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Abstract

Nitric oxide (NO) plays an important role in inhibiting the development of hepatic fibrosis and its
ensuing complication of portal hypertension by inhibiting human hepatic stellate cell (HSC)
activation. Here we have developed a gold nanoparticle and silica nanoparticle mediated drug
delivery system containing NO donors, which could be used for potential therapeutic application
in chronic liver disease. The gold nanoconjugates were characterized using several physico-
chemical techniques such as UV-visible spectroscopy and transmission electron microscopy.
Silica nanoconjugates were synthesized and characterized as reported previously. NO released
from gold and silica nanoconjugates was quantified under physiological conditions (pH = 7.4 at 37
°C) for a substantial period of time. HSC proliferation and the vascular tube formation ability,
manifestations of their activation, were significantly attenuated by the NO released from these
nanoconjugates. This study indicates that gold and silica nanoparticle mediated drug delivery
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systems for introducing NO could be used as a strategy for the treatment of hepatic fibrosis or
chronic liver diseases, by limiting HSC activation.

1. Introduction

Cirrhosis and chronic liver disease is the twelfth leading cause of death in the United States,
accounting for more than 27000 deaths in 2005. Portal hypertension is a major complication
of liver cirrhosis and directly increases mortality and morbidity by increasing the propensity
of venous hemorrhage [1]. Previous research has shown that nitric oxide (NO) is important
to both increased hepatic resistance and hyper-dynamic circulation-associated hyperemia [1—
3]. Under normal physiologic conditions, endothelial nitric oxide synthase (eNOS) derived
NO exerts paracrine effects on hepatic stellate cells (HSC). In cases of hepatic cirrhosis or
fibrosis, NO generation from endothelial cells is impaired in association with concomitant
HSC activation and changes in sinusoidal structure, events which significantly contribute to
the development of portal hypertension [4]. HSCs, liver specific pericytes, are normally
quiescent and low in mitotic activity. In the case of hepatic fibrosis or chronic liver diseases,
HSCs are activated and transform into myofibroblastlike cells, migrate to the portal area,
proliferate, and produce various components of the extracellular matrix. Hepatic
angiogenesis contributes to fibrosis in liver [5]. The broader role of angiogenesis in portal
hypertension and cirrhosis has developed into an area of vigorous investigation. Our earlier
studies have shown that NO negatively regulates diverse HSC functions that lead to the HSC
‘activation’ phenotype of portal hypertension including HSC migration, proliferation, and
contraction [4, 6-8]. Therefore, the aim of our present study was to develop a novel method
for a drug delivery system to deliver NO in a controlled way to the activated HSC in an in
vitro setting of hepatic cellular milieu resembling the chronic liver disease. In this context,
the pivotal role of nanotechnology was evaluated towards solving biological problems.

Nanotechnology is a cutting edge technology that is devoted to understanding, creation, and
design of matter at the atomic and molecular level. Generally it deals with structures of the
size 100 nm or smaller [9-12]. Nanomedicine is the biomedical application of nanoscience
and nanotechnology [12-14]. Several inorganic nanoparticles including gold nanoparticles,
silica nanoparticles, silver nanoparticles, lanthanide nanoparticles [15, 16], and quantum
dots (CdSe, ZnS, PbSe, ZnSe, and ZnS) play an appreciable role in biology and medicine
because of their unique sizedependent properties and optical properties [11, 16-19]. Among
these inorganic nanoparticles, frequently colloidal gold nanoparticles (AuNPSs) have been
widely used for drug delivery, imaging, biomedical diagnostics, and therapeutic applications
due to their stability, biocompatibility, very high surface area, ease of preparation,
characterization, and surface functionalization properties due to a strong affinity for the -SH
and —NH,, group [10, 20-25]. Similarly, silica nanoparticles (SiNPs) also offer a wide
variety of potential applications in biomedical sciences [26-31]. Its biocompatibility,
stability, and surface modifications render the possibility of using it as a controlled delivery
system for therapeutic agents such as vancomycin, neurotransmitters, anti-tumor agents,
peptides and NO [29-31]. Such modification and functional properties have provided the
potential for employing AuNPs and SiNPs as drug delivery vehicles.
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In this paper, we have developed gold and silica nanoconjugate mediated drug delivery
system (DDS) for delivery of NO in a controlled way to the activated HSCs in an in vitro
setting of hepatic cellular milieu resembling chronic liver disease. The NO conjugation to
AUNPs was characterized by several physico-chemical analyses and NO released from this
AUNPs and SiNPs conjugated with NO donor was quantified by in vitro methods for a
substantial period of time. Proliferation and vascular tube formation ability of HSCs was
significantly attenuated by the NO released from AuNPs and SiNPs indicating these
nanoconjugates bound with NO may serve as a novel NO delivery system for therapeutic
application of cirrhosis and chronic liver disease.

