
Background: Silver nanoparticles have been shown to
exhibit promising cytoprotective activities towards HIV-
infected T-cells; however, the effects of these
nanoparticles towards other kinds of viruses remain
largely unexplored. The aim of the present study was to
investigate the effects of silver nanoparticles on
hepatitis B virus (HBV).
Methods: Monodisperse silver nanoparticles with mean
particle diameters of ~10 nm (Ag10Ns) and ~50 nm
(Ag50Ns) were prepared from AgNO3 in HEPES buffer. The
in vitro anti-HBV activities of these particles were deter-
mined using the HepAD38 cell line as infection model.
Results: Ag10Ns and Ag50Ns were able to reduce the
extracellular HBV DNA formation of HepAD38 cells by
>50% compared with the vehicle control (that is, HepAD38
cells in the absence of silver nanoparticles). Silver

nanoparticles had little effect on the amount of HBV
covalently closed circular DNA (cccDNA), but could inhibit
the formation of intracellular HBV RNA. Gel mobility shift
assays indicated that Ag10Ns bound HBV double-stranded
DNA at a DNA:silver molar ratio of 1:50; an absorption
titration assay showed that the nanoparticles have good
binding affinity for HBV DNA with a binding constant (Kb)
of (8.8 ±1.0)×105 dm3mol–1. As both the viral and Ag10Ns
systems are in the nanometer size range, we found that
Ag10Ns could directly interact with the HBV viral particles
as revealed by transmission electronic microscopy. 
Conclusions: Silver nanoparticles could inhibit the
in vitro production of HBV RNA and extracellular virions.
We hypothesize that the direct interaction between these
nanoparticles and HBV double-stranded DNA or viral
particles is responsible for their antiviral mechanism.
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Hepatitis B virus (HBV) is a partially double-stranded
(ds) DNA virus that chronically infects more than 400
million people worldwide. The persistence of HBV is
associated with the development of liver cirrhosis and
hepatocellular carcinoma [1,2]. After the entry of HBV
virions into the hepatocyte, viral core particles migrate
to the nucleus where the viral genome is repaired to
form a covalently closed circular DNA (cccDNA) that
forms the template for the transcription of viral
messenger RNA (mRNA) and 3.5 kb pregenomic RNA
(pgRNA) [3,4]. The pgRNA serves as the template for
the reverse transcription and for the synthesis of viral
genomes [5]; thus, the transcription of pgRNA from
cccDNA is a key event in HBV replication.

By 2007, six agents were registered for the treatment
of chronic HBV infection. Two are immunomodulatory
agents, namely conventional interferon (IFN)-α2b and
pegylated IFN-α2a, which aim to restore host immune
control on HBV and thus lead to sustained off-treat-
ment disease remission. The other four agents are
nucleos(t)ide analogues (lamivudine, adefovir, ente-
cavir and telbuvidine) with direct antiviral activity [6].
IFN-α can promote the lysis of infected hepatocytes by
both CD8+ cytotoxic T-lymphocytes and natural killer
cells [7]; moreover, IFN-α can directly inhibit the
synthesis of viral proteins by modulating the action of
antiviral cytokines [8]. However, the use of IFN-α is
hampered by the serious side effects and low success
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rates [9]. Nucleos(t)ide analogues act mainly as specific
inhibitors of the viral polymerase reverse transcriptase.
Although the treatment of chronic hepatitis B (CHB)
with nucleos(t)ide analogues produces rapid suppres-
sion of HBV replication in the short-term, this effect is
not often sustainable due to the emergence of drug-
resistant HBV strains [10]. It is therefore important to
develop new antiviral strategies to combat wild-type
and mutant HBV infections.

