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ABSTRACT: Antibacterial materials containing biocides suffer
from the fact that biocides are usually quickly released and hence
display a limited antibacterial ability over a long period of time. To
overcome this problem, the antibacterial agent 6-chloropurine is
conjugated to a monomer via a hemiaminal ether linkage. The
functional monomer is then reacted with a urethane acrylate by
photopolymerization to yield thin polymer coatings. The release of
the antibacterial agent from the coatings is sustained due to the
slow kinetics of the hydrolysis of the hemiaminal ether linkage. Antibacterial performance is achieved against S. aureus and E. coli
bacteria. This simple strategy can be applied for the rapid preparation of antibacterial coatings on various substrates and other
applications such as antifouling or anticorrosion coatings.

Bacteria attachment and biofilm formation occur due to
accumulation and growth of microbial communities.1,2

Bacterial biofilms on solid surfaces can cause serious
detrimental effects in the food industry, water supply,3 and
in healthcare environments such as hospitals and clinics.4 A
method for reducing biofilm growth is to coat surfaces with
functional antibacterial materials. Bacteria-resistant coatings
can be fabricated with polymers that can repel bacterial
attachment.5 Another strategy relies on coatings formed by
materials that are themselves biocides (contact-killing) or that
contain biocides (release-killing).6−8 Purine and purine
nucleoside derivatives display strong antiviral, antifungal, and
antibacterial activities.9−11 6-Chloropurine analogues are
known to inhibit bacterial RNA polymerases by site-directed
alkylation.12 To the best of our knowledge, purines have not
yet been embedded by physical or chemical entrapment in
coatings.
One major challenge for antibacterial materials containing

biocides is that biocides are usually quickly released, thereby
limiting the durability of the antibacterial performance.13 One
approach to overcome this issue is to program the materials to
release biocides in preferential conditions, for example, upon a
change in pH value.14−18 Indeed, the environment of biofilms
is acidic due to the production of acids by the bacteria.19,20

Multilayers containing weak polyelectrolytes can be used to
fabricate pH-responsive coatings.21−33 The multilayers were
assembled by sequential deposition of oppositely charged
polylectrolytes,21−25 polyelectrolytes and a hydrogel,26 poly-
electrolytes and micelles,27−30 or polyelectrolytes and nano-
capsules.31−33 The release of antibacterial agents occurred by
swelling or shrinking of the multilayers due to protonation or
deprotonation of the ionic groups. By nature, polyelectrolyte

multilayer coatings can be disintegrated upon pH variation.
Moreover, the layer-by-layer method is usually time demand-
ing.
One approach for the rapid preparation of antibacterial

coatings in one step is to program the pH-responsive behavior
in the polymer by incorporating monomers that are biocides
functionalized with acid-labile linkages.34 Antibacterial agents
were also conjugated to polymers via acid-labile bonds. The
antibacterial peptide melittin was reacted with poly(acrylic
acid) brushes to form β-carboxylic acid amide groups.35 The
new bond was quickly hydrolyzed, inducing a release of ∼50%
melittin in 24 h. Similarly, the antibacterial agent gentamicin,
which was conjugated to alginate dialdehyde to form a Schiff
base, was released faster at pH 5.8 than at pH 7.4.36 In acidic
conditions, ∼50% of the maximum cumulated amount was
released after ∼72 h. Dicholorophen, an anticestodal agent,
was modified and polymerized to yield a polymer with
thiopropionate linkages in its main chain.37 The drug could be
released in acidic conditions, yielding to fragmentation of the
polymer and loss of its mechanical integrity. Streptomycin was
conjugated to a polymer via an imine bond and ∼65% was
released after 30 h at pH 6.0.38 A dialkene acetal monomer
containing an antimicrobial aldehyde was reacted with
monomers containing a thiol group to form a polymer
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network by thiol−ene photopolymerization.39 The acid-
cleavable acetal bond was degraded to yield the aldehydes
within 48 h in acidic conditions. In these cases, the release of
the antibacterial agent was rapid.
Herein, we aim at designing a coating that is durable (not