2. Materials and methods

2.1. Materials

Tetrachloroauric acid (HAuUCIl,) and sodium borohydride (NaBH,4) were purchased from
Aldrich Chemicals (St Louis, MO). 7-10 nm dia. hydroxyl-terminated fumed silica (FS), N-
acetyl-DL-penicillamine, tert-butylnitrite, acetic anhydride, toluene, pyridine, hexane,
chloroform (CHCIs3), concentrated hydrochloric acid (HCI) and magnesium sulfate were all
purchased from Sigma-Aldrich (St Louis, MO). (3-Aminopropyl) trimethoxysilane
(APTMS) was obtained from Fluka (Milwaukee, W1). Tert-butyl nitrite was purified by
extracting with an aqueous solution of 15 mM cyclam to remove copper used for stabilizing
the organonitrite. All the chemicals were used as received without further purification.

2.2. Detection of endotoxin in water

The Millipore H,0, used for all experiments in our research was tested for endotoxin using
the gel-clot method according to manufacture’s instructions (Cat # GS 250 Cape Cod
Associates, Cape Cod). The formation of a gel-clot indicated the presence of endotoxin in a
sample. However, we did not observe any gel-clot indicating absence of endotoxin in
Millipore H,0.

2.3. Synthesis of gold nanoparticles (AuUNPS)

Colloidal AuNPs were synthesized by mixing an aqueous solution of HAuCl, and NaBH,4
under vigorous stirring in a 2 | flask according to our previously reported literature [10, 20,
21, 32-34]. Initially, a stock solution of HAuCI, was prepared at a concentration of 1072 M
by dissolving 1 g of HAuUCI, in endotoxin free H,0. Briefly, 10 ml of 1072 M HAuUCI, was
diluted to 1000 ml with endotoxin free H,O and an aqueous solution of sodium borohydride
(~45 mg of NaBH,4 in 500 ml of H,0) was added to it under vigorous stirring for 12-16 h to
obtain the AuNPs used in this study.

2.4. Synthesis of gold nanoconjugates containing NO donors

Several NO donors such as S-nitroso-N-acetyl-DL-penicillamine (SNAP), glyco-SNAP, 3-
morpholino-sydnonimine (SIN-1), S-nitrosoglutathione (SNOG) were screened to select one
with better long term, slow NO releasing ability and chemical characteristics for the present
study. Gold nanoconjugates containing NO donors such SNAP, glyco-SNAP, SIN-1, SNOG,
etc, were synthesized in a single step incubation at room temperature by mixing AuNPs
solution and corresponding NO donors (10 ug mi~1 of AuNPs) under stirring condition
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according to our previously published methods [10, 20, 21, 32-34]. After the final
incubation, the UV-visible spectra of the resultant solutions were taken to measure the
absorbance of AuNPs bound to NO donors. The resulting solutions were centrifuged at 13
000 rpm for 1 h 10 °C in a Sorvall Ultracentrifuge OTD80B (Thermofisher Scientific, Inc.
Waltham, MA) using a 502Ti rotor. The loose pellets were used for further chemical
characterizations and cell culture experiments.

2.5. Synthesis of S-nitroso-N-acetyl-DL-penicillamine derivitized fumed silica (SNAP-FS)

The complete synthesis and characterization of SNAP-FS has been performed as described
previously [29]. Briefly, to synthesize the SNAP-FS, first 2.4 g fumed silica (FS) was
refluxed in toluene for 24 h with 2.1 g APTMS. Particles were purified from un-reacted
APTMS after dispersing in fresh toluene and three additional centrifugations. In order to
obtain, N-acetyl-DL-penicillamine thiolactone crystals (NADLPT), the N-acetyl-DL-
penicillamine and acetic anhydride (both separately dissolved in pyridine at ice-cooled for
20 min) solutions were combined and stirred at room temperature overnight. NADLPT
crystals were obtained after solvent removal followed by extraction with 1 M HCI and dried
with magnesium sulfate. The APTMS-FS was mixed with NADLPT crystals then mixed in
pyridine and stirred at room temperature for 24 h. The thiol group of N-acetyl-DL-
penicillamine was reacted with tert-butylnitrite for 45 min to form SNAP-FS. SNAP-FS
particles were washed with toluene to remove un-reacted tert-butylnitrite, collected by
centrifuging at 3000 rpm for 10 min, and vacuum dried.