Although the use of metal nanoparticles in catalysis
and optoelectronic devices has been extensively investi-
gated [11–13], there have been relatively few studies on
their biological properties and potential therapeutic
applications [14,15]. In this regard, the antimicrobial
activities of silver nanoparticles have received the most
attention [16,17], and proteomic and biochemical
studies on the antibacterial and/or fungal activities of
silver nanoparticles have been reported [16]. In the
literature, there are only two published studies on the
antiviral activities of silver nanoparticles: both
reporting their anti-HIV-1 properties [18,19]. It was
found that silver nanoparticles could bind to HIV viral
particles with a regular spatial arrangement and were
able to inhibit the virus from binding to host cells [18].
Also, silver nanoparticles can inhibit the replication of
HIV and exhibit promising cytoprotective activities
toward HIV-infected T-cells [19]. Indeed, studies on the
interaction of metal nanoparticles with viruses are
sparse [18–20], despite both systems falling in the
nanometer range.

In this study, we prepared monodisperse silver
nanoparticles with mean particle diameters of ~10 nm
(Ag10Ns) and ~50 nm (Ag50Ns) from AgNO3 in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer. The in vitro anti-HBV activities of
these particles were determined using the HepAD38
cellular model [21]. We found that silver nanoparticles
could interact with HBV dsDNA and viral particles,
and were able to inhibit the in vitro production of
HBV RNA and extracellular virions.

Methods

Preparation and characterization of silver nanoparticles
Ag10Ns (~10 nm) silver particles were prepared by
adding AgNO3 solution (1 ml, 50 mM) to a HEPES
buffer (48 ml, 10 mM, pH 7.4). The mixture was then
refluxed for 2 h with vigorous stirring. A resultant
golden yellow solution with a surface plasmon reso-
nance (SPR) absorption peak at ~400 nm was
obtained, revealing the formation of silver nanoparti-
cles. Likewise, Ag50Ns (~50 nm) particles were
obtained by adding AgNO3 (1 ml, 50 mM) solution
and sodium citrate (0.01 g) to a HEPES buffer (48 ml,
10 mM, pH 7.4). The mixture was heated under

reflux for 2 h and a resultant golden yellow solution
with an SPR absorption peak at ~400 nm was
obtained, revealing the formation of silver nanoparti-
cles. Ag800Ns (~800 nm) were prepared by adding
AgNO3 (1 ml, 50 mM) solution and ascorbic acid
(0.05 g) to a HEPES buffer (48 ml, 10 mM, pH 7.4).
After stirring for 10 min, the mixture was heated at
40˚C with stirring for 2 h. Silver nanoparticles
(Ag800Ns) were obtained.

The X-ray diffraction (XRD) spectra of silver
nanoparticles were recorded with a Philips PW1830
powder X-Ray diffractometer (Phillips, Madrid,
Spain). The UV-vis absorption spectra were recorded
using a Perkin-Elmer Lambda 900 UV-vis spec-
trophotometer (Perkin-Elmer, MA, USA).
Transmission electronic microscopy (TEM) images of
the silver nanoparticles were obtained with JEOL
JEM-2000 transmission electromicroscopy (acceler-
ating voltage of 200 kV), Philips Tecnai 20 equipped
with Oxford incax-sight EDX attachment (acceler-
ating voltage of 200 kV) or Philips EM208s
(accelerating voltage of 80 kV).

Stability evaluation
The UV-vis absorption spectra of both Ag10Ns and
Ag50Ns in aqueous solution were monitored over 48 h
and 3 months. Their stabilities in physiologically rele-
vant medium (HEPES buffer, pH 7.4) were also
monitored by UV-vis spectrophotometry.

Cell culture
The HepAD38 cell line was maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen, CA, USA) supple-
mented with fetal bovine serum (10% v/v), L-glutamine
(2 mM), penicillin (50 µg/ml), streptomycin
(100 µg/ml), kanamycin (50 µg/ml), geneticin
(400 µg/ml) and tetracycline (0.3 µg/ml). Cells were
incubated at 37˚C in a 5% CO2 humidified atmosphere.

