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ABSTRACT: Ribavirin (RBV), a broad-spectrum antiviral
agent, is a standard medication against hepatitis C virus
(HCV). However, despite the decades of clinical success, the
mechanism of action of this drug against HCV remains a
subject of debate. Furthermore, the appeal of this therapeutic
agent is considerably lessened by unfavorable pharmacoki-
netics. This interdisciplinary study contributes to the under-
standing of intracellular effects exerted by RBV and presents a
successful design of macromolecular prodrugs of RBV to
achieve a safer treatment. Specifically, we demonstrate that
RBV exhibits a pronounced anti-inflammatory activity in cultured macrophages as is evidenced by a 2-fold decrease in the levels
of produced nitric oxide achieved using a clinically relevant concentration of this drug. However, this effect was characterized by a
rather narrow therapeutic window with experimental values of EC50 and IC50 being 7 and 19 μM, respectively. Macromolecular
prodrugs were obtained using an acrylate derivative of RBV, RAFT polymerization technique, and N-vinyl pyrrolidone as a
partner monomer. The synthesized polymers were characterized with uniform molecular weights, relatively narrow
polydispersities, and gradually increasing content of RBV. The resulting polymer therapeutics were effective in delivering
their payload to the cultured macrophages and afforded a significantly wider therapeutic window, as much as >1000 μM (18-fold
in relative values). Taken together, this work contributes significantly to the development of safer methods for delivery of RBV,
as well as understanding the mechanism of action and origins of the side effects of this broad-spectrum antiviral agent.

■ INTRODUCTION

Hepatitis C virus (HCV) is a major health-care challenge, with
130−170 million people being affected worldwide.1 In a
majority of patients, the disease progresses to a chronic
infection that remains largely asymptomatic for 20−30 years,
while ultimately leading to liver fibrosis, cirrhosis, and liver
cancer in 60−70% of the patients, making HCV the leading
cause of liver transplantation in western countries.1,2 Current
treatment regimens consist of PEGylated interferon alpha
(PEG-IFN-α), ribavirin (RBV), and, as of recently, direct-acting
antivirals (DAAs; i.e., viral protease/polymerase inhibitors).3,4

Treatment efficacies are strongly dependent on the viral
genotype and are limited by severe side effects.5,6

RBV, a purine nucleoside analog and broad spectrum
antiviral against both DNA and RNA viruses, was developed
in 1970 and, to this day, remains an indispensable component
of antiviral treatment due to its ability to improve the efficacy of
both PEG-IFN-α and DAAs.7−10 Consequently, RBV-associ-
ated side effects remain a crucial issue in HCV treatment.
Reported effects include fatigue, influenza-like symptoms,
gastrointestinal disturbance, neuropsychiatric symptoms, and
hematological abnormalities.6 Accumulation of RBV in red
blood cells (RBCs) is due to a facile entry of the drug into these
cells through nucleoside transporters. Subsequent intracellular
phosphorylation and lack of a mechanism for dephosporylation
lead to an entrapment of the drug inside RBCs. This

phenomenon results in a depletion of intracellular adenosine
triphosphate, oxidative stress on the RBC membrane, and
removal of the cell from the bloodstream through the
reticuloendothelial system.11−13 The ensuing hemolytic anemia
is a major concern, it severely limits treatment dosages and
often requires reduction of drug dose in affected patients,6,14

whereas in fact higher RBV dosages are required for increased
efficacy of treatment.15

Despite its success in HCV treatment, the mechanism of
action of RBV remains a subject of debate.7,16 A number of
alternative mechanisms have been established to contribute to
anti-HCV activity, namely, (i) immunomodulation by enhanc-
ing and preserving TH1 cytokine production, (ii) direct
inhibition of the viral NS5B polymerase by binding to the
nucleotide binding site, (iii) increased mutational frequency
leading to lethal mutagenesis, (iv) modulation of interferon-
stimulated gene expression, and (v) inhibition of intracellular
inosine-5′-monophosphate dehydrogenase (IMPDH).17 The
direct inhibition of IMPDH by RBV-monophosphate (see
Figure 1) results in depletion of intracellular guanosine-5′-
triphosphate (GTP), leading in turn to depletion of
tetrahydrobiopterin (BH4), a cofactor required for the
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performance of inducible nitric oxide synthase.4,18−21 It has
been speculated that RBV thus elicits an anti-inflammatory
activity which manifests itself through an inhibition of nitric
oxide (NO) production. This effect might have direct relevance
to anti-HCV treatment as it has been hypothesized that virus-
induced up-regulation of NO levels mediates pathogenic
activity and also favors viral persistence.22,23 In fact, known
IMPDH inhibitors that exhibit activity on BH4 and NO levels,
such as mycophenolic acid, are currently being investigated for
their anti-HCV activity.4,24 Surprisingly, the RBV-iNOS
connection was verified in a solitary report, in endothelial
cells, with relevance to angiogenesis19 and has not been tested
in cell culture with relevance to hepatic applications. In our
previous publication25 we revealed that, taken at clinically
relevant concentration (10 μM), ribavirin indeed inhibits
production of nitric oxide in LPS-stimulated macrophages,
the latter serving as models for liver resident Kupffer cells. We
believe that given the broadness of application of RBV in clinic,
a detailed characterization of this intracellular target is highly
warranted, and this was the objective of the study presented
herein.
The further aim of this work was to investigate opportunities

