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ABSTRACT: Inhibition of herpes simplex virus type 1 (HSV-1)
binding to the host cell surface by highly sulfated architectures is
among the promising strategies to prevent virus entry and infection.
However, the structural flexibility of multivalent inhibitors plays a
major role in effective blockage and inhibition of virus receptors. In this
study, we demonstrate the inhibitory effect of a polymer scaffold on the
HSV-1 infection by using highly sulfated polyglycerols with different
architectures (linear, dendronized, and hyperbranched). IC50 values for
all synthesized sulfated polyglycerols and the natural sulfated polymer
heparin were determined using plaque reduction infection assays.
Interestingly, an increase in the IC50 value from 0.03 to 374 nM from
highly flexible linear polyglycerol sulfate (LPGS) to less flexible
scaffolds, namely, dendronized polyglycerol sulfate and hyperbranched
polyglycerol sulfate was observed. The most potent LPGS inhibits
HSV-1 infection 295 times more efficiently than heparin, and we show that LPGS has a much reduced anticoagulant capacity when
compared to heparin as evidenced by measuring the activated partial thromboplastin time. Furthermore, prevention of infection by
LPGS and the commercially available drug acyclovir were compared. All tested sulfated polymers do not show any cytotoxicity at
concentrations of up to 1 mg/mL in different cell lines. We conclude from our results that more flexible polyglycerol sulfates are
superior to less flexible sulfated polymers with respect to inhibition of HSV-1 infection and may constitute an alternative to the
current antiviral treatments of this ubiquitous pathogen.

■ INTRODUCTION

Herpes simplex virus type 1 (HSV-1) is one of the eight
human herpes viruses and among the most widespread viruses
in the human population with an estimation of 60−90%
seropositivity among adults worldwide.1 HSV-1 is an
enveloped spherical virus with a diameter of 155−240 nm
which harbors a double-stranded DNA in the capsid, which
can infect the host tissue through the epithelial cells of the
mucosal membrane. The virus is known to establish a lifelong
infection in the sensory neurons of the host, out of which it can
periodically recrudesce by different stimuli such as stress, local
trauma, or specific bacterial infections.1−3 HSV-1 often causes
oral and pharyngeal infection, while its close relative, HSV-2,
primarily targets the genital tract.4 Although HSV-1 infection is
usually mild and locally confined, HSV-1 is the main cause of
encephalitis in newborns and immunocompromised patients,5

and recent studies suggest a role of HSV-1 infection in
dementia and neurodegenerative diseases like Alzheimer’s
disease.6 At the late stages of infection, it can lead to keratitis
or permanent infectious blindness.7,8

The major antiviral drugs to treat HSV-1 and other
herpesvirus infections are acyclic nucleosides like acyclovir

(ACV) and ganciclovir, which can inhibit viral DNA
replication.2,9 Although these nucleoside analogues have been
shown to be useful for reducing symptoms of infection and
slowing down the virus spread, their application is limited
because of their poor water solubility, low bioavailability, and
low tissue permeability. Also, side effects like dizziness,
confusion, weakness, and nausea in some patients render its
application challenging.2 Frequent prescription of ACV against
HSV infections for the past 40 years has also led to the
emergence of virus mutants that are resistant to the drugs.9,10

Finding alternative ways to intervene with HSV viral infections
is therefore of priority, especially for topical applications.
Inhibiting virus entry into the host cells at the early stage of

infection is one promising concept of infection prevention and
treatment.11 HSV-1 entry into the cell is driven by two types of
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interactions. First, electrostatic interactions occur between the
negatively charged heparan sulfates (HSs) present on the host
cell surface and the positively charged virion surface.12 Second,
glycoproteins B and C (gB and gC) present in the virus
envelope specifically bind to HS on the plasma membrane of
the host cell.13,14 HS is among the highly negatively charged
biopolymers and is abundant on the cell surface of most of the
cells.15

The knowledge of the early interaction of HSV-1 with the
host cell has led to exploring cationically modified poly-
saccharides such as dextran derivatives modified with
quaternary ammonium groups16 and block copolymers with
a cationic block of trimethylammonium groups for the
prevention of HSV-1 infection.17 However, typically, poly-
cations exhibit relatively high cytotoxicity, which restricts their
widespread application in humans.18

Decoying polymeric scaffolds with carboxylate and carbox-
ylic acid moieties have been shown to introduce antiviral
activity by inhibiting the viral entry to the host cells.19,20 It has
been shown that the FDA-approved cellulose acetate phthalate
in the regular and nanoparticle (NP) form has selectivity and
antiviral activity against HSV types 1 and 2, although their
exact mechanism of action is under further investigation.21

Negatively charged polysaccharides, with similar structures
to HS like heparin, have been used as binding decoys to
prevent HSV-1 infection.22,23 However, clinical application of
heparin as an antiherpetic drug is limited because of its
heterogeneity and possible impurities.23 Also, its anticoagulant
activity can induce undesired side effects, including bleeding.24

