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RNA interference is a fundamental gene regulatory mechanism
that is mediated by the RNA-induced silencing complex (RISC). Here
we report that an artificial nanoparticle complex can effectively mi-
mic the function of the cellular RISC machinery for inducing target
RNA cleavage. Our results show that a specifically designed nano-
zyme for the treatment of hepatitis C virus (HCV) can actively
cleave HCV RNA in a sequence specific manner. This nanozyme is
less susceptible to degradation by proteinase activity, can be effec-
tively taken up by cultured human hepatoma cells, is nontoxic to
the cultured cells and a xenotransplantation mouse model under
the conditions studied, and does not trigger detectable cellular in-
terferon response, but shows potent antiviral activity against HCV
in cultured cells and in the mouse model. We have observed amore
than 99% decrease in HCV RNA levels in mice treated with the na-
nozyme. These results show that this nanozyme approach has the
potential to become a useful tool for functional genomics, as well
as for combating protein-expression-related diseases such as viral
infections and cancers.
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Owing to their size-dependent properties, nanoparticles have
been extensively explored for biomedical applications (1–4).

Their superior electronic, optical, magnetic, and photothermal
properties have been used to develop new methods to sense
and detect the state of living cells and organisms and to diagnose
and treat diseases (2–9). Nanoparticle-based drug carriers—
which can target cancer cells actively through the guiding moi-
eties on their surface or passively through the enhanced permea-
tion and retention (EPR) effect—have shown the remarkable
ability to increase the selectivity of therapeutic agents against
cancer cells while reducing their toxicity to normal cells (1, 10,
11). Such nanoparticle carriers also enable detailed tracking of
drug locations within a patient’s body via biomedical imaging
techniques such as MRI (1, 11, 12). In addition, self-assembled
DNA nanoparticles having precisely controlled sizes and structur-
al conformations have emerged as a new class of nanoparticle-
based therapeutic agents (13, 14). Here, we report the use of na-
noparticles as building blocks to construct multicomponent
macromolecular complexes (called nanozymes, Fig. 1) for mi-
micking the RNA-cleavage function of the active RNA-induced
silencing complex (RISC)—the cellular machinery—that med-
iates RNA interference (RNAi) pathways (15).

In cellular RNAi pathways, the RISC is an endonuclease-
containing multiprotein complex that incorporates one strand
of a small interfering RNA (siRNA) or microRNA; it uses this
RNA strand to recognize and capture a complementary messen-
ger RNA (mRNA) and then cleaves it into two pieces (15). In-
spired by the structure and function of the RISC machinery, we
designed a nanozyme that consists of a nanoparticle, sequence
nonspecific endoribonucleases, and single-stranded DNA oligo-
nucleotides (Fig. 1). The nanoparticle is the backbone of this na-
nozyme, providing a large surface area to hold endoribonucleases
and DNA oligonucleotides at close proximity. Endoribonucleases
are the catalytically active components of the nanozyme, whereas
DNA oligonucleotides function as the components responsible

for target RNA recognition via Watson–Crick base pairing and
direct the neighboring endoribonucleases to cleave target RNAs
that contain complementary sequences (Fig. 1). Because of their
low toxicity and unique surface chemical properties for alkylthiol
functionalization (2, 16–18), gold nanoparticles were chosen as
the backbone to synthesize nanozymes. RNase A was used as the
endoribonuclease component because it does not degrade the
DNA-based recognition component of nanozymes, and it is one
of the most robust and active ribonucleases for sequence nonspe-
cific degradation of single-stranded RNAs, which have routinely
been used for the removal of RNA contamination from DNA
preparations as well as the removal of unhybridized regions of
RNA from DNA/RNA or RNA/RNA hybrids (19). In addition,
it is well documented that RNase A can effectively bind onto
the surface of gold nanoparticles through noncovalent adsorption
(20).