disintegrating) and that provides durable antibacterial proper-
ties. We prepared pH-responsive antibacterial coatings from
polymers connected to the potent antibacterial agent 6-
chloropurine via a hemiaminal ether linkage. A UV-curable
resin was selected as the coating’s matrix because it can be
applied on various surfaces and surface geometries. Although
very scarcely investigated,40,41 the hemiaminal ether group
linked to polymers is very interesting because it allows for long
and sustained release of molecules in mild acidic conditions.
We hypothesized that the UV-curable pH-responsive anti-
bacterial coatings could allow for a sustained release of an
antibacterial agent and provide antibacterial activity against
Gram-positive S. aureus and Gram-negative E. coli bacteria.
The purpose of this study is to prepare a UV-curable coating

that prevents attachment of bacteria on coatings, which can
lead to the formation of a biofilm. To avoid leaching of
antibacterial agents from the coating, they were connected to a
polymer via a labile linkage. This linkage was selected to be a
pH-responsive hemiaminal ether group. Indeed, this group was
found to be cleaved very slowly under mild acidic conditions.40

6-Chloropurine was conjugated to the synthesized 4-
(vinyloxy)butyl methacrylate (VBMA) to yield 4-(1-(6-
chloro-7H-purin-7-yl)ethoxy)butyl methacrylate (CPBMA) as
a polymerizable pH-responsive antibacterial monomer (Figure
1a). The nucleophilic addition of purine to the vinyl ether

group of VBMA was catalyzed by trifluoroacetic acid. To
prevent the degradation of the monomer, a small amount of
triethylamine was added to the eluent during column
chromatography purification because the weak acidity of the
silica gel induced the cleavage of hemiaminal linkages in
CPBMA. The successful synthesis of CPBMA was confirmed
by 1H NMR spectroscopy and UV−vis spectroscopy (Figures
S1a and S2). To verify that the CPBMA could be
hydrolytically cleaved to yield 6-chloropurine, the reaction
was monitored by 1H NMR spectroscopy in neutral and acidic
conditions. The acidic hydrolysis of CPBMA was monitored by
1H NMR spectroscopy of CPBMA dissolved in a D2O/DCl/
DMSO-d6 mixture (see Figure S3). The integral of the signal
associated with the aldehyde proton of acetaldehyde at 9.66
ppm during degradation (Ia) was compared with the integral of
the signal associated with the proton associated with the
pyridine ring in 6-chloropurine at 8.91 ppm (Ib). A total of
99% of the 6-chloropurine was released in acidic conditions
after 15 h, whereas no cleavage of the CPBMA monomer was
observed in neutral conditions (Figure 1b). The copolymer of
urethane acrylate and CPBMA P(UA-co-CPBMA) coatings
were obtained by photopolymerization of a urethane/silicone-
acrylate and CPBMA (6.56 wt %). Photopolymerization is a
convenient process for preparing coatings based on poly-
merized urethane acrylate on various surfaces.42,43 The
decrease of the intensity of the signal at 1635 cm −1 for C
C bonds confirmed the polymerization of the monomers by
UV photopolymerization (Figure S4). Raman spectra of
noncured and cured polyurethane acrylate (PUA, Figure S5)
and P(UA-co-CPBMA) (Figure 2a) displayed characteristic
bands associated with the carbonyl group of the urethane bond
(1730 cm−1), Si−C (1094 cm−1), and Si−O−Si (500 cm−1).
The polymerization was associated with a reduction in the
intensity of the signal at 1635 cm−1 for CC bonds after
curing. The elemental composition of the coatings was
measured by SEM-EDS (Figure S6). Chlorine could be
detected in the P(UA-co-CPBMA) (Cl/C = 0.4%), but not
in the PUA coatings (Cl/C = 0%), hence, confirming the
presence of CPBMA after curing. The surface composition of
the coatings was analyzed by X-ray photoelectron spectroscopy
(XPS). The C 1s core-level spectrum of the PUA coating
(Figure 2b) could be deconvoluted in three components with
binding energies at 284.6, 285.2, and 288.9 eV, corresponding
to CC, CO, and CO bonds, respectively. For the
P(UA-co-CPBMA) coating (Figure 2c), an additional
component at 287.9 eV was observed and assigned to the