Antiviral and cytotoxicity assays
To assess the antiviral activity of silver nanoparticles,
HepAD38 cells were seeded into 24-well microtitre
plates (2×105 cells/well) and grown for 3 days in the
presence of tetracycline (0.3 µg/ml). The cells were
washed twice with phosphate-buffered saline (PBS)
and treated with tetracycline-free medium that
contained either a test or control compound. The cell
cultures were incubated at 37˚C in a 5% CO2 humidi-
fied atmosphere for 48–96 h. The cell medium was
then collected and total DNA was extracted from the
medium using the QIAamp DNA Blood Mini Kit
(QIAGEN, Hilden, Germany). A quantitative real-
time polymerase chain reaction (PCR) assay for the
detection of HBV DNA was performed as described
previously [22].
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To assess the cytotoxic effects of silver nanoparti-
cles, HepAD38 cells were seeded into 96-well plates at
a density of 2×104 cells/well and exposed to silver
nanoparticles with a treatment schedule identical to
that described above for the antiviral assays.
Following drug treatment, cell viability was assessed
by a modified method of the Mosmann-based 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [23].

HBV RNA and cccDNA detection
HepAD38 cells were seeded into 24-well microtitre
plates (2×105 cells/well) and grown for 3 days in the
presence of tetracycline (0.3 µg/ml). The cells were
washed twice with PBS and treated with tetracycline-
free medium with or without Ag10Ns (1–10 µM).
The cell cultures were incubated at 37˚C in a 5% CO2

humidified atmosphere for 24, 48, 72 or 96 h. At the
end of the incubation, adhesive HepAD38 cells were
trypsinized, washed with PBS and divided into two
aliquots for DNA extraction and RNA extraction.
Total cellular DNA was extracted using the QIAamp
DNA Blood Mini Kit (QIAGEN), and used for HBV
cccDNA quantification by real-time PCR as described
[24]. Total RNA was extracted from the cells using
the RNAeasy Mini Kit (QIAGEN); HBV RNA was
detected by real-time reverse transcription PCR (RT-
PCR) with the TaqMan One-Step RT-PCR Master
Mix Reagents (Applied Biosystems, CA, USA)
according to the manufacturer’s instructions, using
the 5′ HCF primer (5′-GTGTCTTTTGGAGTGTG-
GATTCG nt2258–2280) and 3′ antisense HCR
primer (5′-TCGTCGTCTAACAACAGTAGTTTCC
nt2356–2332). The house-keeping gene glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used
as an endogenous control to normalize the quantity of
total human RNA in the template, and the Human
GAPDH Endogenous ControlTM (VIC/TAMRA Probe,
Primer Limited, Applied Biosystems) was used for
GAPDH mRNA amplification and detection. The
relative quantity of HBV RNA was calculated
through comparison with the quantity of GAPDH by
2–∆∆CT method [25].

Cellular uptake experiments
Cellular uptake experiments were conducted
according to the method described in the literature
[26] with some modifications. HepAD38 cells (2×105

cells/well) were seeded in 24-well plates with culture
medium (1 ml/well) and incubated at 37°C in an
atmosphere of 5% CO2 for 24 h. The culture medium
was removed and replaced with medium containing
silver nanoparticles at a concentration of 5 µM. After
exposure to the silver nanoparticles for 2, 4 and 24 h,
the medium was removed and the cell monolayer was

washed four times with ice-cold PBS. Milli-Q water
(1 ml) was added and the cell monolayer was scraped
off the well. Samples (300 µl) were digested in 70%
HNO3 (500 µl) at 70˚C for 2 h then diluted 1:100 in
water for analysis by inductively coupled plasma mass
spectrometry (ICP-MS).

Gel mobility shift assay
Full-length HBV dsDNA was produced according to a
previously described method [27]. HBV dsDNA treated
with Ag10Ns at different molar ratios
(dsDNA:Ag10Ns 1:50, 1:5, 1:0.5 and 1:005) as well as
the vehicle control (that is, HepAD38 cells in the
absence of silver nanoparticles) were resolved by 3%
agarose gel electrophoresis.

