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ABSTRACT: Phenylboronic-acid-modified nanoparticles (NPs) are
attracting considerable attention for biological and biomedical
applications. We describe here a convenient and general protocol
for attaching multiple copies of para-substituted phenylboronic acid
moieties onto either iron-oxide-, silica- or diamond-derived NPs. The
boronic acid functionalized NPs are all fabricated by first modifying
the surface of each particle type with 4-azidobenzoic ester functions.
These azide-terminated nanostructures were then reacted with 4-[1-
oxo-4-pentyn-1-yl) amino]phenylboronic acid units via a Cu(I)
catalyzed Huisgen cycloaddition to furnish, conveniently, the
corresponding boronic-acid modified NPs (or “borono-lectins”)
targeted in this work. The potential of these novel “borono-lectins”
as antiviral inhibitors was investigated against the Hepatitis C virus
(HCV) exploiting a bioassay that measures the potential of drugs to interfere with the ability of cell-culture-derived JFH1 virus
particles to infect healthy hepatocytes. As far as we are aware, this is the first report that describes NP-derived viral entry
inhibitors and thus serves as a “proof-of-concept” study. The novel viral entry activity demonstrated, and the fact that the
described boronic-acid-functionalized NPs all display much reduced cellular toxicities compared with alternate NPs, sets the stage
for their further investigation. The data supports that NP-derived borono-lectins should be pursued as a potential therapeutic
strategy for blocking viral entry of HCV.

KEYWORDS: Hepatitis C virus, synthetic lectin, diamond nanoparticles, magnetic nanoparticles, silica particles, “click” chemistry,
boronic acid

1. INTRODUCTION
The development of functional nanoparticles (NP) for
biological and biomedical applications has attracted great
interest during the past decade.1−4 Solutions to several of the
recurrent problems associated with drug administration have
been addressed using NP-based strategies, and this has seen a
countless number of functionalized NPs being developed and
examined for such purposes.1 Many of these drug-conjugated
nanostructures have been reported to be more efficient than the
active drug alone. This increased affinity has often been
attributed to the presence of multiple copies of the particular

drug on the nanoparticle surface.2,5 A ligand-type that has
received considerable attention in medicinal chemistry is
boronic acid.6,7 The ability of boronic acid moieties to form
tetravalent boronate diester cyclic complexes selectively and
reversibly with either 1,2- or 1,3-cis-diols, such as those typically
present in saccharides, is well-known.8 These “pseudo-lectins”
or “borono-lectins”, as they have sometimes been called
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(because of their affinity for carbohydrates), have previously
been investigated for the specific capture of glycoproteins from
unfractionated protein mixtures.9−12 Other recent examples of
the use of boronic-acid-modified NPs include the target-
selective photodegradation of oligosaccharides by fullerene-
boronic acid hybrids upon visible light irradiation,13 or the
glucose-responsive release of insulin and cyclic adenosine
monophosphate (cAMP) from boronic-acid-modified meso-
porous silica nanoparticles.14 The rate of formation/dissocia-
tion of such phenylboronate diester complexes is in addition
pH-dependent and occurs most rapidly when boron is
tetrahedral, which is favored at higher pH values.15,16 Variations
in the structures of the phenylboronic acid unit can give
analogues with improved affinity and selectivity toward a given
saccharide as well as analogues with modulated pH optima,
better adapted for sequestering sugars under physiological
conditions.6,17−19

Boronic-acid-derived molecules have more recently been
proposed as a potential therapeutic strategy for the treatment of
Human Immunodeficiency virus (HIV), and the activity of
these compounds has been attributed to their affinity to bind to
the highly glycosylated envelope of this virus.20−22 Inves-
tigations have shown a general lack of activity of monovalent
phenylboronic acid derivatives toward HIV.23 When significant
numbers of phenylboronic acid moieties are presented on a
polymeric scaffold, these multivalent analogues have been
demonstrated to more effectively interfere with interactions of
HIV with its target host cells and thereby reduce viral
infection.22,24,25 The success of the boronic-acid-containing
polymers has been attributed to their ability to form multivalent
interactions with viral glycans. The polymers can form multiple
phenylboronate diester complexes with the multiple cis-diol
units present on the glycans of glycosylated envelope of HIV,
whereas the corresponding monovalent boronic acids cannot.
Surprisingly, the potential of multivalent boronic-acid-

derived edifices to block viral entry has not been validated as
a therapeutic strategy for Hepatitis C virus (HCV) up until
now. Such compounds would a priori have potential for
blocking HCV entry, as like HIV this virus also features highly
glycosylated envelope proteins. Furthermore, the presence of
these N-linked surface glycans has been shown to modulate the
accessibility to some of its receptors.26−28 Preferential infection
of the liver by HCV results in the establishment of chronic
infection in the majority of cases and can lead to cirrhosis and
hepatocellular carcinoma over the course of several years.29

