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ABSTRACT: With growing concerns regarding biofilms and the development of
antibiotic resistance, there is significant interest in antibacterial surfaces. Surfaces
that can exhibit antibacterial activity in response to stimuli associated with bacteria
and biofilm development are particularly attractive as they can mitigate off-target
toxicity and minimize antimicrobial resistance. One such stimulus is a local
reduction in pH, which is associated with the production of organic acids by
bacteria. We describe here coatings composed of phosphonium monomers and
pH-sensitive acetal or ketal-containing cross-linkers that are designed to break
down and release active phosphonium species at mildly acidic pH. Four styrenic
phosphonium monomers were investigated, and the tributyl(4-vinylbenzyl)phosphonium chloride and triphenyl(4-vinylbenzyl)-
phosphonium chloride monomers provided coatings with efficient curing, water contact angles of 50−62°, and surface charge
densities of >1016 cations cm−2. Coatings prepared from these monomers using the acetal cross-linker were very stable at pH 4.5−7.4
over 3 weeks, whereas those containing the ketal cross-linker exhibited pH-dependent degradation, with complete degradation over 1
week at pH 5. At pH 5, the ketal cross-linker coatings were confirmed to release phosphonium species that effectively killed
Escherichia coli and Staphylococcous aureus, whereas the same coatings at pH 7.4 as well as the acetal cross-linker coatings at both pH
5 and 7.4 released minimally active concentrations of species. The effects of the coatings on bacteria seeded directly on the surfaces
were also examined, and it was found that while some coatings exhibited modest antibacterial activity at pH 7.4 or with the slowly
degrading acetal cross-linker, coatings containing the rapidly degradable ketal cross-linker consistently provided the highest
inhibition of bacterial growth at pH 5. These results were confirmed by live/dead staining. Overall, this work indicates the potential
of pH-sensitive phosphonium surfaces to provide pH-dependent bacterial killing, which can potentially prevent biofilm development.
KEYWORDS: phosphonium, coating, antibacterial, pH-responsive, acetal, ketal, cross-link

■ INTRODUCTION
Bacterial contamination of surfaces is a major ongoing
challenge, impacting diverse areas such as water quality, food
safety, textiles, ventilation, corrosion, and medical or dental
implants.1−5 While planktonic bacteria initially interact with
surfaces through reversible interactions, these interactions can
become irreversible, leading to the development of a biofilm,6 a
complex assembly of microorganisms enclosed in a matrix of
extracellular polymeric substances (EPS). Biofilms are
particularly difficult to eradicate because the EPS act as a
protective barrier that reduces the permeability of antibacterial
agents (e.g., antibiotics), thus accelerating resistance develop-
ment due to bacterial communication through quorum sensing
or horizontal gene transfer.7,8 Furthermore, in the context of
implants, biofilms serve as a barrier to the clearance of the
infection by the immune system.9

Given that the initial step for biofilm formation is bacterial
attachment to the surface, there has been substantial interest in
the development of surfaces and coatings that can either
reduce the adhesion of and/or kill bacteria.10−13 To reduce
adhesion, antifouling surfaces such as those coated with
poly(ethylene glycol)14 or zwitterionic polymers15 have been

developed. The incorporation of antibacterial agents such as
metals (silver or copper),16,17 nitric oxide,18 or antibiotics19,20

that can be gradually released over time has also been
investigated. Surfaces with covalently bound cations such as
ammoniums or phosphoniums have also been demonstrated to
kill bacteria through the disruption of anionic bacterial cell
membranes, a mechanism that is thought to be less conducive
to the development of resistance, compared to that of
antibiotics.21−25 Coatings that possess more than one of the
above features have also been studied.26−28

Stimuli-responsive antibacterial coatings have been garnering
increasing attention as the approach of releasing antibacterial
agents on demand can potentially enhance their efficacy and
minimize the generation of drug-resistant bacteria.29−33

Various stimuli have been investigated. For example, building
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on the antibacterial activity of Ag+ that is released from silver
nanoparticles, irradiation of a graphene oxide/silver nano-
particle/collagen composite coating with 660 nm light
generated reactive oxygen species, leading to high antibacterial
activity of the coating.34 Near-infrared light irradiation (700−
1100 nm) of two-dimensional Pb−Ag nanosheets led to the
enhanced release of Ag+, and when combined with plasmonic
heating, it resulted in the synergistic killing of bacteria.35