Hepatitis C virus (HCV) was chosen as a model system to eval-
uate the function and efficacy of the nanozyme for silencing gene
expression and suppressing viral replication. HCV is a major
cause of liver diseases such as chronic hepatitis, cirrhosis, and li-
ver cancers (21). More than 170 million people are infected by
HCV worldwide (22). Current interferon-based therapy results
in sustained virus clearance in only around 50% patients; the
therapy is not HCV-virus-specific and has significant side effects.
In the absence of an effective vaccine, more specific antiviral
therapies are urgently needed (22, 23).

HCV is a positive-strand RNA virus and has six major geno-
types and numerous subtypes (24). The 5′ nontranslated region
(5′ NTR) in the HCV genome is highly conserved among the six
major genotypes, and this region contains an important structure
known as the internal ribosome entry site that controls the initia-
tion of HCV RNA translation (25). Previous reports have shown
that, by targeting this viral genomic region, siRNA 331 can effec-
tively inhibit the replication of HCV in cultured cells (25). The
sequence of siRNA 331 was used in the design of an alkylthiol-
terminated DNA oligonucleotide as the recognition component
to synthesize anti-HCV nanozymes. This oligonucleotide consists
of an A9 tether and an 18-nt-long fragment with sequence com-
plementary to that of the region (nucleotides 322–339) in the
HCV genome; this A9 tether was used as a spacer between the
nanoparticle surface and the 18-nt recognition sequence for in-
creasing the efficiency of the hybridization between a nanozyme
and its complementary target (26). A mutant version of the al-
kylthiol-terminated oligonucleotide with nine mismatches was
synthesized as a control DNA (Fig. 1).
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Our results show that anti-HCV nanozymes are capable of
actively cleaving a 5′ NTR-containing HCV RNA segment in a
sequence specific manner, demonstrating that the sequence non-
specific RNase A and oligonucleotide components on the nano-
zymes can act cooperatively in target RNA cleavage. In addition,
the nanozymes exhibit excellent stability against the degradation
by proteinase, can be effectively internalized by human hepatoma
cells in culture, are nontoxic to the cultured cells and a xenotrans-
plantation mouse model under the conditions studied, and do not
trigger detectable cellular interferon (IFN) response, but display
a potent antiviral activity against HCV in cultured cells and in the
mouse model.

Results and Discussion
Nanozymes were synthesized using a two-step method. In a typi-
cal experiment, gold nanoparticles (13� 1 nm in diameter) were
first functionalized with RNase A in a carbonate buffered solu-
tion (pH 9.6) and then modified with the anti-HCVoligonucleo-
tide (or the control DNA). This oligonucleotide-loading process
was promoted by stepwise addition of a concentrated NaCl solu-
tion, which yielded anti-HCV nanozymes (or control nanozymes,
Fig. 1). The resulting nanozymes were highly dispersible and
stable in phosphate buffered saline (PBS) at pH 7.4, and they
can be indefinitely suspended in 0.6 M PBS solutions. Transmis-
sion electron microscopy (TEM) shows that the surface functio-
nalization with RNase A and alkylthiol-terminated DNA oligo-
nucleotides did not affect the size and size distribution of gold
nanoparticles (Fig. S1), but the surface functionalization led to
a 6-nm red shift of the surface plasmon band of the gold nano-
particles (Fig. S2), suggesting a change in the dielectric constant
of the surrounding environment of the nanoparticles due to the
surface functionalization of DNA oligonucleotides (27).

The width of the surface plasmon band of the resulting nano-
zymes remained nearly unchanged as compared to that of unmo-
dified gold nanoparticles, indicating that the nanozymes were not
aggregated (27). Indeed, dynamic light scattering measurements
further show that the nanozymes were discrete colloidal particles
with a diameter of 48� 1.9 nm (Fig. S3); this size is in excellent
agreement with a core/shell structure consisting of a 13-nm

gold nanoparticle core and a shell of 27-nt single-stranded
DNA oligonucleotides (Fig. 1). In addition, the nanozymes
exhibited a less negative zeta potential than their counterparts
without RNase A—gold nanoparticle-oligonucleotide conjugates
(DNA-NPs)—at pH 7.4 (−14� 1.1 mV vs. −28� 1.7 mV; see
Table S1), which suggests that the positively charged RNases were
indeed functionalized on the surface of the nanozymes.