Among the handful of molecules reported to show HCV viral
entry inhibitory activity are included a variety of glycan
recognizing proteins (GBPs or lectins)30 as well as natural
products such as pradimicin.31,32 Proteins such as cyanovirin-N
and griffithsin have been shown conclusively to owe their
activity to their interaction with high-mannose glycans present
on HCV envelope glycoproteins.31,33 However, the high costs
of large-scale production and purification of these protein-based
antivirals together with their low stability, vulnerability to
proteolytic cleavage, as well as their mitogenicity undermines
their eventual use. The concept of using nonpeptidic
carbohydrate binding agents such as pradimicin for HIV viral
inhibition has been proved using HIV-exposed Simian macaque
models and HCV-infected chimeric mice that harbor primary
human hepatocytes in the liver. The natural mannose-binding
product pradimicin showed HCV entry inhibition that fueled
hope that synthetic molecules that bind glycans strongly and

selectively might be alternatives to antiviral lectins and
moreover better-adapted for use in a clinical setting.34,35

In the present study, we have selected to investigate
phenylboronic-acid-modified NPs for their HCV viral entry
inhibition potential. Boronic-acid-based NP are expected to
benefit from a number of advantages over other current HIV
inhibitors including being inexpensive to produce and purify,
more stable over a long time as well as not being mitogenic. In
addition, when multiple copies of an appropriate boronic acid
derivative are grafted onto a scaffold, the affinity from
glycosylated enveloped virus surfaces should be significantly
increased compared with that of the starting monomer. This
increase is consistent with multiple grafted boronic acid
moieties reacting simultaneously with several diol units on
the same monosaccharide or with multiple diol units spanning
over the length of an entire oligosaccharide (or adjacent
oligosaccharide units). Herein, we describe the first examples of
NPs, specifically engineered to behave as HCV entry inhibitors
(Figure 1). It was considered prudent to target compounds

based on a variety of starting nanomaterials in the initial phase
of the present study, in the knowledge that the viral entry
inhibitory properties of any NP-derived boron-lectin would
probably be related intrinsically to their particular physiochem-
ical properties as well as to their molecular dimensions. The
choice of the three different particles, magnetic, silica and
diamond NPs used in this study was arbitrary and guided
mainly by the successful use of these particles for other
biomedical applications.1,36−39 Neither the magnetic properties
nor the fluorescent properties of nanodiamonds were used in
this present study, as the main focus was on the development of
a common surface strategy for the formation of NP-derived
borono-lectins. Particles such as magnetic- (MPs),10,40,41 silica-
(silica-NPs),11 and nanodiamond (ND),20−22,42,43 featuring
multiple surface-conjugated boronic acid groups, have already
been investigated for their ability to capture glycoproteins but
have not previously been considered as HCV viral entry
inhibitors.1 The Cu(I) catalyzed azide−alkyne cycloaddition
conjugation reaction was selected in this work for the synthesis
of boronic acid modified NPs in the knowledge that “click”
strategies are now widely used in chemistry and biology due to
their well-described attributes44,45 such as chemoselectivity and
mildness of reaction conditions.

Figure 1. Schematic drawing of the underlying concept of using
boronic-acid-modified nanoparticles as HCV entry inhibitors.
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2. EXPERIMENTAL SECTION
Materials. Ammonium hydroxide, iron(II) chloride tetrahydrate

(FeCl2·4H2O), iron(III) chloride hexahydrate (FeCl3·6H2O), 4-
(bromomethyl)-phenylboronic acid, 3-(bromomethyl)-phenylboronic
acid, 4-aminophenylboronic acid hydrochloride, 4-pentynoic acid,
N,N′-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), ethylenediaminetetraacetic acid (EDTA), triethylamine,
copper iodide (CuI), anhydrous ethanol, dimethylformamide
(DMF), 3-hydroxytyramine hydrochloride, sodium nitrite, sulfuric
acid (H2SO4), sodium hydroxide (NaOH), anhydrous acetonitrile, 4-
aminopropyltrimethoxysilane (APTMS), and silicon dioxide nano-
powder (10−20 nm particle size (BET), Nr. 637238, silica NP) were
obtained from Sigma-Aldrich and used without any further
purification. 4-Azidobenzoic acid was purchased from TCI Europe,
Belgium. Hydroxylated diamond particles (ND-OH particles) were
obtained from the International Technology Centre, Raleigh, NC.
CuI(PPh3) was synthesized as described in the literature.46 In short,

a solution of triphenylphosphine (0.69 g, 2.63 mmol) in 10 mL of
acetonitrile was added to a solution of CuI (0.50 g, 2.63 mmol) in the
same solvent (50 mL). A complex started to precipitate after a few
seconds. The mixture was stirred for 1 h and then the precipitate was
filtered, washed with acetonitrile, and vacuum-dried (yield 80%).
Synthesis of 4-[(1-Oxo-4-pentyn-1-yl)amino]phenylboronic

Acid (1). Compound 1 was synthesized according to the literature
with some modifications.47 4-Pentynoic acid (150 mg, 1.5 mmol) was
dissolved in water (5 mL), and the pH of the solution was adjusted to
4.8 with a 0.1 N NaOH solution. 4-Aminophenylboronic acid
hydrochloride (312 mg, 1.8 mmol) was dissolved in water (5 mL)
in a round-bottom flask, and the pH value of the solution was adjusted
to 4.8 using 0.1 N NaOH. EDC (345 mg, 1.8 mmol) was added, and
the solution was stirred at 0 °C for 20 min. Then 4-pentynoic acid
solution was slowly added to the reaction medium with a syringe, and
the reaction mixture was incubated for 1 h in ice, and afterward
overnight at room temperature. White precipitate appeared and was
collected by filtration. The solid was washed with water (3 times) and
finally oven-dried at 50 °C for 24 h. The product was isolated as a
white solid (260 mg, yield 67%). 1H NMR (300 MHz, DMSO-d6): δ
10.00 (s, 1H, OCNH), 7.91 (s, 2H, B−OH), 7.71 (d, J = 8.1 Hz,
2H, Ar−H), 7.55 (d, J = 8.1 Hz, 2H, Ar−H), 2.81 (t, J = 2.5 Hz, 1H,
HCCR), 2.6−2.4 (m, 4H, −CH2−CH2−)
Synthesis of 2-Nitrodopamine (2). 3-Hydroxytyramine hydro-