Induction heating induced by an alternating magnetic field was
recently used to increase the rate of rifampicin (antibiotic)
release from a poly(ester amide) coating that had a glass-
transition temperature just above the physiological temper-
ature, with the mild heating also acting as an enhancement to
the antibiotic for killing bacteria and preventing biofilm
formation.36 Self-defensive coatings that release antibiotics in
response to bacteria have also been reported.37,38 Multilayer
films, composed of chitosan and hyaluronic acid (HA)
conjugated to the antimicrobial peptide cateslytin, were
cleaved by hyaluronidase that was secreted by Staphylococcus
aureus (S. aureus), thereby facilitating access to the peptide and
enabling it to exert its antibacterial activity.37 In another
example, a multilayered coating composed of HA and poly(L-
lysine) underwent degradation in response to hyaluronidase
and chymotrypsin secreted by the bacteria, resulting in the
continual shedding of the outer layer of the coating, effectively
removing the adhered bacteria.38

Among the stimuli that are intrinsically associated with
biofilms, the local reduction in pH33,39 resulting from the
production of organic acids40 can be exploited for the
development of stimuli-responsive surfaces, as pH change
can alter the solubility of amine or carboxylic acid-containing
polymers or cleave chemical linkages including imines, amides,
esters, or acetals.29,32 Bilayered films composed of chitosan and
poly(acrylic acid) loaded with tobramycin were developed.41

At pH 4.0, the poly(acrylic acid) (PAA) layer collapsed,
allowing the chitosan layer to swell and release tobramycin.

Multilayered coatings composed of montmorillonite clay
nanoplatelets and PAA loaded with cationic gentamycin were
also prepared and exhibited pH-dependent gentamycin release
due to the disruption of ionic bonding upon acidification.42

Acid-responsive imine linkages were also used to immobilize
vancomycin in nonfouling PEG-based hydrogels43 or cationic
amine-coated silver nanoparticles in hydrogels based on
oxidized polysaccharides.44 In addition, a pH-responsive
antibacterial coating was prepared from 4-(vinyloxy)butyl
methacrylate polymers conjugated to 6-chloropurine via a
hemiaminal ether linkage.45 Systems exploiting combinations
of multiple stimuli have also been reported.46−48

Despite the progress described above, to the best of our
knowledge, stimuli-responsive phosphonium antibacterial
surfaces have not yet been developed. Phosphonium surfaces
can present different properties than their ammonium
analogues due to their different charge distributions and can
provide advantages such as enhanced thermal stability.49 While
in the past we have developed antibacterial phosphonium
surfaces using chemically stable cross-linkers or semi-inter-
penetrating networks,24,25 we now present the development of
phosphonium surfaces incorporating pH-sensitive acetal cross-
linkers (Figure 1). The incorporation of different phospho-
nium monomers and their influence on the physicochemical
and antibacterial properties of the coatings was explored. Using
Escherichia coli (E. coli) and S. aureus as representative Gram-
negative and Gram-positive bacteria, respectively, we demon-
strated that the antibacterial properties of the surfaces depend
on the phosphonium structure, pH, and the bacterial strain.

■ EXPERIMENTAL SECTION
General Materials and Methods. Tributyl(4-vinylbenzyl)-

phosphonium chloride (BuP), triethyl(4-vinylbenzyl)phosphonium
chloride (EtP), triphenyl(4-vinylbenzyl)phosphonium chloride
(PhP), and tris(hydroxypropyl)(4-vinylbenzyl)phosphonium chloride
(HyP) were prepared as previously reported (Figures S1−S4).25,50,51