The average numbers of RNase A and oligonucleotide on each
nanozyme were determined using an RNase activity assay and the
OliGreen assay, respectively (SI Materials and Methods). Our re-
sults show that these average loading numbers were tunable by
varying the amounts of RNase and oligonucleotide used in nano-
zyme syntheses, whereas the sequence difference in the oligonu-
cleotides did not lead to a measurable change in their loading
numbers on the nanozymes (Tables S2 and S3). In this study,
the highest oligonucleotide loading number on the nanozymes
with 12.1� 0.5 RNase A was found to be 78� 4, and these na-
nozymes were used as a model for evaluating nanozyme function
in the following in vitro and in vivo experiments. To examine the
oligonucleotide density effects on the target specificity of nano-
zymes, we synthesized nanozymes with 12.3� 0.8 RNase A and
29� 3 oligonucleotide (denoted as NZ-Ls). As controls, we pre-
pared gold nanoparticle-RNase conjugates (RNase-NPs) and
DNA-NPs with the anti-HCV or control sequences (Fig. 1).

To assess the target specificity of the anti-HCV nanozyme, we
performed an in vitro RNase activity assay with DNA-NPs, con-
trol DNA-NPs, control nanozymes as negative controls, and par-
ticle-free RNase A as a positive control. The target substrate was
an HCV RNA segment (nucleotides 1–1149) that contains the
entire 5′ NTR region of the HCV RNA genome of the HCV
JFH-1 strain (see SI Materials and Methods). The control sub-
strate was a 1,257-nt RNA segment of human alpha-1 antitrypsin
(AAT) gene that does not contain complementary sequences to
the nanozyme-bearing oligonucleotides (see SI Materials and
Methods). In a typical RNase activity assay, the HCV (or AAT)
RNA (0.12 μM) was incubated with the anti-HCV nanozymes or
a control in a phosphate-buffered saline solution (PBS, 11 μL;
pH 7.4) at 37 °C for 15 min, and the corresponding products were
analyzed by electrophoresis in a denaturing agarose gel.

Electrophoresis analyses show that, although the anti-HCV na-
nozyme displayed no measurable cleavage activity on the AAT
RNA, it did cleave the HCV RNA target into two major frag-
ments with sizes of about 300 nt and 800 nt (Fig. 2A). This result
corresponds to a RNA cleavage site fully matching the predicted
position where the HCV RNA binds to the nanozyme via DNA/
RNA hybridization (Fig. 1). In addition, the sizes of these two
RNA fragments almost perfectly match the sizes of those corre-
sponding HCV RNA fragments cut by RNase H—an endonu-
clease that specifically degrades the RNA of RNA-DNA
hybrids (28)—in the presence of the free anti-HCV DNA oligo-
nucleotide (Fig. 2A); this result further suggests that the anti-
HCV nanozyme induced site-specific RNA cleavage (Fig. 1).
Moreover, RNase H showed no cleavage activity towards the mix-
ture of AAT RNA and the anti-HCV oligonucleotide (Fig. 2B),
which experimentally shows that AAT RNA does not have com-
plementary sequences to the anti-HCVoligonucleotide (28). The
remarkable target specificity of nanozymes is further consistent
with the results that the negative controls showed no cleavage
activity against either the HCV or AAT RNAs (Fig. 2). On the
contrary, unbound RNase A nonspecifically degraded both
RNA substrates into short fragments, which appeared as broad
smears (Fig. 2). Together, these results demonstrate that, like
the RISC machinery, the anti-HCV nanozyme was capable of
cleaving its target RNAs in a sequence- and site-specific manner
(Fig. 1).