Absorption titration
A solution of the silver nanoparticles in PBS (95% v/v)
was placed in a thermostatic cuvette in a UV-vis spec-
trometer and an absorption spectrum recorded.
Aliquots of a millimolar stock DNA solution were
added to the solution of silver nanoparticles and
absorption spectra were recorded after equilibration
for 10 min per aliquot until saturation point was
reached. The binding constant Kb can be determined
from the following equation:

[DNA]/∆εap=[DNA]/∆ε+1/(∆ε+Kb),

where ∆εap=|eA–eB| in which eA is the Aobs/[silver
nanoparticles] and ∆ε=|eB–eF| with eB and eF corre-
sponding to the extinction coefficients of the
DNA-bound and unbound silver nanoparticles, respec-
tively [28]. A plot of [DNA]/∆εap versus [DNA] will
have a slope of 1/∆ε and a y intercept equal to 1/(∆εKb).
Kb is given by the ratio of the slope to the y intercept.

Measuring the interaction between silver
nanoparticles and HBV virions
Ag10Ns were coated on the surface of 96-well plates
and serum samples of CHB patients, containing 1×107

HBV virions/ml, were incubated in treated or untreated
(control) wells for 0–60 min. At 10 min intervals, the
serum samples in the treated and control wells were
collected and subjected to quantitative PCR following
total DNA extraction.

Electron microscopy
HepAD38 cells were treated with Ag10Ns (5 µM) for
96 h at 37˚C and were pelleted in a 1.5 ml centrifuge
tube at 2,000 rpm for 10 min. Supernatant was
removed and the cell pellet fixed in glutaraldehyde
(2.5%) for 12 h at 4˚C. The pellet was then washed
three times in PBS, and incubated in OsO4 (2%) and
K3Fe(CN)6 (1%) for 1 h. After three further PBS
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washes, pellets were dehydrated and infiltrated in a
1:1 mixture of propylene oxide and embedded in
resin. Ultrathin (50 nm) sections were collected on
200-mesh copper grids and stained with uranyl
acetate (6%) in double-distilled water for 10 min
followed by lead citrate (1%) for 15 min. Sections
were viewed using a Philips EM208s transmission
electron microscope at 80 kV.

Results and discussion

Characterization and stability of silver nanoparticles
In this work, we prepared monodisperse silver
nanoparticles with mean particle diameters of ~10 nm
(Ag10Ns), ~50 nm (Ag50Ns) and ~800 nm

(Ag800Ns) from AgNO3 in HEPEs buffer. The silver
nanoparticles were characterized by TEM
(Supplementary material; Figure S1), X-ray powder
diffraction (XRD; Figure S2) and energy dispersive
X-ray analysis (EDX; Figure S3).

The silver nanoparticles Ag10Ns and Ag50Ns were
found to be stable in water, with no significant spectral
changes observed over a 48 h period at 37˚C based on
UV-vis spectrophotometric measurements. In contrast,
although we did not detect any spectral changes for
solutions of Ag800Ns within the first few hours, after
incubation at 37˚C for 48 h there was an approximate
38% decrease in absorbance at the λmax (Figure S3).
Previously, human serum albumin (HSA) was reported
to stabilize silver nanoparticles. In this work, we found
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Figure 1. The antiviral effects and cytotoxicity of silver nanoparticles

(A) Percentage inhibition (versus vehicle control) of extracellular hepatitis B virus (HBV) formation in HepAD38 cells (48 h) by silver (Ag10Ns and Ag50Ns) and gold
(Au10Ns) nanoparticles. (B) Cell viability of HepAD38 cells in the presence of silver (Ag10Ns and Ag50Ns) and gold (Au10Ns) nanoparticles. (C) Percentage inhibition
(versus vehicle control) of extracellular HBV formation in HepAD38 cells (48 h) by silver compounds with silver in different oxidation states, including AgINO3,
[AgII(TPP)] (H2TPP=meso-tetraphenylporphyrin) and [AgIII(TPC)] (H3TPC=meso-triphenylcorrole). The antiviral effect of the known anti-HBV drug lamivudine (3TC) is
also included for comparison. (D,E,F,G) Dose-dependent anti-HBV and cytotoxic effects of Ag10Ns at (D,F) t=48 and (E,G) t=96 h.
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that HSA was able to stabilize silver nanoparticles
Ag10Ns and Ag50Ns, with no significant UV-vis
spectral changes observed over a 3-month period.