Acetal (XA) and ketal (XK) cross-linkers were also synthesized

Figure 1. pH-sensitive phosphonium coatings. (A) Coating preparation by UV curing. (B) Phosphonium coatings were triggered to break down
under mildly acidic conditions, releasing phosphonium species and bacteria.
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according to a previous report (Figures S5 and S6).52 Hydrogen
peroxide (30% in water), sulfuric acid (90−98%), and the Live/Dead
BacLight Bacterial Viability Kit (L7007) were purchased from
Thermo Fisher Scientific (Mississauga, Canada). Ammonia (7 M in
methanol) was purchased from Alfa Aesar (Massachusetts). Sodium
acetate, acetic acid, sodium phosphate dibasic, sodium phosphate
monobasic, methanol, and toluene (glass-distilled) were purchased
from Caledon (Halton Hills, Ontario, Canada). Sodium chloride was
purchased from Ambeed (Illinois). Anhydrous ethanol was purchased
from Greenfield global (Brampton, Ontario, Canada). Potassium
chloride and potassium phosphate monobasic were purchased from
EMD Millipore (India). Triethylamine (glass-distilled), 3-
(trimethoxysilyl)propyl methacrylate, 2-hydroxy-2-methylpropiophe-
none (HMP), fluorescein sodium salt, cetyltrimethylammonium
chloride solution (25 wt % in water), hydrochloric acid (37%),
tryptic soy broth (TSB), Mueller−Hinton broth, agar powder,
chloramphenicol, and ampicillin were purchased from Millipore
Sigma (Oakville, Canada). Ti (Ti6Al4V) foil (Gr 5, ASTM F136, 0.05
mm thickness) was purchased from Shaanxi Yunzhong Metal
Technology Co., Ltd. (Shaanxi, China). Ultraviolet−visible (UV−
vis) spectroscopy was performed using a Varian Cary 300
spectrometer at room temperature.
Substrate Preparation. Ti foil was cut into squares (1 cm × 1

cm) and then treated with piranha solution (3:1 (v/v) H2SO4:H2O2)
for 2 min. Substrates were incubated for 30 min in 5:1:1
H2O:H2O2:NH3 in MeOH and then for 30 min in 3:1:1
H2O:H2O2:HCl.53 The foil was then rinsed thoroughly with
deionized water (3 × 10 mL), followed by acetone, dried under
nitrogen, and used immediately.

Glass slides were cut into squares (1 cm × 1 cm) and activated only
with the piranha solution.54 The treated substrates were then
immersed in a 2% (v/v) solution of 3-(trimethoxysilyl)propyl
methacrylate in 50 mL of anhydrous toluene overnight at room
temperature under nitrogen. After silanization, the substrates were
sonicated consecutively in toluene, toluene:MeOH (1:1), and MeOH
for 5 min each, dried under vacuum, and used immediately.
Coating Preparation. The coating formulation consisted of 5%

HMP, 45% phosphonium monomer (BuP, EtP, PhP, or HyP), and
50% acetal cross-linker (XA or XK) diluted with methanol (∼15 μL
per 30 mg of formulation). The formulation was cast on either Ti foil
or glass slides (treated as above) using a 50.8 μm Meyer rod (20 mm
rod diameter). To prepare free-standing films for cure percentage
determination, the glass slide ends were wrapped with tape to create a
spacer, and then after casting the film, another slide was placed on top
of the substrate. Photopolymerization was performed by passing the
samples five times through a UV conveyor system (UV Process and
Supply Inc., Illinois), equipped with a mercury lamp with an energy
and power density of UVA (1784 mJ cm−2, 192 mW cm−2), UVB
(1647 mJ/cm2, 178 mW cm−2), UVC (369 mJ cm−2, 43 mW cm−2),
and UVV (1869 mJ cm−2, 199 mW cm−2) at a speed of ∼0.06 m/s.
The thickness of the coating (50 ± 4.5 μm) was confirmed using an
IP65 digital caliper. The freshly prepared coatings were washed with
deionized water to remove the unreacted material until no further
traces of formulation components were detected by ultraviolet−visible
(UV−vis) spectroscopy (260 nm corresponding to the phenyl moiety
of the phosphonium monomers).
Coating Properties. Cure Percentage Determination. Immedi-

ately after curing, the free-standing films were dried to measure their
initial mass (mi) and then immersed in deionized water to remove
unreacted or soluble oligomeric components. The water was
repeatedly changed until no leachable components were detected by
UV−vis spectroscopy (260 nm). The films were then dried in vacuo
at 37 °C over 24 h and then weighed again (mf). The cure percentage
was calculated using eq 1

m
m

cure percentage 100f

i
= ×

(1)