We attribute this site-specific RNA cleavage to the cooperative
coupling between the RNase and DNA-oligonucleotide compo-
nents of the nanozyme (Fig. 1). On one hand, the access of non-

Fig. 1. Schematic representation describing the design and function of a
nanozyme: (A) an endoribonuclease, (B) a nanozyme with DNA oligonucleo-
tides complementary to the sequence at the HCV RNA position (322–339
nucleotides), (C) a DNA-NP: a nanozyme counterpart that does not bear
endoribonucleases, (D) a control DNA-NP, (E) a control nanozyme, and
(F) an RNase-NP.
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complementary RNAs to the nanozyme-bearing RNase mole-
cules is blocked by the densely packed oligonucleotides through
steric hindrance and repulsive Coulomb interactions. On the
other hand, these DNA oligonucleotides can also bind to target
RNAs via base pairing and bring them to the RNase molecules on
the nanozyme, resulting in the endonucleolytic cleavage of these
RNAs into two fragments at positions close to the binding site
(Figs. 1 and 2A). Therefore, the DNA oligonucleotide surface
density should be critical for the RNA target specificity of nano-
zymes. Indeed, the RNase activity assay shows that the anti-HCV
nanozymes with a low oligonucleotide surface coverage (i.e.,
NZ-Ls) did not exhibit target specificity and they cut both the
HCVand AAT RNAs in a sequence nonspecific manner (Fig. 2).

Given the potential for RNase A degradation by proteinases in
the cell or in vivo (29), we next examined the in vitro resistance of
the anti-HCV nanozyme against proteinase K compared with
particle-free RNase A (Fig. 2). RNase activity tests show that un-
bound RNase A lost its activity almost completely after 1 h in-
cubation with proteinase K in a PBS buffer (pH 7.4) at 37 °C.
In contrast, nearly no measurable change was observed in the na-
nozyme activity after an identical proteinase K treatment (Fig. 2).
We attribute the resistance to proteinase degradation to the fact
that the RNase molecules on the nanozyme were protected by the
densely packed oligonucleotides through steric hindrance (Fig. 1).
The ability to resist proteinase degradation should enhance the
stability of these nanozymes in the cell and in vivo (see below).

To examine the intracellular activity of the nanozyme against
HCV replication, we used an HCV replicon cell culture system,
an FL-Neo cell line, which is a stable human hepatoma Huh7-
derived cell line (30). This cell line harbors autonomously repli-
cating genomic length genotype 1b HCV replicons and is an ex-
cellent system to evaluate anti-HCV agents in cell culture (30).
We first evaluated the cellular uptake and cytotoxicity of anti-
HCV nanozymes (see SI Mateirals and Methods). The assay based
on inductively coupled plasma mass spectrometry shows that the
nanozymes were effectively internalized by cultured FL-Neo
cells. Uptake was nearly proportional to the concentration of na-
nozymes added to the cell media at low concentrations; an aver-
age number of nanozymes found in each cell was ð4.6� 0.2Þ ×
104 at a concentration of 0.54 nM (Table S4). Cell viability tests
show that the nanozymes displayed no detectable toxicity to
FL-Neo cells at concentrations ranging from 0.034 to 0.54 nM
(Fig. S4).

We then examined the intracellular activity of the anti-HCV
nanozyme with respect to gene knockdown for suppressing the
replication of HCV RNA. FL-Neo cells were treated once with
the nanozyme (or a control) at varying concentrations, incubated
at 37 °C for 72 h, and then harvested and processed for a viral
RNA assay using a quantitative real-time reverse-transcription
polymerase chain reaction (qRT-PCR), with the endogenous gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as an
internal standard (see SI Materials and Methods). Our results
show that the treatments using anti-HCV nanozymes, control na-
nozymes, RNase-NPs, DNA-NPs, or control DNA-NPs did not
lead to a measurable change in the GAPDH-RNA levels in
FL-Neo cells (Fig. S5), indicating that these treatments did
not induce toxicity effects on cell proliferation, which is in agree-
ment with the results from our cell viability tests (Fig. S4).