2.6. Cell culture experiments

Primary human HSC (ScienCell Research Laboratories) and LX2 cells, a well-characterized
cell-line derived from human HSCs, which express many markers of the activated HSC
phenotype. The markers of activated HSCs includes expression of NG2 (Suppl. figure 1
available at stacks.iop.org/Nano/21/305102/mmedia), HSP 47 mRNA, MMP-2, PDGF
receptor B subunit [6] and a-SMA [35]. LX2 were cultured in Dulbecco’s modified Eagle’s
medium, or specialized HSC medium, supplemented with 10% fetal bovine serum, 1 mmol
I"1 L-glutamine, and 100 1U mI~1 penicillin. All cells were maintained at 37 °C in an
atmosphere containing 95% air-5% CO, (V/v).

2.6.1. Proliferation assay—Cell proliferation was evaluated using the colorimetric MTS
assay according to the manufacturer’s instructions (CellTiter 96 Aqueous One-Solution Cell
Proliferation Assay, Promega, Madison, WI, USA). The reduction of yellow tetrazolium salt
[3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)2-(4-sulfophenyl)-2H-
tetrazolium] in MTS to form purple formazan crystals by the dehydrogenase enzymes
secreted by the mitochondria of metabolically active cells forms the basis of this assay. The
formazan dye shows absorbance at 492 nm and the amount of formazan crystals formed is
directly proportional to the number of cells. The relative proliferation rates of primary
human HSC and LX2 cells treated with either vehicle or various concentrations of Au-
SNAP and SNAP-FS in basal (serum free) cell culture medium for 18 h in 96 well plates
were then rinsed with phosphate-buffered saline (PBS) to remove unattached cells and
incubated with 20% MTS reagent in a serum free medium for a period of 3 h at 37 °C.
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Absorbance of the obtained dye was measured at 490 nm using a spectrophotometric plate
reader as described previously [4].

2.6.2. Vascular tube formation assay—Glass-chambered slides were coated with 100
ul Matrigel Matrix (BD Biosciences, San Jose, CA) for 30 min at 37 °C. Cells were washed,
trypsinized and seeded at 2 x 10 cells/well on Matrigel-coated chamber slides. Cells were
incubated in the presence of either vehicle or various concentrations of Au-SNAP or SNAP-
FS in basal (serum free) cell culture medium for 12-18 h at 37 °C and 5% CO and imaged
using 4x objective and analyzed using Image-Pro Plus 6.2 software for quantification of
tube formation as described previously [36, 37].

3. Characterization

AUNPs and its nanoconjugates (Au-SNAP, Au-glyco-SNAP, Au-SIN-1, Au-SNOG, Au-
SNAP) were characterized using UV-visible spectroscopy and transmission electron
microscopy as described previously [10, 20, 21, 32-34]. Synthesis and characterization of
SNAP-FS were carried out by several physico-chemical techniques according to published
literature [29].

3.1. UV-vis spectroscopy

UV-vis spectra of AuNPs and its conjugates with various NO donors including Au-SNAP,
Au-glyco-SNAP, Au-SIN-1, Au-SNOG, were recorded for their absorbance maximum using
UV-visible spectroscopy (Shimadzu UV PC2101). The solutions were loaded ina 1 ml
cuvette and the spectra recorded from 200 to 800 nm with a resolution of 1 nm.

3.2. Transmission electron microscopy (TEM)

TEM micrographs of AuNPs were obtained in a FEI TECNAI 12 operating at 120 kV by
drop coating the solution in a carbon-coated copper grid (300 mesh) as described previously
[21, 32, 34]. TEM micrographs of primary human HSC and LX2 cells were taken on a
TECNAI 12 (FEI Company, Hillsboro, OR) operating at 120 kV. TEM sample preparation
involving primary human HSC and LX2 cells was performed by treating cells with AuNPs
for two hours in respective cell culture medium. After 2 h of incubation, human primary
HSCs or LX2 cells were trypsinized and centrifuged initially at 1500 rpm for 5 min. The
resultant cell pellets were then washed thrice with PBS, suspended in Trump’s fixative (1%
glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer, pH 7.2) and subjected for
TEM analysis. To visualize the internalization of AuNPs in the cells, previously published
procedures were followed [15, 38, 39].