Antiviral effects and cytotoxicity of silver nanoparticles
HepAD38 is a stably transfected hepatoblastoma cell
line that secretes HBV-like particles and expresses high
levels of HBV DNA into its surrounding medium
(supernatant) [21]. To test the anti-HBV activity of
silver nanoparticles, HepAD38 cells were separately
treated with silver nanoparticles Ag10Ns and Ag50Ns
at concentrations of 5–50 µM. After 48 h incubation,
total DNA was extracted from the supernatants, and
the HBV DNA levels were quantified by quantitative
real-time PCR. Parallel cytotoxicity evaluation was
done by MTT assay [23]. Compared with the drug-free
vehicle control, both Ag10Ns and Ag50Ns were found
to exhibit potent anti-HBV activities (Ag10Ns showed
38% inhibition at 5 µM and 80% at 50 µM; Ag50Ns
showed 53% inhibition at 5 µM and 92% at 50 µM);
the results are depicted in Figure 1A. Over 90% cell
viability was observed for Ag10Ns and Ag50Ns at

5 µM (Figure 1B). In contrast, the viability of HepAD38
cells decreased in the presence of silver nanoparticles at
a concentration of 50 µM for both Ag10Ns and
Ag50Ns. The induced cytotoxicity could be accounted
for by the aggregation of silver nanoparticles at high
concentrations. Silver nanoparticles (Ag800Ns) with
particle diameters of 800 nm were found to induce
severe cytotoxicity to the HepAD38 cells even at the 5
µM level; thus, their potential anti-HBV activity was
not examined. For comparison, gold nanoparticles
(10 nm, Au10Ns) prepared by sodium citrate reduction
were found to exhibit relatively low anti-HBV activity
(10–13%). Silver compounds with silver in different
oxidation states, including AgINO3, [AgII(TPP)]
(H2TPP=meso-tetraphenylporphyrin) and [AgIII(TPC)]
(H3TPC=meso-triphenylcorrole), also showed no signif-
icant anti-HBV activities (Figure 1C). Taken together,
the results indicate that the anti-HBV effects of silver
nanoparticles are significant when compared with gold
nanoparticles and other classes of silver complex.

Using Ag10Ns as an example, the dose-dependent
(from 0.1 to 50 µM) anti-HBV effects of silver
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nanoparticles were examined. Compared with the
vehicle control, Ag10Ns inhibit HBV DNA replication
in a dose-dependent manner after 48 h incubation
(Figure 1D). However, Ag10Ns was found to achieve
maximum inhibitory effect at a concentration of 5 µM
with prolonged incubation (96 h), whereas the anti-
HBV effect was reduced or reversed at higher
concentrations (10, 20 and 50 µM; Figure 1F). The
plateau effect of the antiviral activity could be explained
by the release of intracellular HBV DNA at high
concentrations of Ag10Ns. As mentioned, treatments of
Ag10Ns at high concentrations were cytotoxic to the
host HepAD38 cells (Figure 1E,G) and the intracellular
HBV DNA might be released from the lysed cells.
Prolonged incubation with high dosages of silver
nanoparticles could have led to the sustained release of
intracellular DNA to the surroundings and counteracted
the antiviral effects of the silver nanoparticles.

The time-dependent anti-HBV activities of silver
nanoparticles were further examined at various time