toward improvement of pharmacokinetics of RBV using
macromolecular prodrugs (MPs), that is, polymer−drug
conjugates.26 The utility of MPs is well established in anticancer
therapy and accomplishments of this field are highlighted by
several formulations having progressed to advanced clinical
trials.26 Surprisingly, developments of polymer therapeutics in
the area of antiviral therapy are modest,27−36 and examples of
polymer conjugated formulations of RBV are solitary.34,37−39 Li
et al. reported a galactose-rich, RBV-functionalized copolymer
system that self-assembled into micelles, underwent internal-
ization by hepatic cells, and released pristine RBV over
time.34,38 However, a therapeutic benefit of these formulations
was not established. Brookes et al. reported the synthesis of a
hemoglobin−RBV conjugate through a phosphoramidate
linkage on the 5′-hydroxyl of RBV.37 These bioconjugates
demonstrated enhanced antiviral activity in both hepatocytes
and macrophages isolated from a viral hepatitis mouse model.
In vivo results from this system showed that both free RBV and
hemoglobin−RBV conjugates enhanced survival rates com-
pared to nontreated mice. However, while mice treated with
free RBV developed lethargy and abnormal fur texture,

treatment with hemoglobin−RBV resulted in no such side
effects.37 Furthermore, it was demonstrated that RBV and its
conjugates decreased the production of interferon-γ and tumor
necrosis factor-α (i.e., an anti-inflammatory activity), as well as
improved liver histology and function (i.e., reduced alanine
transaminase levels). A lactosaminated poly-L-lysine RBV
conjugate reported by Di Stefano et al. further demonstrated
the potential benefits associated with liver targeted MPs by
showing increased drug efficiency and a significant increase in
the liver/erythrocyte ratio between free drug and conjugate.39,40

Recently, we reported that poly(acrylic acid), PAA, and
poly(vinyl pyrrolidone), PVP, can be used as carrier polymers
to bypass association with erythrocytes and at the same time
achieve efficient delivery of RBV to mammalian cells with
hepatic relevance, hepatocytes and macrophages.25,41 Encour-
aged by these findings, in this work we focus on PVP and
further investigate therapeutic benefits achieved through
polymer-assisted delivery of RBV to cultured macrophages.
PVP is a polymer with an extensive history of biomedical
applications and excellent biocompatibility, as illustrated by its
former use as a plasma expander.42 However, only solitary
examples of PVP used as a drug carrier have been reported.42,43

In part, this is due to the challenging nature of the monomer
and poor opportunities in the production of copolymers of
NVP with (meth-)acrylate monomers. Over the past few years,
we explored the synthesis of PVP via RAFT polymerization
technique44 and the use of this polymer in bioconjugation
strategies.45,46 Herein, we use RAFT polymerization to obtain
well-defined polymer conjugates with increasing content of
RBV and investigate in detail the changes in the therapeutic
window of treatment afforded by PVP-based macromolecular
prodrugs as compared to that of the pristine drug.

■ MATERIALS AND METHODS
All chemicals were ordered from Sigma-Aldrich and used as received, if
not indicated otherwise. Water used throughout this work was of Milli-
Q quality (18.2 MΩ·cm, Millipore Milli-Q Direct 8). Mass
spectrometry (MS-ESI) was performed on a Bruker maXis Impact.
Fluorescence and absorbance measurements were conducted on an
Enspire Perkin-Elmer plate reader. NMR spectra were recorded on a
Varian Mercury 400 NMR. Chemical shifts are reported in ppm in
relation to an external tetramethylsilane standard. Candida Antartica
lipase (Nz435) enzyme beads were a kind gift from Novozymes,
Denmark.

Synthesis of RBV Acrylate. Ribavirin (Tokyo Chemical Industry,
20 mg, 0.082 mmmol) was suspended in 0.8 mL of dioxane together
with the enzyme beads (Nz435, 100 mg) and a few crystals of di-tert-
butyl methylphenol. After the addition of acetoneoxime acrylate (73
mg, 0.57 mmol), the mixture was stirred at 50 °C for 32 h. The
reaction mixture was reduced and purified by column chromatography
with 20:80 MeOH/EtOAc to afford RBV-5-O-acrylate as a white
powder (17 mg, 0.057 mmol, 69%). 1H NMR (DMSO-d6), δ (ppm):
8.80 (s, 1H, -NCH-), 7.81 (s, 1H, -NH2), 7.61 (s, 1H, -NH2), 6.32
(dd, 1H, J = 4 Hz, J = 16 Hz, CH2), 6.13 (dd, 1H, J = 12 Hz, J = 16
Hz, CH2), 5.90 (dd, 1H, J = 4 Hz, J = 12 Hz, J = 4 Hz, CH-),
5.88 (s, 1H, N-CH-O), 5.65 (s, 1H, 3′-OH), 5.38 (s, 1H, 2′-OH), 4.25
(m, 5H, -CH2-, -CH-O, -CH-O).