chloride (1.90 g, 10 mmol) and sodium nitrite (1.52 g, 22 mmol) were
dissolved in water (25 mL) and cooled to 0 °C. Sulfuric acid (17.4
mmol in 10 mL of water) was added slowly to the mixture, and a
yellow precipitate was formed. After stirring overnight at room
temperature, the precipitate was filtered and recrystallized from water
to give a product as a hemisulfate salt.48 Yield 1.9 g (77%). 1H NMR
(300 MHz, DMSO-d6): 7.47 (s, 1H, Ar−H), 6.85 (s, 1H, Ar−H), 3.10
(br s, 4H, −CH2−CH2−). The product was purified through a column
with Dowex ion-exchange resin to get free amine as reddish solid.
Formation of Boronic-Acid-Modified Particles. Silica Particles.

Amine-terminated silica particles (silica-NH2) were prepared by
sonicating silica NPs (60 mg) for 30 min in anhydrous ethanol (20
mL), and then APTMS (6 μL) was added and the suspension was
stirred for 24 h at room temperature under nitrogen. Silica-NH2 was
obtained by three consecutive wash/centrifugation cycles at 12 300 rcf
(Scanfuge Mini, ORigio). The purified particles were oven-dried at 50
°C overnight.
4-Azidobenzoic acid (0.20 mmol), DCC (0.22 mmol), and DMAP

(0.066 mmol) were dissolved in 5 mL of anhydrous DMF. A
suspension of silica-NH2 in anhydrous DMF (10 mg in 5 mL) was
added to the solution, and the mixture stirred at room temperature for
24 h under nitrogen. The azido-terminated silica particles (silica-N3)
were isolated through consecutive wash/centrifugation at 12 300 rcf
with DMF (twice) and ethanol (twice) and finally oven-dried at 50 °C
overnight.
The silica-N3 (15 mg) were dispersed in 15 mL of anhydrous DMF

and sonicated for 40 min. The “click” reaction was carried out by
addition of 4-[(1-oxo-4-pentyn-1-yl) amino]phenylboronic acid (1) (4

mM) and CuI(PPh3) (0.4 mM) to the silica-N3 suspension and stirred
for 48 h at 80 °C. The resulting nanoparticles were separated by
centrifugation at 12 300 rcf, purified through consecutive wash/
centrifugation cycle at 12 300 rcf with DMF (twice) and 1 mM EDTA
water solution (twice), and finally oven-dried at 50 °C overnight.

Magnetic Particles. Water dispersion of bare iron magnetic
nanoparticles (10 mg/mL, 1 mL), formed as reported previously,49

was mixed with 2-nitrodopamine (7 mg) and sonicated for 1 h at room
temperature. The modified particles (MP-NH2) were isolated by
means of a magnet and purified through six consecutive wash/
precipitation cycles at 12 300 rcf with water to ensure complete
removal of unreacted amine.

4-Azidobenzoic acid (0.20 mmol), DCC (0.22 mmol), and DMAP
(0.066 mmol) were dissolved in 5 mL of anhydrous DMF and stirred
for 1 h at room temperature. A suspension of MP-NH2 was added, and
the resulting mixture was stirred overnight at room temperature. The
azido-terminated iron magnetic nanoparticles (MP-N3) were isolated
by centrifugation at 12 300 rcf and purified through four consecutive
wash/centrifugation cycles at 12 300 rcf with DMF.

MP-N3 (6 mg in 1 mL of DMF), 4-[(1-oxo-4-pentyn-1-yl)amino]-
phenylboronic acid (1) (10 mg, 0.0433 mmol), triethylamine (300 μL,
4.3 molar excess), and CuI (1 mg, 0.0052 mmol) were dissolved in 3
mL of DMF and left to stir for 24 h at room temperature. The
boronic-acid-terminated iron magnetic nanoparticles (MP-BA) were
isolated by centrifugation at 13 500 rcf and purified through
consecutive wash/centrifugation cycles at 13 500 rpm with water
(twice), 1 mM EDTA (twice), and water (twice).

Nanodiamonds (NDs). 4-Azidobenzoic acid (0.20 mmol), DCC
(0.22 mmol), and DMAP (0.066 mmol) were dissolved in 5 mL of
anhydrous DMF. A suspension of ND-OH particles in anhydrous
DMF (10 mg in 5 mL) was added to the solution and stirred at room
temperature for 24 h under nitrogen. The azido-terminated ND
particles (ND-N3) were isolated through consecutive wash/centrifu-
gation at 12 300 rcf with DMF (twice) and ethanol (twice) and finally
oven-dried at 50 °C for overnight.