Therefore, the development of negatively charged synthetic
polymers with anti-HSV-1 activity is of high interest.
Inspired by HS on the cell surface and heparin, sulfated

polymers, so-called heparin mimetics, have been developed
and have characteristics similar to HS.25 Counterion release is
the main driving force for the polyelectrolyte (i.e., HS, heparin,
or heparin mimetics) interactions with the virus in the way that
patches of positive charge of the virus surface (gB and gC) act
as multivalent counterions of the highly negatively charged
polymer and lead to a favorable increase in entropy by the
release of counterions from the polyelectrolyte.26 Synthetic
sulfated glycomimetic polymers were shown to have a broad-
spectrum antiviral activity while also having a homogeneous
structure.11 However, synthesis and modification of such
polymers is challenging. Low cytotoxicity and efficient in vivo
clearance of polyglycerol (PG) make them a promising
candidate for biological applications.27,28 Hyperbranched
polyglycerol sulfate (hPGS) has been reported earlier by our
group to exhibit anti-inflammatory activities that are similar to
those of heparin.29,30 Furthermore, dPGS-conjugated graphene
oxide (GO) scaffolds were shown to inhibit the HSV-1
infection.31−33 Furthermore, sulfated PG-based nanogels with
different flexibilities were investigated for their antiviral activity
against HSV-1 where more flexible nanogels exhibited robust
and broad antiviral activities against such viruses. In another
study, more flexible sialylated nanogels also showed better
inhibition of influenza A virus than the less flexible
structures.34 These studies signify the importance of scaffold
flexibility for virus inhibition. However, large size and high
molecular weight scaffolds are not recommended for clinical
development because of clearance and degradation issues.
In this study, we introduce low molecular weight (≤40 kDa)

and highly biocompatible linear PG-based heparin-mimetic
scaffolds with different structures and flexibilities as efficient

antiviral agents against HSV-1 infection. The synthesized
polymers include a flexible linear polyglycerol sulfate (LPGS)
and two dendronized polyglycerol sulfates (DenPGSs) each
carrying a G0.5 (DenPG0.5S) or G1 (DenPG1S) glycerol
dendron on each repeating unit, introducing different
flexibilities to the polymeric backbone which are induced by
steric hindrance. These novel structures were first tested for
their cell compatibility, and then the effect of their structural
flexibility on virus inhibition properties was tested in pre- and
postinfection assays against HSV-1 in comparison to hPGS,
which has a globular and hence less flexible structure than the
linear ones, and commercially available heparin as a standard
HSV-1 inhibitor. To the best of our knowledge, this is the first
report on sulfated linear and DenPGSs for the virus inhibition.

■ MATERIALS AND METHODS
Materials. Anhydrous solvents (dimethylformamide and toluene),

benzoylated cellulose dialysis tubes (2000 kDa, 32 mm width), and
heparin (sodium salt from porcine intestinal mucosa, H3393-500KU)
were purchased from Merck (Darmstadt, Germany). Acetal-protected
generation 1 dendrons were synthesized in our group according to a
published procedure.35 Tetra-n-octyl ammonium bromide 98% was
purchased from ACROS Organics and used as received. All other
chemicals were bought from Merck (Darmstadt, Germany) unless
stated otherwise. Elemental composition determination was per-
formed on a Vario EL CHNS element analyzer by Elementar
Analysensysteme GmbH (Langenselbold, Germany). 1H NMR
spectra were recorded on a Bruker AMX 500 (Bruker Corporation)
or JEOL ECP 500 (JEOL GmbH). Chemical shifts (δ) are reported in
ppm via the deuterated solvent peak as the standard. IR measure-
ments were done on a Nicolet AVATAR 320 FT_IR 5 SXC (Thermo
Fisher Scientific) with a detector range of 4000−650 cm−1. Gel
permeation chromatography (GPC) measurements in water were
performed with an Agilent 1100 equipped with an automatic injector,
isopump, and Agilent 1100 differential refractometer (Agilent
Technologies, Santa Clara, CA, USA). The PSS Suprema (pre-
column), 1× with pore size of 30 Å, 2× with pore size of 1000 Å (all
of them with a particle size of 10 μm) column, was calibrated against
Pullulan standards prior to measurements. The GPC measurements in
tetrahydrofuran (THF) were done with an Agilent SECurity (1200
Serie), equipped with an automatic injector, isopump, and UV and RI
detector. The separation was done via a photoluminescence gel from
Agilent (1× pre-column, 3× Mixed-C with a particle size of 5 μm),
which was calibrated against polystyrene standards.

Synthesis of Ethoxyethyl Glycidyl Ether 2. The acetal
protection of glycidol was carried out with slight modifications to a
reported protocol.36 In summary, in an ice bath, glycidol (70 mL,
1.052 mol, 1 eq) was mixed under stirring with divinyl ether (403.3
mL, 4.21 mol, 4 eq), and p-TsOH·H2O (2 g, 0.0105 mol, 0.01 eq) was
slowly added to the mixture. After 4 h, the reaction was quenched and
washed with saturated NaHCO3 solution. The organic phase was
dried over sodium sulfate and concentrated under reduced pressure.
The crude product was dried over CaH2 and distilled under vacuum
over a preheated molecular sieve and stored under argon in a freezer
until further use. Because of storage under dry and inert conditions,
weighing of the final product was not possible and a complete
conversion of the starting material is assumed.

1H NMR (500 MHz, Acetone-d6): δ 4.70 (t, J = 5.3, 2.4 Hz, 1H),
3.77 (m, 1H), 3.73−3.57 (m, 1H), 3.50−3.41 (m, 1H), 3.30 (dd, J =
11.5, 6.4 Hz, 1H), 3.12−3.00 (m, 1H), 2.74−2.66 (m, 1H), 2.52 (m,
1H), 1.22 (t, J = 5.3 Hz, 3H), 1.12 (td, J = 7.1, 1.1 Hz, 3H). 13C NMR
(500 MHz, Acetone-d6): δ 100.49 (tertiary CH acetal), 67.25 (CH2),
66.61 (CH2 acetal), 61.42 (CH epoxide), 44.47 (CH2 epoxide), 20.29
(CH3 acetal), 15.83 (CH3 acetal).