3.3. Quantification of NO releases from AuNPs conjugated NO donors and fumed silica-

SNAP

The fluorescent reagent 4,5-diaminofluorescein (DAF-2) has been widely used for specific
and quantitative measurement of NO. In vitro NO release was studied using DAF-2
fluorimetric assay over a period of time as described previously [40]. Briefly, AUNPs
conjugated with various NO donors were incubated in a solution containing 1 uM DAF-2
and incubated for 30 min in microcuvettes for fluorescence quantification with excitation of
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485 nm and emission of 538 nm using a fluorimeter (VersaFluor Flurometer, BioRad).
Fluorimetry was performed in duplicate for each sample, and a standard curve generated
using known amounts of sodium nitroprusside (SNP, 0-500 nM). NO generation from
SNAP-FS was measured with chemiluminescence detection using a Sievers Nitric Oxide
Analyzer 280i (GE Instruments, Boulder, CO).

3.4. Statistical analysis

The data in the bar graphs represent the mean + S.E.M. of at least three independent
experiments, each performed with duplicate samples. TEM figures represent typical
experiments reproduced at least three times with similar results. Statistical analyses were
performed using a Student’s t test, with a twotailed value of P < 0.05 considered significant.

4. Results and discussion

4.1. UV-visible spectroscopy and TEM

The as-synthesized AuNPs, obtained by the reduction of HAUCI, with NaBHy, were
characterized by UV-visible spectroscopy and TEM [21, 32, 33]. The AuNPs were spherical
in shape and depicted a characteristic size of approximately 5 nm [21, 32, 33]. The UV-
visible spectrum of AuNPs (figure 1(A)) exhibits a characteristic surface plasmon resonance
(SPR) band at ~510 nm, depicting formation of spherical gold nanoparticles [41]. Using
TEM analysis, the formation of AuNPs and their shape and size was further confirmed to be
spherical of nearly <5 nm as shown in figure 1 (B).

4.2. UV-visible spectroscopy gold nanoconjugates

Figure 2 demonstrates the change of absorption maxima (Amax) 0f AUNPSs upon additions of
SIN-1, SNAP, glyco-SNAP and SNOG to AuNPs solution. This data clearly demonstrates a
red shift in the SPR band maxima in Au-SIN-1 (from Apax = 510 to 535 nm), Au-SNAP
(from Amax = 510 to 525 nm), Au-glyco-SNAP (from Amax = 510 to 520 nm), Au-SNOG
(from Amax = 510 to 521 nm) upon addition of SIN, SNAP, glyco-SNAP and SNOG,
respectively, as compared to the spectrum of AuNPs alone (Amax = 510). These red shifts in
the Amax Values upon addition of various NO donors such as SIN-1, SNAP, glyco-SNAP and
SNOG suggest the interaction and binding of the individual components with the surface of
AUNPs. Concurrently, an increase in absorbance of AuNPs with the addition of various NO
donor molecules on AuNPs was also observed. For example, the absorbance of naked AuUNP
is 0.171 and similarly absorbances of Au-SNAP, Au-SNOG, Au-glyco-SNAP and Au-SIN
are 0.179, 0.195, 0.209, and 0.217, respectively. The higher absorbance of NO donor
conjugated AuNPs as compared to naked AuNPs indicates lack of aggregation after the
interaction of NO donors with AuNPs. TEM analysis of these NO donor conjugated AuNPs
further confirmed lack of aggregation (data not shown).

4.3. NO release quantification by different NO donors bound to AUNPs

Quantification of NO release from the AuNPs showed a marked increase in NO release
profile by SIN-1 and SNAP bound to AuNPs as compared to control (only AuNPs) at a
period of 18 h time point (n = 3, *p < 0.05) (figure 3). It is pertinent to mention that the NO
released by AuNPs also showed a marked physiological effect on the HSCs at 18 h time
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point. Although Au-SIN-1 to nanogold conjugates showed a significant increase in NO
release, the metabolized product of SIN-1 generates peroxynitrite [42], a reactive nitrogen
species that may cause unwarranted side effects in in vivo settings as a DDS. However,
SNAP when metabolized generates nitrate and nitrite and releases NO [43] but not
peroxynitrite. Thus further studies were performed using Au-SNAP nanoconjugates.