The ND-N3 (15 mg) were dispersed in 15 mL of anhydrous DMF
and sonicated for 40 min. The “click” reaction was carried out by
addition of 4-[(1-oxo-4-pentyn-1-yl)amino]phenylboronic acid (1) (4
mM) and CuI(PPh3) (0.4 mM) to the ND-N3 suspension and stirring
the mixture for 48 h at 80 °C. The resulting ND-BAs were separated
by centrifugation at 12 300 rcf, purified through consecutive wash/
centrifugation cycle at 12 300 rcf with DMF (twice) and 1 mM EDTA
water solution (thrice), and finally oven-dried at 50 °C overnight.

Determination of the Amount of Active Boronic Acid on the
Nanoparticles. The boronic-acid-modified particles (2 mg) were
mixed with 5.5 mM solution of mannose (total volume 1 mL) for 1 h
to link the mannose to the boronic acid functions. The amount of
linked mannose was determined by treatment with a phenol/H2SO4
solution as described previously.2 First, a calibration curve for mannose
in solution was established using a phenolic aqueous solution (5 wt %,
60 μL), concentrated H2SO4 (900 μL) which was added to an aqueous
mannose solution (60 μL), stirred for 10 min, and then an absorption
spectrum was recorded (Perkin-Elmer Lambda 950 dual beam) against
a blank sample (without mannose). The absorbance of the solution
was measured at two wavelengths: λ1 = 485 and λ2 = 570 nm, and the
absorbance difference (A485 − A570) plotted against the concentration
of mannose. The quantity of surface-linked mannose was determined
with 60 μL of the corresponding particles solution in water (2 mg/
mL), treated with phenol/H2SO4 following the same protocol as
described above.

Instrumentation. Fourier Transform Infrared Spectroscopy.
Fourier transform infrared (FTIR) spectra were recorded using a
ThermoScientific FTIR instrument (Nicolet 8700) with a resolution of
4 cm−1. Dried nanoparticles (1 mg) were mixed with KBr powder (100
mg) in an agate mortar. The mixture was pressed into a pellet under
10 tons load for 2−4 min, and the spectrum was recorded
immediately. Sixteen accumulative scans were collected. The signal
from a pure KBr pellet was subtracted as a background.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectros-
copy (XPS) measurements were performed in a Specs analysis
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chamber, equipped with a monochromatized Al Kα X-ray source (hν =
1486.74 eV) and a Phoibos 150 mm radius hemispherical electron
energy analyzer. The analyzer (constant) pass energy was set to 100
eV for survey spectra and at 20 eV for high resolution scans, with an
estimated total (source + analyzer + core hole width) resolution of
0.85 eV for the latter case (for the N 1s spectra). The pressure in the
analysis chamber was in 10−8 Pa vacuum range, and an electron flood
gun operating at 1 eV energy and 100 μA electron current was used to
ensure sample neutralization. Electrons are recorded at normal
emission in “Large Area Mode” of the Phoibos analyzer. The data
presented in Figure 3 are deconvoluted by using mixed Lorentz/Gauss
profiles with the CasaXPS software.
Particle Size Measurements. Particle suspensions (40 μg/mL) in

water were sonicated. The particle size of the nanoparticles
suspensions was measured at 25 °C using a Zetasizer Nano ZS
instrument (Malvern Instruments S.A., Worcestershire, U.K.) in 173°

scattering geometry, and the zeta potential was measured using the
electrophoretic mode.

Biological assays. Cell Culture. HuH-7 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Invitogen) supple-
mented with 10% heat-inactivated fetal calf serum (FCS, Invitogen),
100 U/mL penicillin, and 100 μg/mL streptomycin (Invitogen).

Cytotoxicity (MTS) Assay. HuH 7 cells were seeded in 96-well
plates at a density of 7 × 103 cells/well 1 day before assay. The
medium was replaced with fresh medium containing the particles of
desired concentrations and incubated for 48 h. After that, MTS assay
was performed as described by the company (CellTiter 96 AQueous
One Solution cell proliferation assay; Promega). First the cells were
washed with PBS once, and then cell medium was changed with 20%
of MTS solution prepared in fresh medium and incubated for 30−45
min. The optical density of each well was measured using a microplate
reader, with absorbance detection at 490 nm. Each condition was

Figure 2. Schematic illustration of the fabrication of boronic-acid-modified nanoparticles.
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replicated for four times, and wells without particles were taken as
negative control.
Virus Entry Inhibition Assay. For experiments with HCV, we used a

modified JFH1 virus containing mutations at the C-terminus of the
core protein leading to amino acid changes F172C and P173S, which
have been shown to increase the viral titers50 and mutation in E1
glycoprotein to reconstitute the A4 epitope (SSGLYHVTNDC) as
described previously.51 JFH1 virus was preincubated with different
concentrations of nanoparticles for 1 h at room temperature. Then the
virus/particle complexes were incubated with Huh-7 cells52 that were
seeded at a density of 3 × 104 cells/well 1 day before in 24-well plates
containing microscopy coverslip. Two hours later, infected cells were
washed two times with PBS to remove complexes completely, and they
were further incubated for 48 h with fresh medium. After 48 h, cells
were fixed with 100% methanol (−20 °C) and the percentages of
infected cells were determined by immunofluorescence using a
monoclonal antibody (primary) recognizing HCV glycoprotein E1
(A4 epitope) and likewise secondary antibody carrying fluorophore
(CY-3 tagged goat anti-mouse) that recognizes primary antibody .53

Nuclei were labeled by using 4′-6-diamidino-2-phenylindole (DAPI), a
DNA-specific fluorochrome. Infected cells were labeled by CY-3. Five
images (for both nucleus and infected cells) were collected from
different areas of each coverslip by using a fluorescent microscope
(Zeiss Axiophot 2). Further, the total number of cells and infected
cells from each image was counted by using Image J. The percentage
of infected cells was calculated by using formula below:

= ×

% infected cells in each condition
total no. of infected cells

total no. of cells
100

= ×

% infected cells compared to negative control in each condition
% infected cells in each treated condition

% infected cells of negative control
100

All the conditions were tested in duplicate. Conditions without
particles were taken as negative control.