13C NMR (DMSO-d6), δ (ppm):
165.71 (CO), 160.75 (C3), 158.01 (C6), 145.90 (C5), 132.39
(CH2), 128.40 (CH-), 91.87 (1′C), 81.85 (4′C), 74.59 (2′C),
70.80 (3′C), 64.48 (5′C). MS-ESI: 298.0913.

Synthesis of PVP-RBV6%. RBV-acrylate (24.0 mg, 80.5 μmol),
phthalimidomethyl-O-ethyl xanthate (RAFT agent, 5.0 mg, 18 mmol),
and azobisisobutyronitrile (initiator, 0.26 mg, 1.60 mmol) were
dissolved in 0.67 mL of DMSO. After the addition of N-vinyl
pyrrolidone (360 mg, 3.24 mmol), the solution was degassed through
four freeze−pump−thaw cycles. The reaction was left to proceed for

Figure 1. Schematic representation showing the inhibition of NO
production through RBV in stimulated macrophages. Following
cellular uptake ribavirin (RBV) is phosphorylated to its mono-
phosphate, which is a direct inhibitor of IMPDH, thus leading to
depletion of intracellular GTP and in turn depletion of BH4 pools.
BH4 being an essential cofactor to the performance of inducible nitric
oxide.
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23 h at 60 °C, followed by precipitation into diethyl ether to obtain the
product (140 mg). 1H NMR ((CD3)2SO), δ (ppm):): 8.80 (bs, 1H,
-NCH-), 7.81 (bs, 1H, -NH2), 7.61 (bs, 1H, -NH2), 5.88 (bs, 1H,
N-CH-O), 5.65 (bs, 1H, 3′-OH), 5.38 (bs, 1H, 2′-OH), 4−4.4 (bm,
m, 5H, -CH2-, -CH-O, -CH-O, -CH-), 2.8−3.8 (broad signal, PVP
polymer, 3H), 1.2−2.3 (broad signal, PVP polymer, 6H). Phthamidyl
terminal group protons from the RAFT agent overlaps with 7.81 (bs,
1H, -NH2) giving rise to the abnormal intensity of this peak. Polymer
samples of varying RBV content were obtained by adjusting the RBV
feed accordingly. For cell experiments PVP polymers were dissolved in
a minimal volume of DMSO (i.e., 3 μL), followed by dilution with
media to the desired concentration. Final DMSO concentrations had
no activity in the used assays.
Polymer Characterization. Gel permeation chromatography

(GPC) was performed on a system comprising a LC-20AD Shimadzu
HPLC pump, a Shimadzu RID-10A refractive index detector and a
DAWN HELEOS 8 LS detector. PVP polymers were analyzed on a
Mz-Gel SDplus Linear column (MZ-Analaysetechnik, L 300 mm, ID 8
mm, 5 μm particles, effective MW range 1000−1000000) using DMF
with 10 mM LiBr as eluent at 30 °C (flow rate: 1 mL/min). The dn/dc
used in the mass calculations was 0.095 mL/g. The RBV-content was
calculated from the intensity of the 5.9 ppm peak in the 1H NMR from
RBV compared to the multiplet 1.2−2.4 ppm corresponding to 6
protons in the polymer backbone, see Supporting Information, Figure
5.
Cell Culture. Hep G2 (human liver carcinoma) cells were

maintained in Minimum Essential Medium Eagle (MEME)
supplemented with Fetal Bovine Serum (FBS, 10%), penicillin
streptomycin (P/S, 1%), nonessential amino acids (NEA, 1%), and
L-glutamine (2 mM) at 37 °C in 5% CO2. Cells were routinely
passaged using trypsin-EDTA (0.05%). RAW 264.7 (ECACC, murine

monocyte macrophage) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM), FBS (10%), and P/S (1%) at 37 °C in 5%
CO2. Cells were routinely passaged with a cell scraper.

Cytotoxicity of RBV and MPs in Hep G2 and RAW264.7. Hep
G2 cells (50000 cells/well, for 24 h, 20000 cells/well for 48 h, and
10000 cells/well for 72 h, 100 μL media) and RAW264.7 macrophages
(20000 cells/well for 24 h, 10000 cells/well for 48 h, and 5000 cells/
well for 72 h, 100 μL media) were seeded in 96-well multiplates and
left to adhere for 24 h. Media was refreshed (90 μL) and substrate
added (10 μL). After respective incubation times viability was
measured via CCK-8 (10 μL, 1 h, abs. 450 nm). Viability was
normalized against the negative control (10 μL PBS). Positive control:
50% DMSO.

