa. 110
complex. After 1 day, the mice were sacrificed and most of the
blood was flushed out. The dissected organ samples were dried
and weighed. The Au*" content was determined by ICP-MS. The
organ samples were dissolved in 5 mL of freshly prepared aqua
regia with heating until the solution became transparent. After
evaporation, T mL of 50% HCl and 1 mL of 50% HNO; were
added and diluted to a final volume of 10 mL with water. The
samples were analyzed by ICP-MS (Thermo Xseries Il, Thermo
scientific, Soeul, Korea).
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Hepatocellular Distribution by ICP-MS. As described above, Balb/c
mice at an age of 5 weeks weighing approximately 20 g
received a single intravenous injection of AuNP/IFNo 120,
HA—AuUNP, and HA—AuNP/IFNo 110 complexes. Parenchymal
and non-parenchymal cells were isolated from the liver by the
collagenase perfusion two-step method. Under ether anesthe-
sia, a midline incision was made in the abdomen of the mice.
The portal vein was cannulated with a cutdown tube. The liver
was perfused in situ with Ca?*-free Hanks' balanced salt (HBS)
buffer containing 0.2 vol % ethylene glycol tetraacetic acids and
subsequently with HBS buffer containing 1.3 mM CaCl,, 0.015 wt %
collagenase, and 0.001 wt % DNase at 37 °C. Immediately after
the excision, the liver was minced and suspended in HBS solution
containing 0.005 wt % collagenase and 0.001 wt % DNase, and
then filtered through a mesh. The cell suspension was centrifuged
at 50g for 2 min. The obtained pellet was used for isolating
parenchymal cells, and the supernatant was used to isolate non-
parenchymal cells. The resulting cell suspension was subse-
quently centrifuged at 400g and 4 °C for 10 min. After washing,
the isolated cells were resuspended in a staining medium of PBS
supplemented with 2 vol % FBS and 1 wt % antibiotics and then
incubated with FITC-conjugated mouse anti-CD146 at room
temperature for 2 h. The cells were washed with staining medium
twice prior to the analysis with a FACS Calibur flow cytometer (BD
Biosciences, San Jose, CA, USA). The isolated parenchymal cells
were resuspended and recentrifuged twice. The Au*>" content
was determined by ICP-MS.

TEM for the Hepatocellular Distribution. For the TEM analysis,
female Balb/c mice at an age of 5 weeks weighing approxi-
mately 20 g received a single intravenous injection of HA—
AuNP/IFNo 110 complex at an IFNa dose of 2.5 mg/kg via a 26-
gauge needle. After 1 day, the mice were sacrificed and most of
the blood was flushed out. The dissected liver tissue was fixed
with 2% glutaraldehyde and 4% formaldehyde in PBS over-
night, and rinsed with 0.1 M cacodylate buffer. Postfixation was
performed for 100 min in 1% osmium tetroxide at 4 °C. After
several washing steps with 0.1 M cacodylate buffer, the sample
was embedded in agarose and dehydrated in a graded series of
ethanol (70, 80, 90, 95, and 100 vol %). Then, the sample was
embedded in Epon. Ultrathin sections with a thickness of ca. 70 nm
were imaged with a TEM (JEM-1011, JEOL Ltd., Tokyo, Japan).

Quantification of 0AS1 Expression Levels in the Liver Tissue. Female
Balb/c mice at an age of 5 weeks weighing approximately 20 g
were treated with PBS as a control, IFNo, PEG-Intron, HA—AuNP,
AuNP/IFNo. 120, HA—AuNP/IFNa. 75, and HA—AuNP/IFNa. 110
complexes. Each group received a single intravenous injection
of the samples at an IFNa dose of 0.5 mg/kg via a 26-gauge
needle. After the mice were sacrificed 7 days postinjection, the
protein was extracted from the liver tissue as described above.
The total protein concentration was determined by the BCA
protein assay. The proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to a nitrocellulose membrane by wet blotting
ata constant current of 1150 mA for 90 min. The membrane was
blocked in 5% skim milk at room temperature for 1 h and then
incubated with a rabbit anti-OAS1 polyclonal antibody with a
dilution of 1/300 at 4 °C overnight. Then, the membrane was
washed and incubated with horseradish peroxidase-conju-
gated goat anti-rabbit IgG with a dilution of 1/5000 at room
temperature for 2 h. The signal was detected by exposing the
membrane to X-ray for 10 min after mixing with ECL solution.
The density of each band was quantified by densitometric
analysis using Image J software and normalized by GAPHD
band density.

Statistical Analysis. The data are expressed as means + stan-
dard deviation from several separate experiments. Statistical
analysis was carried out via t-test using SigmaPlot 10.0 software,
and a value of **p < 0.01 was considered statistically significant.
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