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Silver nanoparticles fabricated in Hepes buffer exhibit cytoprotective
activities toward HIV-1 infected cellst
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Silver nanoparticles fabricated in Hepes buffer exhibit potent
cytoprotective and post-infected anti-HIV-1 activities toward
Hut/CCRS cells.

Metal nanoparticles have been attracting increasing attention due
to their important applications in a number of subject areas such
as catalysis and nanoscale electronics.! Recently, much effort has
been devoted to develop biomedical applications of metal
nanoparticles. While significant advances in biological labeling
have been made,” few therapeutic applications of metal nanopar-
ticles have been reported in the literature. A notable example is the
anti-microbial properties of silver nanoparticles, which have been
used for wound healing.® To our knowledge, the anti-viral
properties of metal nanoparticles remain an undeveloped area
which is potentially of medicinal interest.*”

There are numerous methods for generating silver nanoparticles
with different shapes and sizes.* In this work, we found that silver
nanoparticles could be readily fabricated using Hepes buffer. A
typical reaction was by dissolving AgNO; (2-5 mM) in Hepes
buffer (0.1 M, pH 7.4) at room temperature for 120 h or under
refluxing condition for 4 h. Formation of the nanoparticles was
affected by buffer acidity, since no silver nanoparticle was
formed when the pH was adjusted to <5. Fig. 1 shows
transmission electron microscopy (TEM, A) and high-resolution
transmission electron microscopy (HRTEM, B) images of the

0.144 nm

Fig. 1 The TEM (A) and the HRTEM (B) images of silver
nanoparticles.
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1 Electronic supplementary information (ESI) available: Experimental
details; TEM and HR-TEM images, spot-profile EDX analysis and XRD,
and UV-vis spectrum of silver nanoparticles; UV-vis spectra of silver
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nanoparticles after treatment with HSA; Percentage survival of Hut/CCRS
in the presence of silver and gold nanoparticles. See http://dx.doi.org/
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silver nanoparticles. These nanoparticles are uniformly distributed
with particle size varied from 5 to 20 nm (with average diameter
about 10 nm). A spot-profile energy-dispersive X-ray analysis
(EDX) showed the presence of strong signals from the silver atoms
together with Cu atom signal from the copper grid and weaker
signals that are due to C atoms (Fig. S2, ESI).

The powder X-ray diffraction (XRD) pattern taken from a
larger quantity of sample suggested that the silver nanoparticles
generated in Hepes buffer existed in face-center-cubic phase. As
depicted in Fig. S3 (ESIf), the presence of intense peaks
corresponding to 20 values of (111), (200), (220), and (311) in
the powder X-ray diffraction pattern agrees with those values
reported in literature (JCPDS No. 04-0783). The silver nanopar-
ticles exhibit an absorption peak at 410 nm (Fig. S4, ESIt), which
is close to the reported data.

Stability is an important issue of silver nanoparticles for
therapeutic applications. Previous studies showed that silver
nanoparticles were unstable in solution and would easily aggregate
with average particle size >40 nm or at high concentration.” To
maintain adequate solution stability, the size of the silver
nanoparticles prepared in this study was confined to 5 to 20 nm
in diameter. These nanoparticles exhibited excellent stability at
50 uM in Hepes buffer; no significant spectral change was
observed over 3 days at 37 °C based on UV-vis spectroscopy.
However, at 1 mM level, silver precipitation with concomitant UV
spectral changes was found after 3 days incubation at 37 °C.
Similarly, silver nanoparticles prepared in citrate buffer by using
traditional NaBH, protocol also demonstrated good solution
stability at 50 pM, but poor solution stability at 1 mM level.*

Human serum albumin (HSA) is the most abundant plasma
protein in circulatory system. Previous reports showed that this
serum protein could be used to stabilize a variety of metal
nanoparticles.® In this study, HSA (2 mM, at physiologically
relevant level) was employed to stabilize silver nanoparticles. Based
on UV-vis spectroscopy, we found that in the presence of HSA, no
significant spectral change of the silver nanoparticles with
concentration up to 1 mM was observed at 37 °C for 7 days
(Fig. S5, ESI¥). Recently, Shen and co-workers had demonstrated
hysteresis effect of the interaction between serum albumins and
silver nanoparticles (60 nm).” By means of UV-vis absorption
titration, we also found that the silver nanoparticles would interact
with HSA (Amax = +4 nm; hyperchromicity = 3%, Fig. S6, ESIT).
TEM images showed that there was a change in size from 10 to
~20 nm when the silver nanoparticles were treated with HSA for
3 days (Fig. S7, ESIt); nevertheless, no silver precipitation was
observed.
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Fig. 2 Percentage inhibition of HIV-1(BaL) replication in Hut/CCRS
cells (3 days) by silver and gold nanoparticles.