Charge Density Determination. The coating’s surface charge
density (c+) was calculated based on adsorption of the anionic
fluorescein dye.55 After preparation and washing, the coated

substrates (glass) were immersed in an aqueous 1% w/v fluorescein
sodium salt solution (10 mL) for 30 min. After rinsing extensively
with deionized water (3 × 10 mL), the coating was placed in 0.1% (v/
v) aqueous cetyltrimethylammonium chloride (10 mL) and shaken
for 20 min. Phosphate buffer (pH 8; 10 mM; 10 mL) was added, the
absorbance of the released dye was measured at 501 nm (A501), and
the concentration of fluorescein (cfluorescein) was determined based on
the extinction coefficient (ε) of fluorescein at 501 nm (77,000 cm−1

M−1).50 Charge density was calculated based on cfluorescein, assuming
that each molecule of fluorescein was bound to one accessible cation
(eq 2), where N is Avogadro’s number (6.022 × 1023), A is the
coating surface area (1 cm2), and V is the volume in which the
fluorescein concentration was measured.

c
c V N

A
fluorescein= × ×+

(2)

Water Contact Angle (WCA). The coatings (glass substrate) were
washed and dried prior to analysis. Measurements were performed by
the sessile drop method (10 μL of distilled water) using a goniometer
(Kruss DSA100 Drop Shape Analyzer) equipped with a camera.
Values were obtained after 1 min of droplet incubation on the surface.
Angle analysis was performed by Drop Shape Analysis software using
the Laplace−Young fitting. A minimum of five WCAs were obtained
for each of the three separate coatings, and the results are reported as
the mean ± standard deviation.
pH-Dependent Degradation. Phosphonium coatings (1 cm × 1

cm, glass substrate, 50 μm thickness) were each placed in a glass vial
and immersed in 1.5 mL of acetate buffer (10 mM, pH 4.5, 5.0, or
5.5) or phosphate buffer (10 mM pH 6.5 or 7.4) and then incubated
at 37 °C. Aliquots were taken at different time points, and their UV−
vis absorbances were measured at 260 nm (BuP coatings) or 275 nm
(PhP coatings). The aliquots were returned to the glass vial for further
incubation if the absorbance was below 0.1. If the absorbance was
greater than 0.1, the media was discarded and replaced with a fresh
buffer. At the end of the experiment, five drops of 6 M HCl were
added to adjust the pH to 3. After 16 h, by which time complete
coating degradation was achieved, the absorbance was measured and
used to determine the absorbance at 100% degradation, allowing
calculation of the cumulative percent phosphonium release at the
evaluated time points. The experiments were performed in triplicate
for each coating and pH, and the results are provided as the mean ±
standard deviation.
Bacterial Culture. S. aureus (ATCC 6538) and E. coli (ATCC

29425) were purchased from the American Type Culture Collection.
S. aureus (ATCC 6538) and E. coli (DH5α) expressing the green
fluorescence protein (GFP) (S. aureus-GFP and E. coli-GFP) were
prepared by transformation using electroporation with the plasmid
pCG44.56,57 The plasmids were maintained by culturing S. aureus in
chloramphenicol at 10 μg mL−1 and E. coli in 100 μg mL−1 ampicillin.
All bacterial glycerol stocks (1:1 in 50% glycerol) were stored at −80
°C. For an overnight bacterial culture, a sterile loop was used to
scrape a sample of the frozen stock and the sample was added into 5
mL of TSB and incubated at 37 °C for 16 h under static conditions.
The overnight culture was then diluted to 106 or 107 CFU mL−1

according to the optical density at λ = 600 nm (OD600) (E. coli OD600
≈ 0.2 at 107 CFU mL−1, S. aureus OD600 ≈ 0.3 at 108 CFU mL−1) for
subsequent antimicrobial assays.

For agar plating, tryptic soy agar (TSA) was prepared by mixing 15
g of agar powder per 1 L of TSB.
Effect of Coating Degradation Products on Bacteria. Coated