Synthesis of 1,2-Isopropylidene Glyceryl Glycidyl Ether 6.
The synthesis was carried out according to a reported protocol.37 In
summary, solketal (1,2-isopropylideneglycerol) (12 g, 0.151 mol, 1
eq) was dissolved in 20 mL of toluene and 20 mL of 50% NaOH.
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TBAB (4.86 g, 0.0151 mol, 0.1 eq) was added, and the mixture was
cooled down to 10 °C and epichlorohydrin (70 mL, 0.755 mol, 5 eq)
was added slowly to the mixture. The mixture was stirred for 48 h at
room temperature, diluted with diethylether, and washed with
saturated NaHCO3, NaCl, and water. The organic phase was dried
over MgSO4. After concentration under vacuum, the product was
obtained as a colorless liquid and was stored over dried molecular
sieve before polymerization (yield 82%).

1H NMR (500 MHz, Methanol-d4): δ 4.24 (m, 1H), 4.10−3.97 (m,
1H), 3.80 (dt, J = 11.7, 2.3 Hz, 1H), 3.73−3.65 (m, 1H), 3.53 (m,
1H), 3.16−3.07 (m, 1H), 2.75 (m, 1H), 2.57 (dd, J = 5.1, 2.7 Hz,
1H), 1.36 (s, 3H), 1.31 (s, 3H). 13C NMR (500 MHz, Methanol-d4):
δ 109.23 (quaternary C acetal), 76.16 (CH acetal), 74.85 (CH2
acetal), 66.28 (CH2),51.24 (CH epoxide), 43.31 (CH2 epoxide),
25.82 (CH3 acetal), 24.46 (CH3 acetal). ESI-MS: [M + Na]+: 211.09
(theoretical), 211.09 (observed).
Modification of First-Generation Glycerol Dendrons with

Epoxide 10. The synthesis was carried out similar to isopropylidene
glyceryl glycidyl ether (IGG) synthesis. G1-dendrons (10.5 g, 0.032
mol, 1 eq) were dissolved in a mixture of 17 mL of toluene and 17 mL
of 50% NaOH. TBAB (2.11 g, 0.006 mol, 0.2 eq) was added, and the
mixture was cooled down to 10 °C. Epichlorohydrin (13 mL, 0.165
mol, 7 eq) was added dropwise, and the mixture was left to stir for 48
h. The reaction was diluted with diethylether and was extracted three
times with saturated NaHCO3, NaCl, and water. The organic phase
was separated and dried with MgSO4. The product was purified with
flash chromatography (85% cyclohexan, 15% ethylacetate) (yield
70%). The product was dried over activated molecular sieve before
polymerization. 1H NMR (500 MHz, Methanol-d4): δ 4.25 (m, 2H),
4.05 (dd, J = 8.3, 6.5 Hz, 2H), 3.91 (dd, J = 11.8, 2.7 Hz, 1H), 3.76−
3.66 (m, 3H), 3.64−3.46 (m, 9H), 3.16−3.12 (m, 1H), 2.76 (dd, J =
5.1, 4.2 Hz, 1H), 2.61 (m, 1H), 1.38 (t, J = 0.7 Hz, 6H), 1.33 (d, J =
1.0 Hz, 6H). 13C NMR (500 MHz, Methanol-d4): δ 110.39
(quaternary C acetal), 79.60 (tertiary CH, G1), 76.06 (tertiary CH,
acetal), 73.34 (CH2), 72.40 (CH2 acetal), 67.51(CH2 arms), 52.02
(CH epoxide), 44.72 (CH2 epoxide), 27.08 (CH3 acetal), 25.69 (CH3
acetal). ESI-MS: [M + Na]+: 399.43 (theoretical), 399.20 (observed),
[M + K]+: 415.54 (theoretical), 415.18 (observed).
All the polymerizations were done according to a reported protocol

for monomer-activated ring-opening polymerization.36

Polymerization of Ethoxyethyl Glycidyl Ether. In a flame-
dried Schlenck flask, Oct4NBr (172.78 mg, 0.310 mmol, 0.0047 eq)
was dried under high vacuum and dissolved in 60 mL of dry toluene.
Afterward, ethoxyethyl glycidyl ether (10 mL, 65.6 mmol, 1 eq) was
added under an argon atmosphere to the solution to afford 200
repeating units per chain. The mixture was cooled down in an ice bath
to 0 °C, and i-Bu3Al (1.4 mL, 1.55 mmol, 0.023 eq) was added all at
once under an argon atmosphere and brisk stirring. The reaction was
left to proceed overnight, which was quenched by the addition of 1
mL of ethanol. The crude product was dissolved in cold Et2O to
precipitate the excess i-Bu3Al. The product was dialyzed in acetone
(MWCO: 2 kDa) for further purification. After drying, the product
was obtained as 8.38 g colorless viscous oil (50%). (GPC THF-Mn :
32.4 kDa, PDI: 1.07). 1H NMR (500 MHz, Acetone-d6): δ 4.81−4.60
(m, 1H), 3.83−3.32 (m, 7H, monomer unit), 1.33−1.22 (m, 3H),
1.14 (t, J = 7.1 Hz, 3H). 13C NMR (500 MHz, Acetone-d6): δ 102.69
(tertiary CH acetal), 79.12 (CH backbone), 70.24 (CH2), 65.19
(CH2 backbone), 62.37 (CH2 acetal), 19.55 (CH3 acetal), 15.03
(CH3 acetal).
Polymerization of 1,2-IGG (DenPG0.5). In a flame-dried Schlenk