Hemolysis and Agglutination Assay. Human RBCs (Skejby
Hospital blood bank, Denmark) were washed and mixed with a
cryopreservative (54.7 mM glycerol, 0.050 M NaPO3, 0.37 mM NaCl)
and stored at −80 °C previous to experiments. A total of 45 μL of
freshly thawed and washed (PBS, 3× 10 mL, 5 min, 400 rpm) RBCs
were added to a 96-well multiplate and subjected to polymers (5 μL).
A blank (untreated cells), negative control (PBS), and positive control
(50% Milli-Q water) were included. RBC suspensions were incubated
while shaking overnight (37 °C, 300 rpm). After incubation PBS (150
μL) was added gently, followed by centrifugation (5 min, 400 rpm). A
total of 50 μL of supernatant was then transferred to a new 96-well
multiplate, absorbance was quantified (541 nm) and relative hemolysis
calculated through normalization to the positive control. The
remaining cell suspension was diluted 1:1000 with PBS for analysis
through flow cytometry (10000 events/sample).

Nitric Oxide Assay. RAW264.7 cells were seeded (20000 cells/
well, 100 μL) in 96-well plates. Substrates were added according to the
respective timeframes. Time point: −24 h marks 2−3 h after cell

Figure 2. Time- and dose-dependent toxicity of ribavirin in Hep G2 (A) and RAW264.7 (B) cells. Cytotoxicity in Hep G2, comparing 24 h with
RBV and 48 h without RBV, to 72 h with RBV (C). Toxicity of ribavirin in confluent RAW264.7 cells after 24 h (D). Results shown are the average
of three independent experiments, reported as mean ± SD (n = 3). Statistical significance is given compared to the negative control. *P < 0.05, ***P
< 0.001.
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seeding, when complete attachment of the cells to the surface was
observed. Throughout the experiments media was refreshed every 24
h. Concentrations of small molecular weight compounds (e.g., RBV)
in the cell media were kept constant throughout the experiment, while
polymers were added once at the specified time point. For LPS
stimulation media was refreshed (DMEM phenol-red free) and
macrophages were stimulated through the addition of LPS (E. coli
026:B6, 1 μg/mL). After a further 24 h incubation, 50 μL of media was
transferred to a new multiplate for nitrite determination via the Griess
assay. A total of 50 μL of sulfanilic acid (10 g/L, 5% phosphoric acid)
was added to each well. After a 5 min incubation, 50 μL of N-(1-
napthyl)ethylenediamine dihydrochloride (1 g/L, water) was added.
After a further 5 min incubation, absorbance (548 nm) was measured,
and nitrite levels quantified against a freshly prepared sodium nitrite
standard curve. Nitrite concentrations were normalized against the
negative control (only LPS) to yield relative nitric oxide levels. Positive
control: 1 mM L-NG-nitroarginine methyl ester (L-NAME). In a
typical experiment 24 h LPS stimulation resulted in 20 μM nitrite. In
the original cell-containing plate media was refreshed (100 μL) and
viability assayed through the addition of PrestoBlue (Invitrogen, 10
μL, 30 min incubation at 37 °C, excitation 560 nm, emission 590 nm).
Viability was normalized to the negative control (10 μL PBS). Positive
control: 20% DMSO.
Dynamic Light Scattering (DLS). Samples for DLS were

prepared analogous to cell culture experiments in PBS. An initial
experiment revealed no significant size difference between particles in
PBS, DMEM, and DMEM + FBS.
Data Analysis. Obtained results were analyzed in Mircosoft Excel

2010 and plotted in OriginPro (Origin Lab, v.8.5). EC50 and IC50
values were calculated in OriginPro based on a dose−response fitting
function. Statistical significance was demonstrated through a two-tailed
heteroscedastic T-Test (Excel) and was considered significant if P <
0.05 (*), P < 0.01 (**), and P < 0.001 (***).

■ RESULTS AND DISCUSSION

Ribavirin is a powerful member in an arsenal of antiviral drugs
and remains one of very few available broad-spectrum antiviral
therapeutics.7 With this in mind, it is highly surprising that the
mechanism of action of RBV against HCV is poorly
understood, as are the origins of associated side effects. In
the process of development of controlled release formulations
for this drug, we faced a challenge to ascertain the success of
RBV delivery and realized that as of yet, there are no readily
available screens for intracellular activity of RBV in virus-free
cell culture. Literature survey identified a hypothesis that being
an inhibitor of IMPDH (in its phosphorylated form), RBV is
expected to deplete the intracellular pool of tetrahydrobiopterin
(BH4) and, in doing so, to decrease the production of nitric
oxide. Surprisingly, to the best of our knowledge, the RBV−
nitric oxide connection has not been verified in macrophages.
With that, nitric oxide is a secretable radical with a lifetime in
aqueous solutions not exceeding few seconds with products of
degradation (nitrate, nitrite) being readily measurable anions.47