Figure 1. (a) Synthetic route for the polymerizable functional
monomer (CPBMA) containing 6-chloropurine and a hemiaminal
ether linkage. (b) The degradation of the hemiaminal ether group in
the CPBMA was determined by 1H NMR spectroscopy in acidic and
neutral conditions.

Figure 2. (a) Normalized Raman spectra (relative to the height of the Si−O signal at 500 cm−1) of the P(UA-co-CPBMA) coatings on glass slides
before and after curing. High-resolution XPS spectra of the C 1s region for (b) PUA and (c) P(UA-co-CPBMA) coatings.
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CN bond in 6-chloropurine, hence, confirming the presence
of the drug in the coating. P(UA-co-CPBMA) showed a slightly
different thermal stability than PUA. The thermal degradation
(≥10%) of P(UA-co-CPBMA) and PUA started at 300 and
320 °C, respectively (see Figure S7). While the TGA
thermogram of the PUA coating showed a degradation in a
single step (320−485 °C), weight loss for P(UA- co-CPBMA)
occurred in two stages: at 300−450 °C (weight loss ∼ 59 wt
%) and 450−500 °C (weight loss ∼ 9 wt %). The first stage
corresponded to the thermal decomposition of urethane
segments and the second step arose from decomposition of
the purine moiety. Indeed, nitrogen-rich purine moieties
provide intermolecular interactions, such as hydrogen bonding
and π−π stacking.44 The adhesion of PUA and P(UA- co-
CPBMA) coatings on cold rolled steel was compared using the
pull-off adhesion test. The adhesion strength of PUA and
P(UA-co-CPBMA) coatings was 3.80 ± 0.18 and 3.03 ± 0.15
MPa, respectively. The mechanical properties of the coatings
were further investigated by quantitative AFM imaging (Figure
S8a−d). The Young’s modulus of the P(UA- co-CPBMA)
coating (1.03 ± 0.07 GPa) was the same as for the PUA
coating (1.04 ± 0.01 GPa). These values are close to Young’s
moduli of cured urethane-acrylate resins measured by
nanoindentation (0.5−3.1 GPa).45 Therefore, the presence of
6-chloropurine moieties in the coating did not significantly
influence the mechanical properties of the coating.
Release kinetics of 6-chloropurine were performed by

immersing coated samples in buffer solutions at pH 3.5 or
7.4 (Figure 3). We confirmed first that the PUA matrix was not

degraded in acidic conditions by investigating the liquid used
for extracting PUA by 1H NMR spectroscopy and by analyzing
the surface of the coatings after immersion in acidic media. No
chemicals could be detected in the release media while the
surface of the PUA coatings remained smooth, indicating that
PUA is stable in acidic conditions (Figures S9 and S10). The
amount of 6-chloropurine was then detected by UV−vis
spectroscopy. 6-Chloropurine was also physically entrapped,
that is, not covalently bonded to the polymer, in PUA as
control samples. After 1 day, >90% entrapped 6-chloropurine