points from 0 to 96 h. In this study, supernatants of
HepAD38 cells were collected (0, 24, 48, 72 and 96 h)
after the introduction of Ag10Ns. The time dependence
of the percentage inhibition of extracellular HBV DNA
production by Ag10Ns at a concentration of 5 µM level
was first examined, with the results plotted in Figure 2A
(solid line). Ag10Ns exhibited ~30% inhibition at t=48
and 72 h, and achieved over 50% inhibition at t=96 h.
Notably, parallel MTT assays revealed that >95% of the
Ag10Ns-treated cells remained viable (Figure 2A, dotted
line). Similar to Ag10Ns, Ag50Ns at 5 µM also inhibited
HBV replication (~50% at t=48, 72 and 96 h; Figure 2B,
solid line), with over 95% viable cells detected (dotted
line). At a concentration of 50 µM, both Ag10Ns and
Ag50Ns exhibited potent inhibitory activities of extra-
cellular HBV formation at 24 or 48 h of incubation
(solid lines, Figures 2C and 2D, respectively). After these
time points, the sustaining cytotoxic effects (dotted lines,
Figures 2C and 2D, respectively) enhanced the release of
intracellular HBV DNA to the surroundings.
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To determine whether or not binding to HSA would
alter their biological activities, the anti-HBV activities
of the silver nanoparticles were examined after incuba-
tion with HSA at a concentration 2 mM. Similar levels
of potency were observed for both the HSA-free and
HSA-bound nanoparticles (for example, 41% and 73%
at 5 and 50 µM of HSA-Ag10Ns, respectively). This
result suggests that HSA might also serve as a carrier
for the silver nanoparticles to the biological targets,
that is, HBV-infected cells.

Uptake of silver nanoparticles and effects on the
HBV life cycle
The uptake of silver nanoparticles by HepAD38 cells was
examined. After treatment with Ag10Ns (5 µM, 2 h incu-
bation), the cells were collected and subjected to ICP-MS
to analyse the silver content. Cell-free samples (100%
silver content) were compared with cells treated with
Ag10Ns absorbed (~15% of silver). The high level of
initial cellular uptake implied that some silver nanoparti-
cles could reach their potential intracellular target(s) (for
example, HBV DNA, RNA and cccDNA, etc) by passing
through the membranes of HepAD38 cells.

Using Ag10Ns as the model, the HBV replicative
intermediates were examined at various time points in
order to elucidate the effects of silver nanoparticles on
the HBV life cycle. HepAD38 cells were treated with
Ag10Ns at 5 µM for 0, 24, 48, 72 and 96 h. At each time
point, the cells were collected and the total DNA and
RNA were extracted. The HBV pgRNA and precore/core
promoter directed RNA were relatively quantified
through one step quantitative real-time PCR, and
GAPDH was used as an endogenous control to normalize
the quantity of total cellular RNA in the template. We
found that Ag10Ns could inhibit the production of HBV
RNA in a dose-dependent manner (Figure 3), and the
percentage inhibition at 10 µM increased from 44.6% at
24 h to 67.9% at 48 h, reaching a peak of 72.5% at 72 h.
After this time, inhibition dropped to 46.3% at 96 h.
HBV covalently closed circular DNA (cccDNA) levels
were also quantified according to a previously described
method [24]. However, no significant difference was
observed between the cccDNA levels in treated
HepAD38 cells and in the vehicle control at various time
points (0 to 96 h; data not shown).

Silver nanoparticles had little effect on the cccDNA
levels, but could inhibit the formation of HBV RNA.
The reduction of HBV RNA levels suggested that tran-
scription from the cccDNA or integrated HBV genome
was impeded, which could result in the inhibition of
HBV relaxed circular DNA (rcDNA) formation
because pgRNA serves as the template of the reverse
transcription. Most of the rcDNA is packaged into core
particles and exported from the cells, whereas only a
few cores need to be transported back to the nucleus

where rcDNA is converted to cccDNA to maintain a
stable intranuclear pool [3]. Thus, the inhibition of
HBV rcDNA production had a greater influence on the
amounts of extracellular virions than the intranuclear
cccDNA levels [29,30]. In our study, we hypothesize
that the inhibition of HBV RNA production by the
silver nanoparticles might in turn reduce the formation
of rcDNA, and subsequently decrease the number of
extracellular virions. However, because the inhibitory
effects of silver nanoparticles are moderate (maximum
72.5% inhibition of HBV RNA), there might be still
enough rcDNA to complement the cccDNA pool in the
nucleus. This hypothesis would explain why the silver
nanoparticles had little effect on the HBV cccDNA
levels, but still needs further investigation.