Time-Dependent Toxicity in Hepatocytes and Macro-
phages. To (dis)prove anti-inflammatory activity of RBV, we
used two cell lines which are accepted as models for hepatic
cells, hepatocytes, Hep G2, and macrophages, RAW264.7.48,49

In the first set of experiments, we aimed to define the time−
concentration parameter space and reveal potential cytotoxic
effects of RBV. Mammalian cells were subjected to a wide range
of RBV concentrations and metabolic activity, commonly
accepted to be indicative of viability, was assayed after 24, 48,
and 72 h, Figure 2A,B. Following 72 h incubation, the drug
revealed an expected dose-dependent cytotoxicity profile with
IC50 values close to 30 μM for both, hepatocytes and
macrophages. We note that reported values of therapeutic

concentration of RBV in the patients plasma, 9−18 μM,50 are
rather close to the revealed toxic concentration and this is an
early indicator of a narrow therapeutic window of RBV. This
notion will be discussed in detail below.
A surprising finding seen from Figure 2A,B is that toxicity of

RBV manifests itself in macrophages significantly earlier than in
hepatocytes. Indeed, toxicity in macrophages was equally
pronounced following 24, 48, and 72 h of incubation with
the drug and revealed very similar values of IC50 (26, 30, and 28
μM, respectively). In stark contrast, 24 h incubation of
hepatocytes with RBV led to only marginal cytotoxic effects
even when the drug was taken in mM concentrations. To probe
if the latter effect is due to suppressed or delayed uptake of the
drug, the cells were incubated with RBV during an entire 72 h
incubation or over 24 h followed by a 48 h culture in drug free
media. Resulting toxic effects were similar (Figure 2C), thus,
strongly suggesting that time-delayed activity of the drug is
likely due to intracellular processes (trafficking and metabolism
of RBV, as well as downstream signaling and metabolic
pathways) rather than cell entry kinetics. Also of interest,
cytotoxicity of RBV in macrophages was suppressed to
negligible levels when tested in near-confluent culture, Figure
2D. This possibly indicates that toxicity of RBV in this cell line
is directly related to proliferation of cells. Together, data in
Figure 2 suggest that intracellular fate, metabolism, and activity
of RBV in hepatocytes and macrophages is significantly
different, possibly implying that the origin of cytotoxicity in
these two cells lines is also different. At present, we cannot offer
plausible explanation to the revealed phenomena and under-
standing of these observations requires further experimentation
well exceeding the scope of this manuscript.

Anti-Inflammatory Activity of RBV in Stimulated
Macrophages. Anti-inflammatory activity of RBV was
ascertained in murine macrophages stimulated with a potent
pro-inflammatory agent, lipopolysaccharide (LPS). Twenty-
four hours after addition of LPS, relative NO levels and cell
viability were determined through the Griess assay47 and a
commercial viability assay, respectively, Figure 3. When
administered simultaneously with LPS, therapeutically relevant
doses of RBV (∼10 μM) led to an increased production of NO
and at 100 μM RBV relative levels of this inflammatory marker
reached 150%. This observation contrasts with the expected
anti-inflammatory effect of RBV, but agrees with the previously
reported induction of NO synthesis by nucleoside analogues,
possibly through the interaction with the purine P1 receptor.51

Nevertheless, with this mode of drug administration, inhibition
of NO production was possible with RBV yet it required
millimolar concentrations of the drug, well exceeding the
therapeutic plasma drug content. This effect was also associated
with a statistically significant cytotoxicity. In contrast to the
observations discussed above, administration of RBV 24 h prior
to macrophage stimulation resulted in a clear dose-dependent
inhibition of production of NO, Figure 3B. Preincubation with
as little as 1 μM RBV resulted in a statistically significant anti-
inflammatory effect with no associated toxicity. Increase in RBV
concentration resulted in a gradual enhancement in suppression
of NO production, but also an increasingly pronounced
cytotoxic effect. Experimental data revealed an EC50 value of
7 μM, which is in close agreement with clinical concentrations
of this drug, (9−18 μM),50 and a viability associated IC50 value
of 19 μM. Increasing the preincubation time to 48 h did not
significantly enhance the activity of RBV (see Supporting
Information, Figure 1). These data reveal that RBV exhibits a
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clear anti-inflammatory activity and does so at concentrations
close to the therapeutic dose. This observation implies that
anti-inflammatory activity of RBV is likely to manifest itself in
clinic. Our data further illustrate that for this effect, the
therapeutic window is remarkably narrow, Figure 4, a notion
which has to be taken into account in optimization of therapy
regimen, as well as the design of novel prodrugs of ribavirin
Synthesis of Macromolecular Prodrugs of Ribavirin