flask, N(Oct)4Br (50.2 mg, 0.089 eq, 0.09 mmol) was dried by
melting and flushed with argon. After cooling down, the salt was
solved in 11 mL of dry toluene. Thereafter, the monomer (1.8 mL,
11.3 mmol, 1 eq) was added to afford 100 repeating units per chain
and the mixture was cooled down to 0 °C. Then, i-Bu3Al (0.4 mL of
1.1 M stock solution) was added all at once under brisk stirring. The
reaction was allowed to run overnight and was quenched by the
addition of 1 mL of ethanol and concentrated under vacuum. The
activator was precipitated in cold Et2O and dialyzed in acetone
(MWCO: 2 kDa) for further purification. The product was obtained

as viscous clear oil (yield 90%). (GPC THF-Mn : 23.5 kDa, PDI:
1.13). 1H NMR (500 MHz, Methanol-d4): δ 4.26 (m, 2H), 4.07 (dd, J
= 8.2, 6.4 Hz, 2H), 3.87−3.44 (br, 6H), 1.40 (s, 3H), 1.35 (s, 3H).
13C NMR (500 MHz, Methanol-d4) δ 110.45 (CH acetal), 76.12 (CH
backbone, CH acetal), 72.76 (CH2), 71.11 (CH2), 67.86 (CH2
backbone, CH2 acetal), 27.42 (CH3 acetal), 25.98 (CH3 acetal).

Polymerization of First-Generation Glycerol Dendrons with
Epoxide. In a flame-dried 50 mL Schlenk flask, N(Oct)4Br (50.4 mg,
0.092 mmol, 0.017 eq) was dried by melting and flushed with argon.
After cooling down, the salt was dissolved in 12 mL of dry toluene.
Thereafter, the monomer (2 mL, 5.3 mmol, 1 eq) was added to afford
50 repeating units per chain, and the mixture was cooled down to 0
°C. Then (1.23 mL of 1.1 M stock solution), i-Bu3Al was added all at
once under brisk stirring. The reaction was allowed to run over night
and was quenched by the addition of 1 mL of water. Then, the
mixture was dried with MgSO4, filtered, and concentrated under
vacuum. The mixture was precipitated in cold diethylether and
dialyzed in acetone with a 2 kDa MWCO membrane for further
purification. The product was obtained as viscous clear oil (yield
93%). (GPC THF-Mn : 19.34 kDa, PDI: 1.21). 1H NMR (500 MHz,
Methanol-d4): δ 4.25 (m, 2 H), 4.05 (m, 2H), 3.81−3.71 (m, 3H),
3.65−3.45 (m, 9H), 1.38 (m, 6H), 1.33 (m, 6H). 13C NMR (500
MHz, Methanol-d4): δ 109.13 (quaternary C acetal), 78.46(tertiary
CH, G1), 74.79 (tertiary CH, acetal), 71.16 (CH2 acetal), 66.56 (CH2
arms), 26.17 (CH3 acetal), 24.75 (CH3 acetal).

Deprotection of Acetal-Protected PGs 3, 7, 11. The respective
polymers were dissolved in ethanol (1 g in 10 mL), and then HCl
37% (3% of the ethanol) was added to the solution. The mixture was
left to stir overnight and dialyzed in water (MWCO: 2 kDa) for 2
days to afford the desired polymers in quantitative yields.

Sulfation of the PGs. All polymers were sulfated according to an
already published protocol.29 The completely dry corresponding
polymer was dissolved in dry dimethylformamide (10 mL for 1 g).
The mixture was then heated up to 60 °C, and a respective amount of
SO3/pyridine (1.5 eq of −OH groups) was added to it. The reaction
was allowed to run overnight. Thereafter, the pH was brought to 9 by
the addition of 1 M NaOH to the solution. Then, the polymer was
dialyzed against saturated solution of NaCl for 2 days and 2 days in
water. After drying in high vacuum, the crude product was obtained as
a white solid powder. The degree of functionalization was determined
via elemental analysis.

Used cell lines and cell cultivation conditions: For the different cell-
based assays and tests used in this publication, cells were routinely
maintained at 37 °C and 5% CO2 and passaged every 3−4 days after
reaching 70 to 90% confluency or before being used for a test or assay.
A549 human lung carcinoma cells (DSMZ ACC 107) and Vero E6
African green monkey kidney epithelial cells (ATCC CRL-1586) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM), while
16HBE14o human bronchial epithelial cells (Millipore SCC150) were
cultivated in minimum essential media all supplemented with 10%
fetal bovine serum, penicillin/streptomycin, and glutamine (all from
Gibco BRL, Eggenstein, Germany). Cells were routinely tested for the
absence of mycoplasma by a published PCR test protocol using the
primer pair MGSO-(TGCACCATCTGTCACTCTGTTAACCTC-
3′) and GPO-3 (5′- GGGAGCAAACAGGATTAGATACCCT-3′).38