No measurable reduction in the HCV RNA levels was ob-
served in the treatments using DNA-NPs at concentrations of
0.034, 0.14, and 0.54 nM (Fig. 3A). The inability of these conju-
gates to cause significant antisense effects on HCV replication
is likely due to their low concentrations in our experiments (18).
In contrast, when treated respectively with the corresponding
nanozyme dosages, HCV replication in the cells dramatically de-
creased, and the inhibitory effect was dose dependent (Fig. 3A).
As additional controls, neither control nanozymes nor control
DNA-NPs induced detectable antiviral effects (Fig. 3A), which
further confirms that these nanozymes exhibit excellent intracel-
lular target specificity.

In addition, the treatments with RNase-NPs did not lead to
measurable effects on HCV RNA replication. This result is likely
associated with the RNase deactivation/inhibition by intracellular
proteinases and ribonuclease inhibitors (29, 31), and it indicates
that the densely packed oligonucleotides are important for the
nanozyme activity in cell and in vivo (vide supra). Moreover,
the nanozyme-induced antiviral effects observed herein might
also be caused by IFN activation (32). To evaluate this possibility,
we examined the expression of gene 6–16 (G1P3), a downstream
gene in the IFN signaling pathway (33). No changes were ob-
served in the mRNA level of this gene in FL-Neo cells treated
with anti-HCV nanozymes at the concentrations tested (Fig. S6),
and this result essentially rules out the possibility of IFN pathway
induction by these nanoparticles (33).

To further assess the intracellular antiviral activity of the anti-
HCV nanozyme, we examined whether the nanozyme-mediated
HCV RNA reduction is associated with suppression of viral pro-
tein synthesis. The nonstructured 5A (NS5A) protein of HCV—

which plays key roles in both viral RNA replication and modula-
tion of the physiology of the host cell—was used to evaluate HCV
protein levels in FL-Neo cells. In a typical experiment, FL-Neo
cells were treated with the anti-HCV nanozyme (0.068 nM) or a
control on days 1, 3, and 5, and then harvested on day 7 (see SI
Mateirals and Methods). The results from qRT-PCR analyses show

Fig. 2. Ribonuclease activity tests for assessing the target selectivity of anti-
HCV nanozyme and its ability to resist the degradation of proteinase activ-
ities. In these tests, the concentrations of anti-HCV nanozyme (or a control:
DNA-NP, control DNA-NP, control nanozyme, and NZ-L) were 0.034 nM and
that of unbound RNase A was 0.408 nM. The products of these tests were
analyzed by using electrophoresis in a 2% formaldehyde agarose gel, and
RNA bands were stained by using SYBR Green II. (A) HCV RNA segment (nu-
cleotides 1–1149) as the substrate. (B) 1,257-nt AAT RNA segment as the sub-
strate. In a typical proteinase K resistance test, nanozymes (0.034 nM) or
particle-free RNase A (0.408 nM) were first incubated with proteinase K
(10 nM) in a PBS buffer (pH 7.4) at 37 °C for 1 h. Then the product of this
proteinase K treatment was divided into two parts and further incubated
with the HCV (or AAT) RNA segment (0.12 μM) in a PBS buffer (11 μL; NaCl,
0.138 M; KCl, 0.027 M; pH 7.4) at 37 °C for 15 min. s: Ctrl, blank control; PK,
proteinase K.
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that the nanozyme treatment resulted in a 65% decrease in HCV
RNA levels in FL-Neo cells, whereas the treatment using the
same amount of DNA-NPs did not induce measurable effects
on HCV RNA replication (Fig. 3B).