3. RESULTS AND DISCUSSION
Formation of Boronic-Acid-Modified Nanoparticles. In

a previous article relating to boronic-acid-functionalized
detonation NDs, the importance of introducing a linker unit
between the ND surface and boronic acid functions was
demonstrated to have a positive influence on the selectivity of
glycoprotein and glycopeptide enrichment.11,43 The borono-
lectins described in that study were nevertheless found to be
poorly dispersible and prone to interact nonspecifically with
nonglycosylated proteins. We have previously reported that
mannoside-clicked NDs are very selective for FimH-expressing
E. coli and observed no unspecific binding of bacteria.2 In that
study, commercially available 4-azidobenzoic acid moieties were
attached via their carboxylic acid groups to hydroxyl groups
present on the surface of the ND, through an ester linkage.
These azide-modified nanostructures were then amenable to a
“click” reaction with various propargyl-functionalized ligands. A
“click” chemistry approach has also been reported by Zhang et
al. for the modification of MPs with boronic acids,40 and it is
thus believed that such a functionalization strategy can be
adapted for fabricating boronic-acid-modified silica nano-
particles.40

Thus, for detonated hydroxyl-terminated nanodiamonds
(ND-OH) (Figure 2), the coupling of 4-azidobenzoic acid
units to surface hydroxyl functions proceeded in the presence
of N,N′-dicyclohexylcarbodiimide (DCC) and a catalytic
amount of 4-dimethylaminopyridine to give azide-terminated
NDs (ND-N3), as described before.2,54 In the case of silica

particles (silica-NP-OH) where the surface hydroxyl groups
reacted with 4-aminopropyltrimethoxysilane (APTMS) to give
the corresponding amine-terminated silica particles (Silica-NP-
NH2), azide-terminated silica particles (silica-NP-N3) were
formed by further reaction with 4-azidobenzoic acid moieties
using the DCC protocol. Azide-terminated magnetic particles
(MP-N3) were obtained by first grafting 2-nitrodopamine (2)
onto the MP surface, followed by conjugation of the thereby
introduced amine groups with 4-azidobenzoic acid groups using
the DCC protocol. The choice of 2-nitrodopamine for
functionalization of MNPs was motivated by the reported
irreversible binding of this former ligand compared with that
observed for the more commonly used iron oxide ligand,
dopamine. This irreversibility is related to the presence of the
electronegative nitro group, which leads to enhanced
interactions of phenolic functions with the MP surface, leading
to its lower rate of oxidation and enhanced stability as
compared with dopamine.55−57 It was also reported that 2-
nitrodopamine ligand has pKa values near pH 6.5, lower when
compared to dopamine ligands with pKa around pH 9.55−57

The success of these coupling strategies for establishing a
layer of azide groups on the surface of the various nanoparticles
was evaluated using both FTIR (Figure 3) and XPS analysis
(Figure 4). FTIR transmission spectra of all nanostructures
functionalized with 4-azidobenzoic acid are almost identical.
These feature a band at 2125 cm−1 characteristic of the νas(N3)
stretching mode, a broad peak at 3447 cm−1 assigned to the
stretching mode of unreacted surface hydroxyl groups or/and
adsorbed water molecules, and a band at 2936 cm−1

characteristic of the presence of C−H bonds. In the case of
ND-N3, the band at 1730 cm−1 (CO) confirms the
formation of an ester linkage. The band at 1286 cm−1 can be
attributed to C−O bond stretching on the ND surface, being
rather intense when compared to other ND spectra.58 The
FTIR spectrum of MP-N3 reveals the presence of the 2-
nitrodopamine anchor with prominent bands corresponding to
C−O and CC vibrations at 1287 and 1500 cm−1 respectively,
as well as an intense band at 1548 cm−1 ascribable to
asymmetric NO2 group vibrations. In the case of silica-N3, the
bands 1661 and 1643 cm−1 characteristic of amides II and I,
respectively, are clearly seen in the spectrum of silica-N3
particles. The absorption corresponding to C−O related
bands is not visible, as it is overlapped with the strong
stretching vibration of the Si−O−Si groups of silica occurring
in the spectral range of 1000−1400 cm−1, with a maximal
absorption at ≈1089 cm−1.59