Cell Viability Assay CCK-8. To analyze the cytotoxicity and
determine the half-maximal cytotoxic concentration (CC50) of
compounds, the cell viability assay Cell Counting Kit 8 (CCK-8)
from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) was
used according to the manufacturer’s instructions. In short, A549,
Vero E6 16HBE14o cells were cultivated as described above and
seeded 24 h prior to the compound treatment in all inner wells of a
96-well plate (4.000 cells/well); in all outer wells, the same cell
culture medium as used for the respective seeded cell line without
cells was added. After an overnight incubation, compounds were
added in serial dilutions in triplicates to the wells containing cells and
additionally in one outer well without cells for subsequent background
subtraction. Sodium dodecyl sulfate (1%) and the nontreated cells
served as a control. The 96-well plates were incubated for another day
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at 37 °C before the CCK-8 solution was applied for approximately 2
h. The 96-well plate was transferred to a microplate reader (TECAN
Infinite M200 Pro, Tecan Group Ltd., Man̈nedorf, Switzerland) and
absorbance was measured at a measurement wavelength of 450 nm
and a reference wavelength of 650 nm. For each cell line and
compound, the assay was repeated in three test rounds. To calculate
the cell viability after treatment, the background was subtracted in
each test round for each replicate, compound, and concentration
using the respective wells without cells. Then, the nontreated control
was set to 100% to calculate the cell viability in percent for each
compound concentration and controls for each test round by a
standard excel sheet. GraphPad Prism software (GraphPad Prism 6
for Windows, Version 6.01) was used to summarize values for all three
test rounds (n = 3) and to calculate the CC50 using the “log(inhibitor)
vs normalized response” equation. Data is presented as mean cell
viability with standard deviation.
Virus Propagation and Virus Titer Determination. The GFP-

tagged HSV-133 (kindly provided by Dr. Yasushi Kawaguchi,
University of Tokyo, Japan) was propagated on Vero E6 cells
(ATCC CRL-1586) for 2 days. The supernatant containing GFP-
tagged HSV-1 virus was collected, and the number of infectious virus
particles (virus titer) in the supernatant was assessed using a plaque
assay. For the plaque assay, Vero E6 cells were preseeded in a 12-well
plate for 2 days before adding 200 μL of virus-containing solution for
45 min. Afterward, 1 mL of 0.5% methylcellulose (Sigma M0262) was
added to the wells as an overlay medium. Cells were cultured for 2
days with the overlay medium so that virus transmission can only
occur from cell to cell but not through the cell culture medium. As a
result, one cell initially infected by one virus particle over time causes
the infection of the surrounding cells that all together can be
visualized as one so-called plaque. The number of plaques per well
was assessed using an epifluorescence microscope (Zeiss AxioVert
100) using the GFP channel and the virus titer of the initially added
solution was calculated and is expressed as plaque-forming units
(PFU)/mL.

Plaque Reduction Assay. For assessing the potential of the
compounds to prevent infection, a plaque reduction assay was
performed. For the plaque reduction assay, Vero E6 cells were
preseeded in a 12-well plate to confluency. 10-fold dilution series of
the compounds in 100 μL of DMEM down to 0.1 ng/mL were
prepared, and each dilution was incubated with 100 μL of virus
solution containing GFP-expressing HSV-1 (2000 PFU/mL) for 45
min at 37 °C. Afterward, the infectivity of the mixture was titrated by
a plaque assay using Vero E6 cells as described above. The inhibition
of the HSV-1 infection in Vero E6 cells is calculated as follows

= − ×
i
k
jjjjj

y
{
zzzzzInhibition (%) 1

Plaque number(sample)
Plaque number(virus control)

100%

The respective half-maximal inhibitory concentration (IC50) of
each compound was estimated by using the software GraphPad Prism
7 and applying the dose−response model. The tests were done three
times with individual experiments.

Multicycle virus replication inhibition: For the postinfection
inhibition assays, preseeded Vero E6 cells (80% confluency in a 24-
well plate) were infected by HSV-1_GFP at a multiplicity of infection
(MOI) of 0.1. At 1 h postinfection (p.i.), the compounds were added
into the cell culture medium to a final concentration of 100 μg/mL.
After 24 h, the cells were fixed by 2.5% formaldehyde and stained by
DAPI to examine the infection by fluorescence microscopy (Zeiss
AxioVert 100); the number of infectious viral particles in the
supernatants was assessed by plaque assays as described above. For
the preinfection assay, the preseeded Vero E6 cells were treated first
with the compounds at 37 °C for 1 h and before adding HSV-1_GFP
containing solution at a MOI of 0.1. The cellular infection and the
number of infectious virus particles in the supernatant were assessed
after 24 h as described for the postinfection assay.

Activated Partial Thrombosis Time. Samples were dissolved in
Milli-Q (MQ) water to a concentration of 10 mg/mL; 5 μL of these
solutions was diluted serially with water to give the desired
concentrations. CaCl2 was placed into the warming area of the
coagulometer (STart Max, Stago) and prewarmed at 37 °C for at least

Figure 1. Overview of the synthesis and cartoon representation of used structures. (A) Monomer synthesis, polymerization, and sulfation of PGs,
(B) structure of hPGS, and (C) structure of heparin.
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30 min. The cuvettes were prewarmed in the preincubation stand of
the device for a minimum of 3 min.
Standard plasma (Siemens Healthcare ORKLI91E0005VM) was

dissolved in 1 mL MQ water and was shaken gently at room
temperature for 15 min. Steel stirrer balls, 50 μL of plasma solution,
and 50 μL of actin FS (Siemens Healthcare OQTYI00E0009VM)
were added to the cuvette. Upon addition of 2 μL of the inhibitor, the
timer was started for the standard 180 s preincubation time.
Thereafter, the cuvettes were transferred to the measurement stand
of the instrument and the timer started by the addition of 50 μL of
CaCl2 solution with an electronic pipette. The time was automatically
stopped by the formation of the clot. Each measurement was repeated
three times.