4.4. UV-visible spectra of Au-SNAP nanoconjugates

The UV-visible spectra of Au-SNAP were evaluated at different concentrations of SNAP
(0-50 pg ml~1) in aqueous solution. Figure 4 demonstrates the increase of absorption
maxima (0.173-0.221) of AuNPs while increasing the concentration of SNAP from 0 to 50
g mI~L. This data clearly demonstrates a red shift in the SPR band maxima in Au-SNAP
with increasing concentration of SNAP further indicating the increase in binding interaction
between AuNPs and SNAP.

4.5. Saturation kinetics of Au-SNAP nanoconjugates

The saturation concentration of SNAP was determined by incubating different
concentrations of the SNAP with the AuNPs at room temperature followed by testing the
stability of Au-SNAP using a 140 mmol 11 NaCl solution (figure 5 (A) and (B)).
Attachment of SNAP to AuNP was confirmed by monitoring the change in absorbance and
shift in the Amax Value of AuNP after incubation with increasing concentration of SNAP (0—
50 ug mi~1). Figure 5 (A) represents the change in absorbance of AuNP after the addition of
an increasing concentration of SNAP. At first, a saturation curve of SNAP to AuNP was
prepared by increasing the concentration of SNAP. The saturation curve provides an idea of
the number of drug molecules required to saturate a nanoparticle. The increase in
absorbance of AUNP upon incubation with increasing concentrations of SNAP also suggests
the perturbation of the electrical double layer around gold nanoparticles upon SNAP
addition (figure 5(A)). These increased absorbance also suggests the attachment or binding
of SNAP to AuNP [32]. Aggregation of uncovered or partially covered particles is induced
by the addition of 140 mmol I=1 NaCl and can be monitored by following the SPR
absorbance of AuNPs. The concentration minimizing aggregation is considered to be the
saturation concentration. The extent of aggregation, however, should decrease with
increasing protection of the AuNP surface SNAP. It is clear from figure 5 (A) that in the
absence of any SNAP but in the presence of NaCl, the AuNPs are completely aggregated
and their absorbance dropped to zero. Protecting the AuNP surface with SNAP prevented
aggregation. The extent of aggregation was found to be minimal at a concentration of 10 ug
ml~1 SNAP. Figure 5 (B) represents the shift in Ayay of gold nanoconjugate with increasing
concentration of SNAP from 0 to 50 pg ml ~2. It is evident from the figure that a red shift in
the Apax value of AUNP was observed (Amax = 514.5 nm, concentration of SNAP being 10-
50 pg ml~1) as compared with the spectrum of AuNPs alone (Amax = 510 nm), suggesting
the association of SNAP to AuNPs. The observed red shift in the Aax Value and an increase
in plasmon resonance are consistent with increase in the dielectric constant of the medium
surrounding the AuNPs and suggest the conjugation of SNAP to AuNP [21, 33, 44].
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4.6. Internalization of Au-SNAP nanoconjugates

We next examined the cellular uptake of Au-SNAP nanoconjugates using TEM studies in
the primary human HSC and LX2 cells. TEM pictures of LX2 cells treated with Au-SNAP
for 2 h indicate an uptake of synthesized AuNPs in the cytoplasmic compartment as depicted
in figure 6(A) and (B). This figure clearly indicates that in most of the cells, uptake of these
nanoconjugates occurred. The morphology of these cells also clearly demonstrates no
cytotoxicity issues in vitro following internalization of these nanoconjugates (figure 6 (A)).
Similarly, the morphology of the nanoconjugates remained unchanged after internalization
of AuNPs observed in higher magnified pictures (figure 6 (B)). Similar results were
obtained when the primary human HSCs were treated with AuNPs (figure 6 (C) and (D)).
The cellular uptake of these AuNPs were equally evident in both primary human HSC as
well as transformed cells (LX2), a human HSC cell-line and are therefore not selective in
terms of uptake in different cell types. However, TEM micrographs at higher magnification
(figure 6 (B) and (D)) could not resolve the sub-cellular localization of these AuNPs in the
intracellular components. Further studies are required to elucidate the exact intracellular
compartmental localization of these nanoparticles.