(RBV-MPs). To achieve the synthesis of MPs of RBV, we
previously developed a polymerizable RBV derivative, RBV
acrylate.25 Esters are among the most widely employed
functionalities in the design of prodrugs and are amenable for
both, hydrolytic and enzymatic degradation to liberate pristine

drug.52 Further, in contrast to the previously described vinyl
esters of RBV,34 acrylates are amenable for copolymerization
with a wide variety of monomers and thus provide broader
opportunities in macromolecular design. RBV acrylate was
synthesized via a chemi-enzymatic pathway, as illustrated in
Figure 5, using solid support-immobilized lipase enzyme,

Novozyme 435. This synthetic approach is significantly
advantaged over chemical pathways in that the latter require
the use of protective group schemes, are labor intensive, and
afford lower yields of target compounds.
For polymer synthesis, we employed the RAFT polymer-

ization technique with its capabilities to synthesize polymer
samples with controlled molecular weights and narrow
polydispersities. NVP underwent copolymerization with RBV
acrylate with a near quantitative incorporation of the drug-
equipped monomer into the polymer backbone. This is readily
explained by a higher reactivity of acrylates toward polymer-
ization, as well as the choice of the xanthate RAFT agent. The
latter provides good control over polymerization of NVP,
however, through increased rates of fragmentation affords ill-
controlled polymerization of acrylates. Nevertheless, at low to
moderate feed of RBV acrylate in the monomer mixture,
polydispersity indexes of the polymers were significantly lower
than those typically reported for NVP copolymers used in drug
delivery.53,54 Final PVP polymer library was characterized with
molecular weights 6−13 kDa, that is, favoring renal secretion of
the polymers, and RBV content varied from 2 to 9 mol %, see
Figure 6 and Supporting Information, Table 1. NMR spectra of
macromolecular prodrugs indicated successful incorporation of
the drug into the polymer and also demonstrated that the

Figure 3. Dose-dependent toxicity and inhibition of nitric oxide
production in LPS-stimulated RAW264.7 cells by ribavirin. Cell were
stimulated simultaneously with RBV addition (A) or preincubated
with RBV for 24 h followed by stimulation (B). Results shown are the
average of three independent experiments, reported as mean ± SD (n
= 3). L-NG-nitroarginine methyl ester (L-NAME, 1 mM), a potent NO
inhibitor,58 resulted in 80 ± 2% NO reduction without toxicity.
Statistical significance is given compared to the negative control. *P <
0.05, **P < 0.01, ***P < 0.001.

Figure 4. Ribavirin shows inhibition of nitric oxide production and
toxicity at clinical concentrations in LPS-stimulated macrophages at 24
h preincubation.

Figure 5. Synthesis of ribavirin acrylate monomer through a chemi-
enzymatic pathway (top). RAFT controlled copolymerization of RBV
acrylate with N-vinyl pyrrolidone (NVP) to afford macromolecular
prodrugs of RBV (bottom). Phthalimidomethyl-O-ethyl xanthate was
employed as RAFT agent (see Supporting Information, Figure 3).
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samples did not contain residual drug or acrylate monomer
(Figure 7), at least with the precision of this spectroscopy
technique.
Hemocompatibility of the RBV-MPs. As the first test for

the synthesized macromolecular prodrugs of RBV, we aimed to
validate their hemocompatibility. Previously, we have shown
that macromolecular prodrugs of RBV overcome the main side
effect of RBV, namely, accumulation in red blood cells.25,41 We
also demonstrated that the polymers exhibit no hemolytic
activity and do not cause aggregation of erythrocytes. However,
the polymers synthesized herein covered a broader range of
RBV drug content and we aimed to verify the properties of
these MPs with regard to hemolysis and hemagglutination of
erythrocytes. Overnight incubation of RBCs in the presence of
0.1 g/L of RBV MPs resulted in no measurable hemolysis as
quantified through UV−vis absorbance of released hemoglobin,
Figure 8. Aggregation of the erythrocytes was quantified using
flow cytometry and specifically the light scattering character-
istics of the cells populations.55 Aggregation phenomena result
in a significant increase in light scattering and a corresponding
shift of the events to higher FSC/SSC values. In the
experiments with RBV-MPs, no significant differences in the

light scattering parameters were identified between populations
of erythrocytes incubated in PBS or in the presence of MPs
thus demonstrating hemocompatibility of the synthesized
prodrugs.

Intracellular Activity of RBV-MPs. Next, we ascertained
toxicity of these polymers in cultured hepatocytes, Figure 9.
Polymer toxicity can be inherent with the polymer chemistry,
due to the conjugated drug, or be associated with the RAFT
agent-derived terminal groups.56,57 From a different perspec-
tive, several previously reported macromolecular prodrugs of

Figure 6. Characteristics of PVP-RBV polymer library prepared via
RAFT polymerization. Also see Supporting Information, Table 1.

Figure 7. Comparison of 1H NMR spectra of ribavirin, ribavirin-acrylate, and PVP-RBV 9 mol % showing disappearance of the signal from the 5′-
hydroxyl upon formation of RBV-acrylate and similarly the disappearance of the signal from the acrylate groups during polymerization.