The high-resolution N1s XPS spectra of ND-N3 particles
(Figure 4A) reveals unambiguously, the presence of the azido
function by the signals at 405.2 (Ar−NN+N−) and 401.6
eV (Ar NN+N−) in a ratio of 1:2, as theoretically expected.
Additional bands corresponding to azide groups are observed at
399.3 and 402.4 eV with a ratio of 3:1, but these are also
characteristic of NH2 functional groups (399.3 eV) present on
the surface of the ND particles and are also found in other
nitrogen containing functionalities such as C−N and N−O
(402.4 eV), which can be generated from trinitrotoluene during
the detonation process. The high-resolution N1s XPS spectra
of MPs are somewhat more complex (Figure 4B). The
spectrum of nitrodopamine-modified particles (MP-NH2)
shows bands at 404.2 (−NO2), 398.2 (−NH2), and 400.2 eV
(−NH3

+). The ratio of NH2/NO2 is 2.2 and thus much higher
than the theoretically expected one of 1/1. It is however known
that NO2 groups are not stable under XPS conditions (due to
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ultrahigh vacuum conditions, X-ray excitation, and interaction
with secondary electrons or with electrons from the flood gun)
and can thus be converting into NH2 groups.

29,60 Upon surface
functionalization with 4-azidobenzoic acid moieties, the
corresponding XPS spectra of these MP-N3 shows bands at
405.1 eV (Ar−NN+N−) and 401.6 eV (Ar-NN+N−),
which are attributable to azido groups. A peak present at 400.5
eV (−NH−CO linkage) is present in the N1s high-
resolution XPS spectra, as are bands at 403.9 and 398.5 eV.
The latter are ascribable to NH2 groups (formed from NO2) as

well as residual NH2 groups whose presence indicates
inefficient coupling with 4-azidobenzoic acid. Comparable
XPS spectra were generated for silica NPs. The N1s XPS
spectrum of silica-NP-NH2 features bands at 398.2 and 400.2
eV ascribable to −NH2 and −NH3

+ groups. The N1s high
resolution XPS spectrum of the silica-NP-N3 (Figure 3C)
exhibits peaks at 405.3 (Ar−NN+N−), 401.5 eV (Ar-N
N+N−), and 400.6 eV (−NH−CO linkage) with a ratio of

Figure 3. Transmission FTIR spectra of azide-terminated nano-
particles (A) and boronic-acid-modified particles (B).

Figure 4. N1s high resolution XPS spectra of the functionalized
nanoparticles: (A) (a) ND−OH, (b) ND-N3, (c) ND-BA. (B) (a)
MP-nitrodopamine, (b) MP-N3, (c) MP-BA. (C) (a) silica-NH2, (b)
silica-N3, (c) silica-BA.
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1:2:1, in accordance with the chemical composition of the
surface.
Having in hand the required NP precursors featuring surface-

linked azido groups, we were in a position to fabricate the
targeted boronic acid analogues. The propargyl functionalized
analogue, 4-[(1-oxo-4-pentyn-1-yl) amino]phenylboronic acid
(1) was selected as the “click” partner and easily obtained via a
modified literature procedure from 4-amino phenylboronic acid
chloride and pentynoic acid. When the propargyl analogue (1)
was subjected to our “standard” click-coupling strategy with
each of the NP-N3 in turn, the expected phenylboronic-acid-
clicked NPs (ND-BA, MP-BA, silica-NP-BA) were formed
smoothly and efficiently (Figure 2). The successful attachment
of boronic acid moieties to NPs is accompanied by
simultaneous introduction of surface triazole groups and
consequently can be monitored by the disappearance of
bands expected for the νas(N3) stretching mode at 2123 cm1

in the FTIR spectra of each of the particles (Figure 3B). The
presence of surface boronic acid functions is further evidenced
by the stretching mode band of B−O at 1338 cm−1 in the FTIR
spectra of all successfully clicked particles.10 Further support for
the efficient conversion of surface azide groups into the
corresponding triazole functions comes from observation of the
absence of the characteristic azide band at 405.2 eV in the N1s
XPS spectra of each NP conjugate (Figure 4). The N1s signal
of ND-BA and silica-NP-BA can be fitted to bands at 402.6 eV
(−C−N−) and 400.4 eV (−NN−, −NH-CO), respec-
tively, present in a ratio of 1:3.9 typical of a triazole function.
An additional band at 399.2 eV (−NH2) is indicative to the
presence of amine groups, perhaps resulting from partial
hydrolysis surface azidobenzoic ester functions. In the case of
MP-BA, additional bands at 404.19 and 398.5 eV present in its
XPS spectra are probably due to the presence of −NO2 and
−NH2 functions at its surface.
It was necessary to quantify the amount of “sugar-accessible”

boronic acid functions at the particle surface, as this would be
expected to tune the glycan-binding efficiency of a particular
NP. The determination of the amount of boronic acid ligands
on the surface was performed by an indirect method.2

Treatment of a given particle with mannose leads to its
covalent binding to the NP-BA as a cyclic boronate ester and
furnished the corresponding NP saturated with the maximal
amount of “bound” sugar. Subsequently, thorough washing of
these “sugar-saturated” NPs would remove all unbound
mannose. The concentration of particle-attached mannose
was then determined using the well-established phenol-sulfuric
acid colorimetric assay for the determination of carbohydrate
concentration.61,62 This method of quantifying the surface
concentration of boronic acid moieties in effect allows for an
estimation of those residues that are actually available for
binding monosaccharides. Thus, in the assay, the absorption
difference between λ = 570 nm (baseline) and λ = 495 nm of
an aliquot of a given mannose particle was measured with
reference to a calibration curve. This gave sugar loadings of 65
± 2 μg/mg for ND-BA, 54 ± 2 μg/mg for MP-BA, and 60 ± 5
μg/mg for silica-NP-BA (Table 1). The lower mannose-loading

of MP-BA relative to that of other NP conjugates fabricated was
somehow surprising. The XPS data for MP-BA (Figure 4B)
reveal the presence of residual NH2 groups, suggesting that the
coupling efficiency of surface dopamine groups with 4-
azidobenzoic acid was less than optimal and would have
resulted in fewer boronic acid groups to be grafted in the
subsequent “click” conjugation. While the diameter, and
consequently the surface areas, increases in the order ND-BA
< MP-BA < silica-BA, it does not to affect the sugar loading as
the MP-BA show significantly lower integrated mannose.
The efficiency of the any boronic-acid-modified NPs to