Western blot analyses show fairly consistent results regarding
the protein level: Barely any effect was observed in the FL-Neo
cells treated with DNA-NPs, whereas the FL-Neo cells displayed
a significant decrease in NS5A protein level of approximately
75% upon nanozyme treatment (Fig. 3C). NS5A protein reduc-
tions slightly exceeded the reduction levels obtained from HCV
RNA, and this could be due to posttranscriptional mechanisms
that have been observed previously (34). In addition, the results
from these ensemble measurements are consistent with those
from single-cell level observations on the basis of fluorescent
immunohistochemical staining for NS5A protein (Fig. 3D). After
the nanozyme treatment, more than 99% of FL-Neo cells

displayed a significant decrease in the level of NS5A protein
expression when compared to the control treatments (Fig. 3D).
Altogether, these results unambiguously demonstrate that the
anti-HCV nanozyme was capable of inducing an HCV gene
knockdown in both the RNA and protein levels.

To evaluate the in vivo antiviral activity of the anti-HCV na-
nozyme, we constructed a xenotransplantation mouse model via
subcutaneous injection of HCV-JFH1 infected Huh7.5 cells into
nonobese diabetic/severe combined immunodeficiency (NOD/
SCID) mice (see SI Materials and Methods). HCV JFH1 is a gen-
otype 2a strain capable of establishing robust infections in NOD/
SCID mice harboring Huh7.5 hepatoma xenograft tumors, pro-
viding a simple and effective in vivo model system for the assess-
ment of anti-HCV drugs (23). The HCV-infected mice were
randomly divided into four groups. The group of mice without
treatment was used as blank controls, and the other three groups

Fig. 3. Anti-HCV effects of the anti-HCV nanozyme in FL-Neo cells. (A) qRT-PCR analyses of HCV RNA expression in the FL-Neo cells treated with anti-HCV
nanozymes, DNA-NPs, control DNA-NPs, control nanozymes, and NZ-Ls at varying doses: 0.034 nM (red), 0.14 nM (green), and 0.54 nM (blue). Each bar presents
the mean and standard deviation derived from three independent experiments; Student’s t test: ns, nonsignificance: P > 0.14, * for P < 0.01, and ** for
P ¼ 0.00053. Ctrl, blank control. (B) qRT-PCR analysis of HCV RNA expression in the FL-Neo cells treated with nanozymes or DNA-NPs three times during
7 d at concentration of 0.067 nM (see SI Materials and Methods). ns: P ¼ 0.58, *** for P ¼ 0.00024. (C) Western blot analysis of NS5A expression in the
FL-Neo cells from the treatment in B, which was probed with anti-NS5A antibody and anti-β-actin antibody, respectively. The band intensity (NS5A/β-actin)
relative to the control was found to be 0.25� 0.02 in the cells treated with nanozymes, whereas it was 0.97� 0.07 in the cells treated with DNA-NPs.
(D) Immunofluorescence analysis of HCV NS5A expression in the individual FL-Neo cells from the treatment in B. The cells were fixed and the HCV NS5A
expression level was examined by using fluorescent immunostaining with anti-HCV NS5A antibody and secondary antibody [fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse immunoglobulin G antibody]. The nuclei of the cells were stained with DAPI (4′,6-diamidino-2-phenylindole) as an internal
reference. Mean and standard deviation were derived from three independent experiments.
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of mice were injected in the tumors with particle controls (i.e.,
DNA-NPs or the control nanozymes), or anti-HCV nanozymes
(in a dose of 0.34 pmol for each mouse) on days 1, 3, and 5. Treat-
ment ended on day 7, when the animals were sacrificed and pro-
cessed for the analyses of the viral and G1P3 mRNA levels using
qRT-PCR with the human GAPDH gene as an internal control.
In this mouse model, the HCV protein level of expression is too
low to be detected by common methods such as Western blot and
immunofluorescence. Note that no sign of toxicity was observed
in any treated animals with either nanozymes or DNA-NPs (see
SI Materials and Methods).