Interaction between HBV DNA and silver nanoparticles
Silver nanoparticles have special properties, such as a
larger active surface area and increased porosity, which
facilitate their interaction with other small particles
and molecules [31]. On this basis, we hypothesized that
Ag10Ns might impede the transcription of viral RNA
by binding to directly or interacting with HBV DNA,
which serves as the template of RNA synthesis. Gel
mobility shift assays were employed to assess binding
potential. HBV dsDNA was treated with Ag10Ns at
different molar ratios (DNA:Ag10Ns 1:50, 1:5, 1:0.5
and 1:0.05) or with a vehicle control and the
complexes formed resolved by agarose gel elec-
trophoresis (Figure 4A). All samples treated with
Ag10Ns were found to exhibit ‘shifting-up’ effects,
even at the 1:0.05 molar ratio, and the 1:50 sample was
found to exhibit a significant tailing effect. This effect
resulted from the substantial binding of silver
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Figure 3. The inhibition of HBV RNA production by Ag10Ns

Relative quantification of hepatitis B virus (HBV) RNA (calculated by the
comparative 2–∆∆CT method) in Ag10Ns-treated (1–10 µM) HepAD38 cells and a
drug-free vehicle control with incubation times of 0, 24, 48, 72 and 96 h.
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nanoparticles to the HBV DNA, which augmented the
size of DNA and increased the viscosity.

Binding constants were determined using a UV-vis
absorption titration assay. The addition of aliquots of
HBV DNA (0–100 µM) to a solution of Ag10Ns induced
an isosbestic-spectral change with hyperchromicity of
~15% at its λmax at 409 nm. The binding constant (Kb) of
Ag10Ns towards the HBV DNA was found to be (8.8
±1.0)×105 dm3mol–1, which was determined from the plot
of [HBV DNA]/∆εap versus [HBV DNA] (Figure 4B).
Besides HBV DNA, we also found that Ag10Ns could
bind to calf thymus DNA (ctDNA, Figure 4C) and the
total RNA extracted from HepAD38 cells (Figure S4),
with binding constants of (1.5 ±0.3)×106 and (3.1
±0.4)×105 dm3mol–1, respectively. Given the similar
binding affinity to the ctDNA and RNA, we reason that
the binding of Ag10Ns to the HBV DNA is non-specific
and thus could contribute to the cytotoxic activity of
silver nanoparticles at high concentrations.

Interaction between HBV viral particles and 
silver nanoparticles
Ag10Ns silver nanoparticles showed good binding
affinity to HBV virions, as only 54% and 12% unbound
viral particles (versus silver-nanoparticle-free control)
were detected after incubation for 10 and 60 min,

respectively (Figure 5A). In addition, the distribution of
Ag10Ns in HepAD38 cells was investigated using TEM.
Ag10Ns was distributed mostly in the cell cytoplasm and
the TEM image showed that several Ag10Ns bound to
the HBV-like particles (Figure 5B). However, because the
HepAD38 cell line is an HBV-integrated cellular model,
whether this binding activity of silver nanoparticles can
prevent HBV virions from entering into the host cells
requires further investigation.

In summary, we report that silver nanoparticles
possess high binding affinity for HBV dsDNA and
extracellular virions, and could inhibit in vitro
production of HBV RNA and extracellular virions.
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Figure 5. Interaction between hepatitis B virus (HBV) viral particles and silver nanoparticles

(A) Ag10Ns were coated on the surface of 96-well plates and serum samples of patients with chronic hepatitis B infection containing 1×107 HBV virions/ml were
incubated in treated or untreated control wells for 0–60 min. At 10 min intervals, serum samples were collected to extract DNA and subjected to real-time PCR for
HBV DNA quantification. (B) Transmission electron microscopy of ultrathin sections (50 nm) of Ag10Ns-treated (5 µM) HepAD38 cells. Selected HBV particles are
marked by white circles and some silver nanoparticles are marked by black arrows.
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