Figure 8. Hemolysis (top) and hemagglutination (bottom) induced by
the presence of RBV MPs. Hemolysis was quantified through the UV−
vis measurements of released hemoglobin and reported as mean ± SD
of three independent experiments (n = 3). Hemagglutination was
analyzed by flow cytometry; data shown in scatterplots are
representative and were reproduced in three independent experiments.
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RBV have been characterized with regard to the drug activity
only through the measurements of cytotoxicity of the prodrugs
in hepatocytes.34,37,38 For direct comparison, we aimed to
evaluate the newly synthesized polymers in a similar assay.
Hepatocytes were incubated with increasing concentrations of
the polymers over a wide range of concentrations and time of
incubation of up to 72 h. RBV-MPs exhibited an excellent
safety profile and administration of polymer therapeutics in
concentrations up to ∼1 g/L exerted no detrimental effect on
the proliferation of hepatocytes, Figure 9. We note that any
drug-associated toxicity is a highly unfavorable side effect in
antiviral treatment. This is in contrast to anticancer agents
where toxicity, albeit limited to the target tissue, is highly
warranted. Data in Figure 9 suggest that high levels of free RBV
can only be delivered at high polymer concentrations. At the
same time, a therapeutic response might be achieved at much
lower concentrations that do not register in a purely cytotoxic
assay, and this indeed was observed in the experiments
presented below.
To ascertain therapeutic benefits associated with the use of

macromolecular prodrugs of RBV, we made use of the above-
established assay and quantified anti-inflammatory response
achieved by PVP-RBV conjugates in LPS-stimulated macro-
phages. In the initial experiment, we aimed to compare polymer
conjugates to the pristine drug taken at a concentration close to
its therapeutic value (10 μM), a direct inhibitor of iNOS L-
NAME,58 and pristine polymer, PVP. Macromolecular prodrugs
were administered onto cultured macrophages at a 0.1 g/L
concentration 24 h prior to stimulation with LPS. Following
additional 24 h of incubation, levels of NO and cell viability
were quantified, Figure 10.
In this experiment, a competitive inhibitor of iNOS (L-

NAME) afforded a near 80% inhibition of production of NO.
Pristine polymer, PVP, revealed no activity or associated
cytotoxicity and both NO and viability remained on ∼100%. In
contrast, each of the three RBV-MPs showed a statistically
significant decrease in the levels of nitric oxide. At this polymer
concentration, polymer conjugates afforded 30−50% decrease
in the level of NO and for the conjugate with 6 mol % RBV,
inhibition of NO production was as pronounced as for the
pristine drug. In our previous publication, a PVP-RBV
conjugate administered at conditions identical to those in
Figure 10 afforded only a 25% inhibition of NO synthesis.41

The polymer series in this work was characterized with
consistently lower molecular weight, potentially favoring
cellular internalization and, thus, possibly leading to higher

therapeutic effects. Considering the fact that RBV’s inhibitory
activity on IMPDH requires intracellular phosphorylation on
the same 5′-hydroxyl as used in the synthesis of MPs,16

presented data strongly suggest that the synthesized MPs afford
efficient intracellular release of RBV. The studied polymer
concentrations correspond to 17, 49, and 70 μM total RBV
content in MPs A, B, and C, respectively. However, MPs
exhibited cytotoxicity not exceeding that of the pristine
polymer (cell viability > 90%). This observation implies that
attained intracellular drug concentration is sufficient for
therapeutic response but does not exceed the threshold for
toxicity.
Interestingly, data in Figure 10 demonstrate that the highest

therapeutic effect of PVP-RBV conjugates in the anti-
inflammatory assay in cultured macrophages was not attained
with the polymer with the highest content of RBV. Indeed, MP
with 6 mol % RBV exhibited a higher inhibition of NO
synthesis as compared to the conjugates with 2 and 9 mol % of
the drug containing monomer. The conjugate with the highest

Figure 9. Viability of Hep G2 cells incubated with PVP-RBV copolymers for 24, 48, and 72 h. Results shown are the average of three independent
experiments, reported as mean ± SD (n = 3).

Figure 10. Inhibition of nitric oxide production in LPS-stimulated
RAW 264.7 cells by RBV-MPs and accompanying cell viability. Results
shown are the average of six independent experiments, reported as
mean ± SD (n = 6). Statistical significance is given compared to the
negative control (*) or compared to the pristine PVP control (+).
***,+++P < 0.001.
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activity was also the only MP that revealed supramolecular
assemblies in aqueous solution. Dynamic light scattering
experiments using 0.1 g/L solution of this copolymer registered
well-defined assemblies sized ∼200 nm (polydispersity 0.235).
At present it is unclear as to why the 2 mol % and especially the
9 mol % RBV conjugates do not reveal this behavior. It is also
important to note that supramolecular assemblies of PVP-RBV
appear to be highly labile and our attempts to visualize these
aggregates using a transmission electron microscope were met
with failure. However, data in Figures 10 and 11 suggest that
micellization may prove an advantageous characteristic for
macromolecular prodrugs of RBV.