The post-infected anti-viral [HIV-1(BaL)] activities of silver
nanoparticles (10 nm, fabricated in Hepes buffer) toward
Hut/CCRS5 cells were evaluated herein. The viral contents were
determined by measuring p24 antigen production in various cell
cultures 3 days after infection (Fig. 2).% As compared to the vehicle
control, silver nanoparticles (0.5, 5, and 50 pM) prepared in Hepes
showed dose-dependent anti-retrovirus activities and exhibited
high potency at 50 pM (98%) in inhibiting HIV-1 replication.
Similar inhibitory properties were found for the silver nanopar-
ticles (10 nm) fabricated in citrate solution with NaBH, as
reducing agent. For comparison, the anti-HIV-1 activities of gold
nanoparticles (10 nm, fabricated in Hepes buffer) were also
examined. As shown in Fig. 2, the gold nanoparticles (10 nm)
showed relatively low anti-HIV-1 activities (6-20%) as compared
to that of silver nanoparticles.

Human T-cell is known to undergo apoptotic cell death after
HIV infection,” while successful anti-HIV agents/regimens would
significantly drop the viral load and hence reduce apoptosis. In this
study, we evaluated the cytoprotective activity of silver nanopar-
ticles toward HIV-1 infected Hut/CCRS5 cells by TUNEL (terminal
uridyl-nucleotide end labeling) assays after the 3 day treatment.
Plots of flow cytometric data (Fig. 3) showed that silver
nanoparticles at 5 tM would reduce the percentage of apoptotic
cells from 49 to 35%. There is a significantly drop (from 49% to
19%) in percentage at the effective anti-HIV-1 concentration
(50 pM) as compared to that of the vehicle control. We reason that
the silver nanoparticles inhibit viral replication in Hut/CCRS cells
and hence reduce HIV-associated apoptosis.

To confirm whether the silver nanoparticles were endowed with
selective antiviral activities instead of killing the host Hut/CCRS

cells, the cytotoxicity was determined in parallel by means of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay.'” Fig. S8 (ESIt) shows that these nanoparticles
did not show acute cytotoxicity for the Hut/CCRS cells, with
>80% cell survival being registered at concentration up to 50 pM,
which corresponds to the concentration required for effective
anti-HIV-1 activity. These results highlight that the cytotoxicity of
silver nanoparticles cannot account for the anti-viral properties.
Furthermore, we also tested the acute cytotoxicity of the silver
nanoparticles to human peripheral blood mononuclear cells
(PBMC),!! the latter cells are the host for HIV-1 replication
in vivo. Similar to the results that we tested on Hut/CCRS cells,
these nanoparticles showed low cytotoxicity to the normal PBMC
(Fig. 4).

To determine whether the HSA binding would alter the
biological activities of the silver nanoparticles, the post-infected
anti-HIV properties of the silver nanoparticles after incubation
with HSA (HSA-nanoAg, in which [HSA] = 2 mM) were
examined. A similar potency (i.e., 43 and 98% at 5 and 50 uM of
silver nanoparticles, respectively) as compared to that of the silver
nanoparticles alone was found. Indeed, HSA could be used as a
carrier for a variety of substrates including amino acids, hormones,
medicinal drugs, and even metal complexes and metal atoms from
the site of adsorption to the site of action. As the HSA binding of
the silver nanoparticles did not alter their post-infected anti-HIV-1
potency, this result highlights that HSA may also serve as a carrier
for the silver nanoparticles to their biological targets (ie., HIV
infected cells).

HIV-1 reverse transcriptase (RT) is one of the major targets
for anti-HIV drugs.12 In this study, the activities of silver
nanoparticles (10 nm) toward HIV-1 RT inhibition were measured
by using an ELISA method developed by Eberle and Seibl.'?
Upon treatment of HIV-1 RT in lysis buffer (2 ng, 128.7 mL) with
the silver nanoparticles (5 pM and 50 pM) at 37 °C, poor RT
inhibition (~8 and 17%, respectively) was observed after 30 min
incubation as compared to RT inhibitor AZT-TP (ie., 83%
inhibition). Therefore, it appears that the silver nanoparticles
inhibited HIV-1 replication via other yet-to-be-determined
mechanism(s).
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Fig. 3 TUNEL assay showed that silver nanoparticles exhibit cytopro-
tective activities toward HIV-1 infected Hut/CCRS5 cells.
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Fig. 4 Percentage survival of peripheral blood mononuclear cells
(PBMC) in the presence of silver and gold nanoparticles.
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In summary, the cytoprotective and the post-infected anti-HIV
activities of metal nanoparticles have been demonstrated. These
nanoparticles were found to interact with human serum albumin,
but meanwhile, their anti-viral properties were retained.
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