4.7. NO release from silica nanoconjugates

Next we compared our Au-SNAP with SNAP-FS, which has been previously established as
a NO delivery nanoconjugate [29]. Figure 7 (A) shows the mass-dependent moles of NO
released/s from SNAP-FS suspended in PBS (pH 7.4) incubated at 37 °C over a 4 h period.
A large bolus of NO is released upon addition of the particles to the PBS solution and
decreases over the duration of the experiment. SNAP-FS decompose to release NO upon
contact with the buffer solution due to trace metals present in the buffer salts. Figure 7(B)
shows the moles of NO released/s over a 20 h time period for 0.5, 0.4, and 0.1 mg SNAP -
FS ml~1 of solution. After 20 h, the solution containing 0.5 mg SNAP-FS released NO at a
rate of approximately 9 x 10713 mol s~ and 0.4 mg of particles mI~1 of solution released
approximately 7 x 10713 mol s71. These release rates cannot be converted to molar
concentrations of NO because the solution containing the particles was continuously purged
with N(g). This data therefore show the real-time NO release rates from the SNAP-FS
particles.

4.8. NO released from NO-bound nanoconjugates attenuate HSC proliferation

During hepatic fibrosis, HSCs are activated and therefore depict angiogenic phenotype with
increased proliferation, migration and tube forming capacity. Our previous studies has
shown that NO attenuates small GTPases Racl and platelet-derived growth factor (PDGF)-
driven migration of LX2 cells by abrogating the filopodia formation in this cells [6]. Also
the PDGF-induced primary HSC migration was significantly attenuated in presence of NO
donor SNP in a concentration-dependent manner indicating the role of NO in reversal of
activation of HSCs [6]. Therefore the effects of these NO-bound nanoconjugates were
studied on the LX2 proliferation and tube formation, other physiological parameters of
angiogenic phenotype in activated HSCs.

Proliferation of LX2 cells was significantly decreased by 55% when treated with Au-SNAP
as compared to vehicle control (p < 0.05, n = 3) (figure 8 (A)). Similarly, a 45% decrease in
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proliferation of LX2 cells was also observed in presence of SNAP-FS as compared to
vehicle control (p < 0.05, n= 3) (figure 8 (B)). A decrease in proliferation of primary human
HSCs were also observed in presence of both Au-SNAP and SNAP-FS (data not shown).
This data once again indicates the non-specific effect of these NO-bound nanoconjugates in
terms of cell types, primary and transformed cell proliferation.

4.9. NO delivered using nanoconjugates perturbs angiogenic phenotype of HSCs

The effects of Au-SNAP and SNAP-FS on HSC function was analyzed by measuring HSC
tube formation, a parameter which is generally inhibited by NO. Tube formation by human
HSC cell-line, LX2 cells was attenuated by Au-SNAP (total tube length (um): 4559.16 +
537.33 as compared to vehicle control 8052.13 + 533.01, p < 0.05, n = 3) (figure 9(A)).
Similarly, HSC tube formation ability was also attenuated by SNAP-FS (total tube length
(um): 2864.8 + 270.73 as compared to vehicle control 8178 + 381.95, p < 0.05, n = 3)
(figure 9(B)). A similar decrease in tube formation ability of primary human HSCs was also
observed in the presence of both Au-SNAP and SNAP-FS (data not shown). These results
from our in vitro experiments support the feasibility of generating biologically functional
NO-based nanogold or silica nanoconjugate compounds that can target to liver HSCs using a
specific antibody against activated HSC cell membrane protein markers bound to these
nanoconjugates for potential therapeutic use in in vivo settings of chronic liver disease.

5. Conclusions

We have developed a gold and silica nanoparticle mediated DDS for NO delivery that can
be explored for potential therapeutic application in chronic liver disease in the near future.
These DDS have been critically characterized by several physico-chemical techniques. NO
released from Au-SNAP and SNAP-FS was quantified by in vitro methods for a substantial
period of time. Proliferation and vascular tube formation ability of the human HSCs, an in
vitro correlates of angiogenic phenotype, were significantly attenuated by the NO released
from these nanoconjugates. The results of this study indicates that both Au-SNAP and
SNAP-FS may serve as a novel NO delivery system for therapeutics aimed at inhibiting
HSC tubulogenesis-based therapy of chronic liver diseases. The unique functionality of the
gold and silica nanoparticle mediated DDS may represent a new alternative therapeutic
approach for the targeted delivery of NO in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

UV-visible spectroscopy and TEM of AuNPs. (A) UV-visible spectrum of a colloidal
AuNPs solution shows a characteristic absorbance at 510 nm. Graphical representation, n =
3. (B) TEM picture of AuUNPs was obtained after drop coating the AuNPs on carbon-coated
copper grid depicting the shape and size of these gold nanoparticles to be spherical and <5
nm, respectively. Representative photomicrographs are from three independent experiments.
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Figure 2.