“bind” a particular glycan would ultimately be dependent not
only on the number of boronic acid residues available for
binding sugars but also on their ability to form cyclic diesters
with diol functions of sugars at physiological pHs. The majority
of boronic acid analogues are weak acids with a pKa generally in
the order of ca. 8−9, when in its anionic form as is the case in
alkaline solutions (facilitated by addition of the OH− ions to
the boron atom).63 Consequently, the surface density of the
anionic charges on a particle will be a function of the pH at
which it is dispersed and its pKa value can be determined simply
by measuring the variation of its zeta potential as a function of
pH. This method has allowed the estimation of pKa values of
5.0 ± 0.2 for MP-BA and 8.0 ± 0.2 for both ND-BA and silica-
BA (summarized in Table 1). The pKa values observed for the
ND-BA and silica-NP-BA are ca. 1 pH unit lower than that
expected for a phenylboronic acid without any substitution on
the aromatic ring. The latter compounds usually show values
for pKa’s of ca. 8.8 and therefore bind strongly to diols only at
alkaline pHs.17 Multivalent presentation of boronic acid units64

as well as dative bond formation with boron18,24,25 and the
addition of electron-withdrawing groups on the phenyl ring of
the phenylboronic acid17,64 have all been found to decrease the
pKa and thus improve binding of diols at physiological pHs
compared to that seen for unsubstituted phenylboronic acid. In
the case of the ND-BA and silica-BA, the presence of multiple
triazole functions and of residual surface OH groups is expected
to favor intermolecular interaction of accessible nitrogen and
oxygen functions with adjacent boronic acid groups and
facilitate a decrease in the effective macroscopic pKa’s.
However, the presence of multiple boronic acids would not
be expected to wholly account for the unexpectedly low pKa
value observed for the MP-BA. It might be conjectured that this
observation might be related to the presence in MP-BA
particles of the electron-withdrawing nitro group in 2-
nitrodopamine (incorporation of electron withdrawing groups
onto phenylboronic acid derivatives is known to lower their
pKa

65) as well as the observation that residual unreacted amine
groups are present on its surface (boronic acids are known to
be prone to dative bond formation with adjacent nitrogen or
oxygen ligands resulting in lowering of their effective pKa).

66,67

Effect of Nanoparticles on Huh-7 Cell Viability. Trace
copper is known to be toxic for various human cell lines,68 and
we thought to ensure complete removal of contaminant copper
residues remaining after the azide−alkyne Huisgen cyclo-
addition reaction. This was conveniently achieved through

Table 1. Physicochemical Characteristics of the Boronic Acid-Modified Nanoparticles

particles size, nm ζ-potential, mV (pH 7.4) BA, μg/mg BA on 60 μg/mL particles, μg/mL pKa

ND-BA 83 ± 2 15.7 ± 0.6 65 ± 2 3.9 ± 0.3 8.0 ± 0.2
MP-BA 93 ± 7 −26.0 ± 0.3 54 ± 2 3.2 ± 0.3 5.0 ± 0.2
silica-BA 100 ± 5 −17.7 ± 0.15 64 ± 5 3.6 ± 0.3 8.0 ± 0.2
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introducing three aqueous EDTA washing/centrifugation cycles
into the post-“click” treatment of all conjugated particles prior
to their being used in cell-based assays. XPS analysis of these
NPs confirmed the absence of any copper traces and confirmed
to some extent the purity of the NPs before being subjected for
biological evaluation. That such a washing protocol is efficient
to perform biological tests was recently demonstrated by the
study of biofilm inhibition assays in the presence of ND
modified by “click” chemistry with mannose units.2 The cell
viability of each of the boronic-acid-modified NPs was
established on the Huh-7 cell line after 48 h incubation, to
be used in the subsequent HCV-entry inhibition experiments.
At the highest concentration of ND-BA and MP-BA particles
(80 μg/mL), no substantial reduction in the viability of Huh-7
cells was observed (Figure 5). The observed lack of cytotoxicity

is in accordance with previous studies demonstrating the
excellent biocompatibility of these NDs.69,70 That iron-
containing nanoparticles are biocompatible would be expected
in that iron is present in the human body (ferritin) as our
routes for its eventual elimination.71 In addition, coating MPs
with nitrodopamine would be expected to increase their
stability and thus their cell viability. The silica-NP-BA particles
show, on the other hand, a higher reduction in the viability of
Huh-7 cells than the other NP-BAs. The toxicity of silica-NPs is
highly dependent on the physical, chemical and structural
properties of a particular particle formulation.72−74 However, in
the HCV inhibition experiments (see below, Figure 6A), NP-
BA particles are only exposed to Huh-7 target cells for a period
of 2 h and, on this time scale, silica-NP-BAs do not show any
cytotoxicity effects (data not shown).
Inhibition of HCV Infection by Boronic-Acid-Modified