Pharmacodynamics of RBV-MPs. Encouraged by the data
in Figure 10, we aimed to define the therapeutic window made
possible by the polymer-conjugated preparation of RBV. To
achieve this, the synthesized polymers were administered onto
cultured macrophages using a wide range of polymer
concentrations, ranging from 10 μg/L to 1 g/L. Following 24
h incubation with polymers, the cells were stimulated with LPS
and after an additional 24 h, levels of NO were quantified along
with cell viability, Figure 12.
In the entire range of concentrations, pristine PVP exhibited

no effect on the rate of proliferation of the cells or the levels of
produced nitric oxide. In contrast, RBV-containing polymers
with each of the three loadings showed a dose-dependent
inhibition of NO production. For 9 mol % copolymer,
statistically significant anti-inflammatory activity was observed
at concentration as low as 10 mg/L. At ∼0.1 g/L, the polymers
exhibited pronounced activity in suppressing production of NO
and achieved this with only negligible change in the cell
viability. Administration of even higher doses, 1 g/L, resulted in
80−90% reduction in relative NO levels and this was true for
each of the three macromolecular prodrugs. At this
concentration, anti-inflammatory activity of the samples with
2 and 6 mol % RBV was accompanied by a significant drop in

the cell viability. Remarkably, for 9 mol % sample, near-
complete inhibition of production of NO was achieved with
only a minor change in the rate of cell proliferation. In other
words, using this polymer sample, anti-inflammatory activity
well exceeded that of the pristine drug at no expense to the cell
viability.
To illustrate the achieved therapeutic benefit quantitatively,

Table 1 lists the EC50 and IC50 values for the synthesized
polymers and the pristine drug. The EC50 for the non-
conjugated drug exceeds the value of IC50 by just under a factor
of 3 and the difference between these two metrics is ∼12 μM,
illustrating the discussed above very narrow therapeutic window
of RBV in the anti-iNOS treatment in cultured macrophages.
The EC50 and IC50 values for the polymers are listed in units of
mass based on dissolved polymer sample and molarity as
calculated for equivalent concentrations of RBV. The latter
were calculated for a highly unlikely case of complete drug
release achieved within the time frame of the experiment. For
each of the three polymers, it holds true that EC50 value (μM)
is higher than that for the pristine drug reflecting a well-
documented notion of apparent loss of drug activity largely due
to incomplete drug release.59−62 IC50 values of associated
toxicity were estimated for polymers A and B by extrapolating a
dose−response curve. This was not possible for polymer C as
toxicity does not exceed 10% in the studied range, indicating an
IC50 value far exceeding 1 g/L. Comparing the active and toxic
doses (Table 1) makes it apparent that each of the three
polymers delivers a significant therapeutic benefit through a
tremendously increased therapeutic window. Thus, the
therapeutic index (IC50/EC50 ratio) is increased to at least
5−18 and the difference in EC50 and IC50 is increased to
millimolar concentrations for the 6 mol % RBV copolymer.

■ CONCLUSIONS

Ribavirin, a broad-spectrum antiviral and current standard of
care against HCV was herein established as an inhibitor of
production of nitric oxide in stimulated macrophages. We
believe that this constitutes the first detailed investigation of
inhibition of nitric oxide synthase using RBV in a setting with
relevance to HCV. However, the therapeutic window for this
treatment was found to be very narrow, IC50/EC50 of 3 and
IC50−EC50 of 12 μM. Further to this, presented toxicological
data for RBV in hepatocytes and macrophages indicated that
toxic effects manifest themselves earlier in macrophages than in
hepatocytes, a phenomenon that should be taken into account
when investigating controlled delivery of RBV. To optimize
delivery of RBV, we synthesized macromolecular prodrugs
based on a polymer with an extensive history of biomedical
applications, PVP. The use of polymer therapeutics afforded a
significant therapeutic benefit increasing IC50/EC50 ratio to 5−
18 and extending the therapeutic window to over 1000 μM. For
the copolymer with 9 mol % RBV-containing monomer units,
inhibition of NO synthesis well exceeded that achieved with
RBV taken at its clinical therapeutic dose and was accompanied
with only a minor cytotoxicity. We believe that this report
contributes significantly to the understanding of mechanism of
action of RBV, a broad spectrum antiviral agent, and delivers a
virus-free assay system to monitor activity of this drug or
prodrugs derived from it. Most significantly, we developed
polymer-conjugated formulations of RBV that deliver signifi-
cant therapeutic benefit and, thus, contribute to the develop-
ment of safer treatments against HCV and other viral diseases.

Figure 11. (A) Representative correlation function and (B) size
measurement obtained via DLS on PVP-RBV MP with 6 mol %.
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