The analysis of G1P3 gene expression shows that none of the
anti-HCV nanozymes, control nanozymes, or DNA-NPs led to
IFN pathway activation in the mouse model (Fig. 4A, see ref. 32).
The treatments with control nanozymes or DNA-NPs resulted in
a statistically insignificant therapeutic effect on HCV RNA ex-
pression when compared with the control mice (Fig. 4B), which
is consistent with those results from the in vitro experiments
(Fig. 3). On the contrary, the nanozymes caused a potent thera-
peutic anti-HCV effect in the mouse model; the nanozyme-trea-
ted mice displayed an average decrease of 99.6% in HCV RNA
levels. Remarkably, the in vivo HCV RNA reductions exceeded
the reduction levels observed in the corresponding in vitro experi-

ments (Fig. 4B). We attribute the improved antiviral therapeutic
efficacy of the nanozyme to the fluidity and complex enzymatic
characteristics of in vivo environments, which are much more dy-
namic systems than cell cultures (35).

Since the antiviral function of the nanozyme is independent of
cellular RNAi machinery, this nanoparticle-based gene regula-
tion approach complements RNAi-based approaches and has
the potential to become a useful tool for controlling intracellular
gene regulation. This platform will also allow one to add func-
tionality that could direct nanozymes to specific tissues, organs,
and even subcellular organelles that express target genes (1). In
addition, this work presents a critical step toward creating a class
of nanoparticle-based intracellular machineries with extraordina-
rily cooperative functions, remarkable target selectivity, and per-
haps allosteric functions that enable these machineries to have an
on/off switch in response to chosen allosteric effectors such as
specific byproducts in disease-associated metabolic pathways
(36), thus providing a powerful tool for studying and regulating
a wide variety of biological pathways such as those in somatic cell
reprogramming.

Materials and Methods
Nanozyme Synthesis. In a typical synthesis, gold nanoparticles (10 nM,
13� 1 nm in diameter, see Fig. S1) were mixed with RNase A (0.5 μM) in a
carbonate buffered solution (2 mL; carbonate, 10 mM; pH 9.6). After shaking
for 30 min, alkylthiol-modified oligonucleotides with the anti-HCV or control
sequence (6.4 nmol, see Fig. 1) and phosphate buffer (1.0 M, pH 7.4) were
added to bring the mixture solution with 10 mM phosphate. After 8 h shak-
ing, a sodium chloride solution (1.5 M solution in RNase-free water) was
added to bring the NaCl concentration gradually to 0.3 M during a period
of 32 h. The solution was further shaken for another 8 h. Then the resulting
nanozyme particles were purified using centrifugation (13,000 rpm, 20 min),
and were redispersed in RNase-free water for use. In addition, the average
number of RNase A and oligonucleotide loaded onto individual nanozymes
was tunable by varying the concentration of RNase A and oligonucleotides
used in the synthesis (Tables S1– S3). Note that all the vials and tubes used
herein were modified by silane for minimizing the nonspecific binding of
RNase A onto the glass surface of these glass containers.

RNase A Activity Assay. In a typical test, RNA substrates (0.5 μg) were incu-
bated with nanozyme (0.034 nM), DNA-NPs (0.034 nM), control nanozyme
(0.034 nM), control DNA-NPs (0.034 nM), or particle-free RNase A (0.408 nM)
in a phosphate buffered saline solution (11 μL; phosphate, 10 mM; NaCl,
0.138 M; KCl, 0.027 M; pH 7.4) for 15 min. Then the formaldehyde loading
buffer (11 μL, purchased from Londa Rockland, Inc.) was added to denature
the RNA products, and the resulting solution was heated at 65 °C for 11 min
and then immediately placed on ice for 2 min before loading onto a 2% agar-
ose/formaldehyde denaturing gel (10 ×3-(N-morpholino) propanesulfonic
acid (denoted as MOPS) buffer, 5 mL: RNase free water, 45 mL; agarose, mo-
lecular biology grade, 1.0 g; and 37% formaldehyde solution, 0.9 mL). Gel
electrophoresis was performed at 60 V for approximately 90 min or until
the front line of bromophenol blue dyes migrated about 6 cm in the gel.
Afterwards, the gel was stained by SYBR® Green II for visualization.