NPs. An assay that measures the ability of this cell-culture-
derived JFH1 virus to infect hepatocytes was applied to evaluate
the potential of each boronic-acid-modified NP as an inhibitor
of viral entry. The modified JFH1 virus featuring mutations
shown to increase the viral titers was used in experiments with
HCV.50 The various steps of the assay are shown schematically
in Figure 6A. Thus, serially increasing concentrations of a given
particle were mixed with a fixed quantity of modified JFH1
virus and incubated for 1 h before the mixture was brought into
contact with a fixed number of Huh-7 target cells. Upon

incubation for 48 h, the number of infected cells at each
dilution was quantified by immunofluorescence. Figure 6B
shows typical fluorescence images of the Huh-7 target cells after
being incubated with modified JFH1 virus for 48 h, in the
presence of various nanostructures including those modified
with boronic acid moieties. The red colored cells are those that
have been infected. In this assay, the ND-BA particles showed
viral inhibition of up to 58 ± 10% (Figure 6C) for particle
concentrations of 60 μg/mL, corresponding to 3.9 μg/mL of
available boronic acid units (Table 1). Unmodified particles,
when subjected to the same assay conditions, did not inhibit
HCV infection even at high concentrations. A somewhat lower
viral inhibition efficiency (≈47 ± 8%) than seen with other NP-
conjugates was seen for MP-BAs, an observation related
possibly to their lower available boronic acid content. The
best results were obtained for silica-NP-BA particles. At a
concentration of 60 μg/mL, NPs, the viral inhibition was 60 ±
8%. The use of higher concentrations of any of the NP-BAs did
not lead to any enhancement of their antiviral effects (data not
shown). We consider this to be linked to formation of NP-
derived precipitates at these elevated concentrations during the
assay.
An additional control experiment was performed to establish

that only NPs featuring multiply presented boronic acid
moieties have an effect on HCV, the effect of free boronic
acid derivative (1) at concentrations of between 0 and 25 μg/
mL was examined under identical assay conditions to those
used for the NPs (Figure 7A). No antiviral effect was observed
with the monovalent analogue. Furthermore, when ND-BA
particles were saturated with mannose prior to their incubation
with the viral particles, they showed no antiviral activity (Figure
7B). This experiment confirmed that masking of the mannose-
binding function of ND-BAs (and other particles studied)
resulted in the loss of antiviral activity and further that the
antiviral activity was dependent on boronic cyclic diester
formation between the particle-appended boronic acid moieties
and glycoproteins present on HCV envelope.

4. CONCLUSIONS
A comparative study of the utility of three different nano-
particles featuring surface-attached boronic acid moieties as
synthetic viral entry inhibitors was undertaken. We demon-
strate that iron-, silica-, and diamond-derived NPs manifest viral
entry inhibitory activity against HCV in vitro. While silica NPs
were the least biocompatible, they showed the best inhibition of
HCV entry. These synthetic NP-conjugates may be considered
as functional analogues of the natural lectins cyanovirin-N and
griffithsin, both of which have been shown in vitro as well as in
vivo to elicit viral entry inhibition through their ability to
interact with high-mannose glycans present on HCV envelope
glycoproteins. The advantage over other HCV inhibition agents
is the facility with which the described nanostructures have
been fabricated, their low cost (compared with lectins for
example), and high quantity using the Cu(I) click conjugation
strategy described here. Moreover, it is shown that the activity
of the newly fabricated borono-lectins is due to the presence on
their surfaces of multiple boronic acid residues rather than
nonselective effects of unmodified NPs using an assay which
measures the potential of cell culture-derived JFH1 virus to
infect hepatocytes. While the reduction of HCV infection of
these first generation boronic-acid-derived NPs is still modest
(around 40%), the results nevertheless provide strong evidence
that such entities might be further improved and developed as a

Figure 5. HuH-7 cell viability results after 48 h incubation using
nanoparticles of different concentration: ND-BA (black), MP-BA
(green), silica-BA (blue).
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Figure 6. (A) Graphical depiction of performed antiviral assay. (B) Fluorescent image (10×) of the Huh-7 target cells after incubation with modified
JFH1 virus for 48h, incubation in the presence of the nanostructures and boronic-acid-modified nanostructures, along with absence of any
nanostructures (red color and blue color correspond to infected cells and nucleus, respectively). (C) Effect of particle concentration in the entry
inhibition activity: silica-OH (black), silica-BA (gray), MP-NH2 (dark blue), MP-BA (light blue), ND-OH (green), ND-BA (light green).
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viral entry inhibition strategy of HCV. Furthermore, in
principle, the infectivity of any other pathogens that feature
cell wall glycoproteins that are essential for their life cycle might
also be reduced using similar NP-based boronolectins. That the
newly developed borono-lectins described here manifest a
lower cellular toxicity than alternative nanomaterials, sets the
stage for the further exploration of NP-based pseudolectins as
alternatives to their natural lectin counterparts. The study also
supports that NP-derived borono-lectins should be further
developed and pursued as a potential therapeutic strategy for
blocking viral entry of HCV.
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