■ RESULTS AND DISCUSSION
Design and Synthesis of Sulfated Inhibitors. Polymers

were designed to mimic heparin, the naturally sulfated
polysaccharide with a high density of negative charge. For
synthesizing linear polyglycerol (LPG) and DenPGs, three
different monomers were synthesized and polymerized via
previously reported monomer-activated anionic ring-opening
polymerization.36 Hydroxy groups of the corresponding
monomers were protected by an acetal group prior to
polymerization, so that the polymer grows only in a linear
structure and not in a hyperbranched one. Figure 1 shows the
synthetic route for the monomer synthesis, polymerization,
and then sulfation of polymers. The acetal protection of
glycidol (1) was performed according to a previously reported
protocol,36 and two other monomers (6 and 10) were
synthesized from the modification of solketal (5) and first-
generation of dendritic PG (9) based on a slightly modified
protocol for similar compounds, respectively (Figures S1−
S3).37 After polymerization, the acetal groups were depro-
tected to hydroxy groups in a slightly acidic environment (2, 5,
8).36 The removal of acetal-protecting groups was monitored
via 1H NMR where the corresponding δ shift values at around
1.30 and 1.14 ppm disappeared. Three different polymers
carrying one, two, or four hydroxy groups on each repeating
unit were generated (Figures S1−S3). The polymer with one
hydroxy group on the monomer (3) is a LPG. The other
polymers with two (7) or four hydroxy groups (11) are
referred to as dendronized polyglycerol generation 0.5
(DenPG0.5) and dendronized polyglycerol generation
(DenPG1), respectively. The values 0.5 and 1 represent the
generation of glycerol dendron on each repeating unit.39

Polymers were synthesized to carry the same number of
−OH groups. Therefore, they have different degrees of
polymerization. Based on their Mn (GPC, Table 1), LPG
(3), DenPG0.5 (7), and DenPG1 (11) have 239, 127, and 50
repeating units, respectively and therefore 239, 254, and 200
number of −OH groups, considering their polydispersity
(PDI) values and their chain length, the difference in number
of −OH groups is negligible, and these experimental values are
in good agreement with theoretical ones. hPG was synthesized

based on a reported protocol by our group.40 The average
molecular weight and PDI of different polymers are reported in
Table 1.
Thereafter, all PGs were sulfated with a sulfur trioxide

pyridine complex (SO3·Py) based on a slightly modified
previously reported protocol.41 The transformation of hydroxyl
groups to sulfate groups was confirmed by 1H NMR, IR, and
elemental analysis. After sulfation, the observed downfield shift
of hydrogens next to sulfate groups in 1H NMR (Figures S1−
S3) and the appearance of a new band at 1200 cm−1 in IR
spectroscopy (Figure S5) confirmed a successful sulfation.
Furthermore, elemental analysis (CHNS) proved a high degree
of sulfation for all sulfated compounds (Table 1). The surface
charge of the polymers after sulfation was characterized by
zeta(ζ) potential. The samples were measured at a
concentration of 1 mg/mL in 10 mM PB (pH 7.4). All PGs
displayed a high negative charge ranging from −26 mV for
LPGS to −31 mV for DenPG1S. ζ-potential of commercially
available heparin with a molecular weight of 13−15 kDa was
−20.05 mV under the same conditions. The results are
summarized in Table 1.

Cytotoxicity Studies. In order to investigate the potential
of these new sulfated polymers to be safely applied as an anti-
HSV-1 treatment in humans, their cytotoxicity was analyzed
with the CCK-8 as the first step with the cell viability assay.
For the test, two human lungs cell lines A549 and 16HBE14o
were used as well as the Vero E6, the standard cell line used for
infection assays and virus propagation. It was observed that
upon treating the cells with sulfated compounds, cell viability
was only slightly decreased upon treatment with LPGS and
DenPGSs and up to a concentration of 1 mg/mL. No
cytotoxicity was observed in any of the cell lines for none of
the samples. This indicates that different cells could tolerate
sulfated polymers up to a high concentration of 1 mg/mL
(Figure S6).

Inhibition of HSV-1 Infection. After confirming that the
different sulfated polymers did not reduce the cell viability up
to relatively high concentrations, their antiviral activity against
HSV-1 was investigated via the plaque reduction assay. The
compounds were diluted in medium (10-fold dilutions) and
then incubated with HSV-1 solution (approx. 200 PFU) for 45
min at 37 °C. The number of infectious viruses was then
titrated on Vero E6 cells after the incubation with the
compounds. The resulting curves are shown in Figure 2, and
the IC50 values of the polymers are summarized in Table 1. All
sulfated PGs effectively inhibited further infection of the cells,
although with different activities. LPGS had the highest
inhibitory activity with an IC50 value of 0.03 nM (0.0016 ±
0.0005 μg/mL). DenPG0.5S and DenPG1S were observed with
IC50 values of 1.52 nM (0.049 ± 0.009 μg/mL) and 3.53 nM
(0.072 ± 0.021 μg/mL), respectively, which reflects a lower
activity than the LPGS but was higher than the hPGS (374.17
nM, 3.405 ± 1.14 μg/mL). As all inhibitors have similar overall

Table 1. Overview of Inhibitors and Their Characterization

sample Mn(kDa) PDIa degree of sulfationb (%) ζ-potential (mV) CC50 (mg/mL) IC50 (μg/mL)c IC50 (nM)