Construction of a HCV-Infected Xenotransplantation Mouse Model. Xeno-
graphed mice harboring HCV were constructed as follows. First, HCV human
cells (Huh7.5 cells) were generated as follows. The pJFH1 plasmid was cut by
Xba I, and the resulting linearized DNAwas purified and used as the template
for in vitro transcription. In vitro transcribed JFH1 RNA was delivered into
Huh7.5 cells by electroporation. HCV replication in transfected cells was con-
firmed by NS5A immunostaining. The tumorigenicity of Huh7.5 HCV trans-
fected cells was performed by inoculating 5 × 106 cells, resuspended in PBS
(100 μL, pH 7.4), subcutaneously injected into the back of the nonobese dia-
betic/severe combined immunodeficiency (NOD/SCID) mice (8–10wk old). The
tumor volume of the mice was evaluated twice a week.

Evaluation of in Vitro and in Vivo Nanozyme Activities. Analysis of the HCV and
G1P3 RNAs were performed using qRT-PCR. RNA samples were extracted
from FL-Neo cells or mouse tumor tissues using an RNA isolation reagent
(TRIzol; Invitrogen). To prevent DNA contamination, total RNA was treated
with RNase-free DNase II (Invitrogen). Total RNA samples (2 μg per reaction)
were reversely transcribed into cDNAs by RT II reverse transcriptase (Invitro-
gen). Then, the cDNAs were used as templates in quantitative real-time PCR

Fig. 4. In vivo antiviral effect of the nanozyme in xenotransplanted NOD/
SCID mice. qRT-PCR analysis of (A) G1P3 mRNA and (B) HCV RNA expression
in the xenograft tumors of the mice without treatment (Ctrl) shown as black
squares, those treated with DNA-NPs shown as blue dots, control nanozyme
shown as green diamonds, anti-HCV nanozyme shown as red triangles (the
HCV RNA levels were relative to GAPDH). Each data point represents an in-
dividual mouse, and P-values were calculated using Student’s t test: ns, non-
significance: P > 0.24.
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with HCV 3′ NTR gene-specific primers, (i.e., forward primer (FP): 5′-
CCTTCTTTAATGGTGGCTCCAT-3′, nucleotides 9538–9559; reverse primer (RP):
5′-GGCTCACGGACCTTTCACA-3′, nucleotides 9582–9600; Probe 5′-TTAGCCC-
TAGTCACGGCT-3′, nucleotides 9561–9578). The amplification reactions were
performed using TaqMan RT-PCR on a StepOne Plus real-time PCR system (Ap-
plied Biosystems). The primers for G1P3 gene were 5′-CAAGCTTAACCG-
TTTACTCGCTGCTGT-3′ (Forward) and 5′-TGCGGCCGCTGCTGGCTACTCCT-
CATCCT-3′ (Reverse, see ref. 32). The human GAPDH was used as an internal
control in PCR amplification, and its primers were 5′-TCACCAGGGCTGCTTT-
TA-3′ (FP) and 5′-TTCACACCCATGACGAACA-3′ (RP). The PCR conditions were
as follows: 10 min at 95 °C and 40 cycles of 15 s at 95 °C, 30 s at 58 °C (GAPDH

or G1P3) or 60 °C (HCV), and 30 s at 72 °C, with an extension for 10 min at
72 °C.
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