was released at both pH values. Burst release hence occurred,
and there was no major distinction between release in acidic
and neutral media, meaning that the release was not pH-
selective. On the contrary, the release of 6-chloropurine from
P(UA-co-CPBMA) was sustained and very slow. Indeed, only
9% of 6-chloropurine was released after 58 days at pH 7.4. At
pH 3.5, 7% of 6-chloropurine was released after 20 days against
5% at pH 7.4. After 20 days, the pH was dropped from 3.5 to
1.0 to accelerate the release and observe if more 6-
chloropurine could be released. As expected, the release rate
increased and 26% of the drug could be detected after 58 days
(20 days at pH 3.5 and 38 days at pH 1.0). Therefore, the
release of 6-chloropurine was strongly delayed over time when
it was conjugated to the polymer and displayed an acid-
sensitive behavior. Compared with results from the liter-
ature,35,36 the antibacterial agent was released slower from
P(UA-co-CPBMA) coatings and faster from PUA/6-chlor-
opurine coatings.
The bactericidal activity of the P(UA-co-CPBMA) coating

against E. coli and S. aureus bacteria was investigated (Figure
4). The P(UA-co-CPBMA) coating exhibited a reduction of

99.94% and 99.99% in the colony count of E. coli and S. aureus
bacteria, respectively (Figure 4). The release of the
antibacterial agent proceeded upon acidification of the
medium, which was reported to occur in an infected wound
(pH 5.5).46,47 The lower pH value is caused by hypoxia and
the production of lactic acid by bacteria. Because rapid release
could be obtained by physical entrapment of 6-chloropurine in
PUA coatings (see Figure 3), we also prepared P(UA-co-
CPBMA) with ∼0.5 wt % entrapped 6-chloropurine so that the
coatings contained both conjugated (covalently linked, 82%)
and physically entrapped 6-chloropurine (18%). P(UA- co-
CPBMA)/6-chloropurine displayed a reduction of 99.93% and
99.99% in the colony count of E. coli and S. aureus bacteria,
showing that P(UA-co-CPBMA)/6-chloropurine and P(UA-co-
CPBMA) coatings displayed a similar antibacterial activity.
Acetaldehyde is a byproduct of the acidic hydrolysis of
hemiaminal ether linkages. A total of 100 ppm of acetaldehyde
was reported to inhibit the growth of S. aureus,48 while 1000
ppm of acetaldehyde inhibited E. coli bacteria growth.49 The
release experiments showed that a maximum of ∼7%
chloropurine was released from the P(UA-co-CPBMA) coating

Figure 3. Release profile of 6-chloropurine from PUA at pH 7.4
(black line), PUA at pH 3.5 (red line), P(UA-co-CPBMA) at pH 7.4
(blue line), P(UA-co-CPBMA) at pH 3.5 (green line), and P(UA-co-
CPBMA) at pH 1.0 (olive-green line). The released amounts were
determined by UV-spectroscopy measurements of the release media.

Figure 4. Numbers of E. coli and S. aureus bacteria determined by the
plate count method and photographs of the colony after incubating
bacteria present on uncoated samples (polyamide substrate) and
P(UA-co-CPBMA) coatings.
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after 20 days at pH 3.5. This would correspond to a
concentration of ∼50 ppm acetaldehyde in the dispersion of
bacteria. Thus, acetaldehyde shall hence not significantly
contribute to the antibacterial activity of the coatings.
In summary, pH-responsive antibacterial coatings were

prepared by UV polymerization. First, the antibacterial agent
6-chloropurine was functionalized to yield 4-(1-(6-chloro-7H-
purin-7-yl)ethoxy)butyl methacrylate (CPBMA). The poly-
merizable derivative of the drug contained a hemiaminal ether
linkage so that the drug could be slowly released in mild acidic
conditions. CPBMA was then copolymerized with a
commercial UV-curable resin to obtain pH-responsive
antibacterial coatings. The coatings released the antibacterial
agent in a very sustainable way over extended periods of time
and provided antibacterial activity. This simple strategy could
be applied for the rapid preparation of antibacterial coatings on
glass, plastics, or metallic substrates. Applications for these
coatings include waterproofing, sealants, antifouling, and
anticorrosion coatings.
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