LPGS 17.7a 1.2 94 −26.13 ± 0.71 >1 0.0016 ± 0.0005 0.03
DenPG0.5S 18.7a 1.2 88 −25.46 ± 3.31 >1 0.049 ± 0.009 1.52
DenPG1S 14.6a 1.6 94 −31.87 ± 1.29 >1 0.072 ± 0.021 3.53
hPGS 9.1a 1.3 91 −22.63 ± 0.51 >1 3.405 ± 1.14 374.17
heparin 13−15 −20.05 ± 4.25 0.124 ± 0.021 8.85

aGPC in water from nonsulfated PG polymers. bBy elemental analysis. cBy plaque reduction assay with sulfated polymers.
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degree of sulfation, this effect can be due to their different
backbone flexibility. LPGS has a more flexible structure in
comparison to the dendronized compounds which carry a half
or first-generation glycerol dendron on each monomer unit.
Furthermore, sulfated polymers with a linear LPG backbone
are more flexible and, thus, could better adapt onto the virus
surface than the relatively rigid hPGS polymer. This is in line
with one of our previous studies on influenza A virus inhibition
where high steric shielding contribution was observed and the
optimized sialylated LPG polymer outperformed the dendritic
analogue.42 A clear relationship between the topology of the
scaffold and the antiviral activity has been observed in
carbosilane-based dendrimers against HIV infection as well.43

In another study, it was observed that the dumbbell-shaped
scaffolds have higher inhibitory activity against influenza virus
than the ball- and fan-shaped ones.44

Alongside with synthesized inhibitors, commercially avail-
able heparin as a standard and natural virus inhibitor was
tested in the same assay. The IC50 value of heparin (8.85 nM,
0.124 ± 0.021 μg/mL) was found to be higher than those of
LPGS, DenPG0.5S, and DenPG1S, but lower than hPGS. This
again highlights the dependence of inhibitory property on the

structural flexibility of the inhibitors. hPGS with a globular
structure is less flexible than heparin with a linear structure.
Afterward, the inhibition of the viral replication was studied

in cellular infection assays. To investigate if the compounds
can be used prophylactically, cells were incubated with the
compounds at the concentration of 10 μg/mL for 45 min.
Cells were then infected with HSV-1_GFP at a MOI of 0.1 for
48 h, which we call the preinfection application. During this
time, the viral load reached 1 × 107 PFU/mL, which is much
higher than the amount needed for plaque reduction assay.
Therefore, in pre- and postinfection studies, higher concen-
tration (10 μg/mL) was needed to achieve an effective
inhibition.
Infection was studied by observing the infected cells and

virus propagation by a plaque assay, as shown in Figure 3.
LPGS and DenPGS showed one order of magnitudes higher
activity for virus reduction and outperformed hPGS and
heparin.
To study if the inhibitors would be effective after the virus

has entered the cells, an assay was performed in a postinfection
setup. This time, cells were first infected at a MOI of 0.1 for 45
min and then treated in the presence of the compounds for 48
h. The infection was studied by observing the infected cells and
titrating the infectious virus in the medium. The same trend as
in the preinfection incubation was observed for LPGS and
DenPGSs against hPGS and heparin against HSV-1. In this
case, a clear reduction of the number of infected cells and virus
titer was noticed for LPGS and DenPGSs, indicating that the
compound can effectively inhibit the infection of progeny virus
after infection, thus reducing virus transmission. Heparin
showed no activity in this assay, while LPGS and DenPGSs
outperformed hPGS (Figure 3). By increasing the concen-
tration to 100 μg/mL in this assay, a 4 log decrease in the
number of cells was observed for LPGS and DenPGSs
(Supporting Information-Figure S8). In this concentration,
hPGS and heparin showed activity which was expected
considering the fact that their IC50 values are much lower
than 100 μg/mL.
LPGS as the most potent inhibitor was chosen to be

compared with ACV as the standard medication for HSV-1
inhibition.45 LPGS and ACV were compared in the both pre-
and postinfection setups. In the preinfection study, at
concentrations of 10 and 1 μM, LPGS performed slightly

Figure 2. Dose−response curves of potential HSV-1inhibitors. The
inhibitors were applied in serial dilutions to a solution containing app.
200 infectious HSV-1 particles (∼200 PFU). Infectivity of the virus
solution after incubating with the inhibitors was assessed by a plaque
reduction assay using Vero E6 cells and is shown as a percentage of
virus inhibition compared to HSV-1-containing control solution not
treated with an inhibitor. Values are expressed as mean ± SD, n = 3.

Figure 3. Inhibition of infection by pre- and postinfection treatment with compounds. Preinfection refers to adding the compounds to the cells
before infecting the cells with HSV-1 and postinfection refers to the addition of compounds to the already infected cells. (A) Virus titers after
treatment with 10 μg/mL of inhibitors (B) corresponding fluorescent microscopy images of the infected cells. Microscopy images from cells treated
with other compounds are shown in Figure S7. Scale bar: 100 μm. Values are expressed as mean ± SD, n = 4. Total cells are marked blue for cell
nuclei and the infected cells are marked green by GFP.
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better than ACV in inhibiting the virus entry and consecutively
the viral infection. This trend was expected as LPGS is a HS
mimetic and can interact with the virus surface and prevent it
from interacting with the cell surface. At lower concentrations
from 100 to 1 nM, LPGS and ACV did not have any significant
difference in infection inhibition and they both could not
inhibit the viral entry effectively. However, it was observed that
at higher concentrations (1−10 μM), ACV performed slightly
better than LPGS in preventing virus replication. This is
probably due to the different acting mechanisms. ACV acts
directly on host cells, where it interacts with the thymidine
kinase in the cell and can block viral DNA synthesis and
replication, which means even if virions have entered the cell,
ACV can still function at this postentry step.45