UV-visible spectra of NO-conjugated AuNPs. AuNP was conjugated with different NO
donors SIN-1 (Au-SIN-1), SNAP (Au-SNAP), glyco-SNAP (Au-glyco-SNAP) and SNOG
(Au-SNOG). Change of absorption spectra of AuNPs as well as change of Apax (towards red
shift) upon the addition of SIN-1, SNAP, glyco-SNAP and SNOG indicates the association
of NO donor molecules to AuNPs. Graphical representation are from three independent
experiments, n = 3.
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Figure 3.
Quantification of NO release by NO-conjugated AuNPs. In vitro NO release by NO-bound

AUNPs was studied using DAF-2 fluorimetric assay over a period of 18 h time point. SIN-1
and SNAP bound to AuNP conjugates showed a marked increase in NO release profile as
compared to control (AuNPs) at a period of 18 h time point (n = 3).
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Figure4.
UV-visible spectra of Au-SNAP nanoconjugates. Using different concentrations of SNAP

(0-50 pg with respect to 1 ml of AuNPs solution) an increase in absorbance of Au-SNAP
was observed with increasing concentration of SNAP (n = 3).
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Figureb.
Saturation concentration of SNAP to AuNPs. UV-visible spectra of Au-SNAP

nanoconjugates were performed using different concentrations of SNAP. Au-SNAP
nanoconjugates were prepared by incubating AuNPs and SNAP at different concentrations
at room temperature. The saturation concentration of SNAP was first determined by
incubating different concentrations of the SNAP with AuNPs followed by stability testing
using a 140 mmol 171 NaCl solution and determination of saturation curve of SNAP on
AUNPs in presence and absence of NaCl, (A) change in absorbance of AuNP, and (B) shift
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in the Anax With the addition of increasing concentration of SNAP. (a.u. means ‘arbitrary
units’ used in Y-axis in this figure). Graphical representation, n= 3.
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Figure6.
Cellular uptake of Au-SNAP. (A) TEMs of LX2 cells treated for 2 h with Au-SNAP. (B)

Internalization of Au-SNAP by LX2 cells with higher magnifications. (C) TEM pictures of
primary HSCs treated for 2 h with Au-SNAP. (D) Internalization of Au-SNAP by primary

HSCs as observed under higher magnification. The photomicrographs clearly illustrate the

internalization of gold nanoconjugates in both LX2 and primary HSC cells. Representative
photomicrographs are from three independent experiments.
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Figure7.
Release profile of NO from SNAP-FS. SNAP-FS particles were suspended in PBS (pH 7.4)

at 37 °C. (A) Shows the moles of NO generated from 0.1, 0.2, 0.4 and 0.5 mg of SNAP-FS
suspended in 1 ml of PBS (pH 7.4) at 37 °C over a 4 h period measured using
chemiluminescence technique. (B) Shows the moles of NO generated/s from 0.1, 0.4 and 0.5
mg of SNAP-FS suspended in 1 ml of PBS (pH 7.4) at 37 °C over a 20 h period measured
with chemiluminescence. Inset shows detail of NO release between 16—20 h time points of
experiment. Graphical representation, n= 3.
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Figure8.
NO-bound nanoparticles attenuate LX2 cell proliferation. (A) Au-SNAP (NO donor, 100 ng

ml~1) significantly decreased the proliferation of LX2 cells (n = 3, *p < 0.05). (B) The
proliferation of LX2 cells were also significantly inhibited in presence of SNAP-FS (n =
3,*p < 0.05).
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Figure9.
Attenuation of LX2 cell tubulogenesis by NO-bound nanoconjugates. (A) Vascular tube

formation capacity of LX2 cells, an in vitro correlates of angiogenesis, was significantly
decreased in presence of both SNAP and Au-SNAP (NO donor, 100 ng mI™1) (n=3, *p<
0.05). (B) SNAP-FS (NO donor, 360 ug ml~1) also showed a similar inhibition in tube
formation ability of LX2 cells (n= 3, *p < 0.05). Representative photomicrographs from
three independent experiments are shown in inset.
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