LPGS, on the other hand, acts by blocking HSV-1 virions,
which might be less efficient when the virus has already
entered the cells. Our results also point out that LPGS can
neutralize the progeny virus and prevent viral transmission
between cells, as there is significantly fewer infected cells and
lower virus titer in treated versus nontreated cells. At a
concentration of 1 μM, ACV decreased the virus titer by one
log larger than LPGS. Taken together, we conclude from our
results that LPGS is comparable to ACV as an HSV-1
inhibitor. Figure 4 shows the virus titration of the pre- and
postinfection assays with ACV and LPGS as well as the
corresponding microscopic images.
Heparin has been shown to prolong blood clotting time by

activating antithrombin and transforming it to a fast inhibitor
of blood clotting proteinases, which makes it unfavorable for
the clinical application as an HSV-1 inhibitor.46 Sulfated
synthetic polymers have also been reported to exhibit
anticoagulant activity.25 Therefore, in order to study the
potential side effects of LPGS and DenPGSs, the ex vivo

clotting times of plasma treated with sulfated synthetic
inhibitors and heparin were investigated via determination of
the activated partial thromboplastin time (aPTT), as shown in
Figure 5.

An increase in clotting times implies an increase of
anticoagulant activity meaning the samples inhibit the
formation of fibrinogen to insoluble fibrin for clot formation.47

Untreated standard human plasma with an aPTT of 31 s was
used as a control for this assay. The test was performed at
different concentrations from 1 to 50 μg/mL. At a
concentration of 1 μg/mL, inhibitors had no significant
influence on the coagulation time in comparison to the
untreated human plasma, while heparin increased the
coagulation time up to two times at this concentration. At a

Figure 4. Quantitative virus titration of pre- and postinfection assays for LPGS and ACV and fluorescence microscopy images. (A, B are the
noninfected and infected cells as control, respectively). Microscopy images from other concentrations are shown in Figure S9. Values are expressed
as mean ± SD, n = 4. Scale bar: 100 μm. Total cells are marked blue for cell nuclei and the infected cells are marked green by GFP. A table with
concentration conversion from nM to μg/mL can be found in Table S3.

Figure 5. aPTT of synthetic inhibitors and heparin. Untreated human
plasma with an aPTT of 31 s was used as a control. Values are
expressed as mean ± SD, n = 3.
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concentration of 5 μg/mL, a moderate increase in the
coagulation time for sulfated synthetic polymers was observed,
while at this concentration, heparin increased the coagulation
time to more than 16-fold. From 20 μg/mL, DenPG0.5S
delayed the coagulation time to more than 500 s similar to
heparin but LPGS and DenPG1S still increased the clotting
time only up to 10-fold at the same concentration. At high
concentrations (from 25 μg/mL), no difference between the
DenPGS compounds and heparin was observed. hPGS delayed
the clotting time up to a maximum of 50-fold over the control
at 50 μg/mL. This strong difference of the effect of hPGS on
the coagulation time in comparison to other inhibitors and
heparin can likely be attributed to a more globular structure of
the compound. Heparin with a linear structure has been shown
to be a stabilizer for the thrombin−antithrombin complex and
delays the blood coagulation.46 The structures of linear and
dendronized inhibitors are more similar to heparin than that of
the of hPGS structure. Overall, sulfated PGs are much less
anticoagulant than heparin, which is a significant advantage of
the compounds synthesized and tested here, as unwanted
bleeding as a treatment side effect is of considerable concern.
Although hPGS has an advantage over LPGS and DenPGSs in
regard to anticoagulant activity, it should be noted that LPGS
and DenPGSs still have much lower IC50 values than hPGS.
LPGS and DenPGSs have similar anticoagulant activities as
dPGS up to 10 μg/mL. Therefore, based on our experiments,
the linear scaffolds, specifically LPGS, are better antiviral
candidates for future developments.

■ CONCLUSIONS

In this work, we have shown that the inhibitory potential of
synthetic polymers against HSV-1 depends on their structure
and flexibility. We designed and synthesized three different PG
sulfate structures including linear, dendronized, and hyper-
branched architectures. These polymers showed no acute
cytotoxicity and were then tested for their antiviral activity
against HSV-1 in comparison to heparin. The LPGS as the
more flexible scaffold had a very low IC50 value in the pM
range, and by adding bulky moieties to the scaffold (e.g.,
dendronized PG units) or engineering a globular structure
such as hPGS, the IC50 values shift to higher numbers,
highlighting the importance of polymer backbone flexibility for
virus inhibition. To investigate potential antiviral activities of
the compounds before and after infection, the samples were
tested in pre- and postinfection assays. In both the assays, the
linear inhibitors performed more efficiently than hPGS and
heparin. The most effective compound, LPGS, was then
compared with ACV and showed a comparable activity at
concentrations above 1 μM in a preinfection assay. In the
postinfection assay at the same concentration, although LPGS
could effectively reduce the number of infected cells, ACV
performed more efficiently as its mechanism of action is
different than that of LPGS in this assay. Furthermore, it was
observed that LPGS is a significantly better inhibitor than
heparin, while having a lower anticoagulant activity. It can be
concluded that LPGS is comparable to ACV as an HSV-1
inhibitor for infection prevention while acting via blocking
virus entry and hence relying on a completely different
mechanism.
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