Ti foils (1 cm2, 50 ± 4.5 μm thickness) were incubated in 1.5 mL of
either pH 5.0 (10 mM acetate buffer) or pH 7.4 (10 mM phosphate
buffer) at 37 °C for 7 days. A control consisted of a pH 7.4 buffer
incubated with an uncoated Ti foil. The pH 5.0 solution was then
adjusted to pH 7.4 with NaOH, and the coating solutions were
sterilized by filtration through a 0.2 μm filter. 50 μL of the coating
solution was then combined with 50 μL of the bacterial suspension
(106 CFU mL−1 in Mueller−Hinton broth), and the resulting
suspension was added into a 96-well plate. The plate was incubated at
37 °C for 16 h, and then, bacterial viability was determined by a drop
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plate method. The bacterial suspensions in each well were serially
diluted (10-fold) in sterile PBS and plated (10 μL) onto a TSA plate.
TSA plates were left to air-dry for 30 min before incubation at 37 °C
for 16 h. CFUs were counted to determine the survival percentage
versus the control with an untreated suspension of bacteria. Each
coating was evaluated in triplicate, and the results are provided as the
mean ± standard deviation.
Imaging and Quantification of GFP-Expressing Bacteria on

the Coatings. After an overnight culture as described above, the
bacterial suspension was centrifuged at 1000 rpm (168 relative
centrifugal force), the supernatant was discarded, and the resulting
bacteria were resuspended in sterile water twice and then centrifuged
again. For S. aureus-GFP, the final pellet was resuspended in either
acetate buffer (10 mM, pH 5.0) or phosphate buffer (10 mM, pH 7.4)
at 107 CFU mL−1. For E. coli, the pellet was resuspended at 107 CFU
mL−1 in a Mueller−Hinton broth adjusted to either pH 5.0 or pH 7.4
using 0.5 M HCl or 0.5 M NaOH in water. Coated (45 μm thickness)
and uncoated control Ti foils were sterilized by immersion in 70%
ethanol for 30 min and then air-dried before use. The substrates were
each placed in a well of a 6-well plate and then immersed in 4 mL of
the bacterial suspension. The samples were incubated at 37 °C for 16
h and then gently rinsed with distilled water before imaging using a
Nikon Eclipse Ti2E inverted deconvolution microscope (Nikon
Instruments Canada Inc., Mississauga, Canada) at 20× magnification
using 465−485 nm excitation and 499−530 nm emission filters.
Imaris software (version 8.0.3, Bitplane, Belfast, U.K.) was used for
image analysis to count the bacteria adhered to the surface at five
random areas per coating (162 μm × 162 μm). Each coating was
evaluated in triplicate, and the results are provided as the mean ±
standard deviation. The data were analyzed using an ANOVA,
followed by a Tukey post hoc test.
Live/Dead Imaging of Bacteria on the Coatings. E. coli and S.

aureus bacterial suspensions were prepared and incubated with coated
or uncoated control Ti foils as described in the preceding section,
except that bacterial strains not expressing GFP were used. After 16 h
of incubation, the coatings were removed from the bacterial
suspension, rinsed with deionized water, and then stained using a
Live/Dead BacLight Bacterial Viability Kit containing SYTO9 to
detect viable cells and propidium iodide (PI) to detect dead cells. The
stain was prepared according to the manufacturer’s instructions,
added directly onto the surfaces of all samples, and then incubated at

room temperature for 10 min in the dark. The previously uncoated Ti
foils incubated in bacteria were selected as the live control. For the
dead control, these uncoated Ti foils were subjected to a heating
shock treatment at 150 °C for 15 min. Imaging was performed using a
Nikon Eclipse Ti2E microscope at 20× magnification. For excitation,
a 465−485 nm filter was used, while for emission, filters of 499−530
nm (SYTO9) and 580−610 nm (propidium) were used. For
quantitative analysis of the Live/Dead imaging, the Image-Pro v11
(Media Cybernetics, Rockville MD) cell biology protocol “live−dead”
was used to calculate the % viable bacteria. The data were analyzed
using an ANOVA, followed by a Tukey post hoc test.
Mammalian Cytotoxicity Assay. Solutions of coating degrada-

tion products (Figure S7) were prepared by incubating each coating
in 1 M HCl for 48 h to achieve complete degradation of the networks.
The pH of each solution was then adjusted to 7.4 using 1 M NaOH. A
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay on C2C12 mouse myoblast cells was then performed as
previously reported.58 The solution of coating degradation products
was diluted 10-fold with the culture media and then passed through a
0.2 μm filter for sterilization to achieve a concentration of 225 μg
mL−1 (based on the known quantity of polymer in the initial coating),
which was then subjected to serial 2-fold dilutions to 3.5 μg mL−1. Six
replicates of each concentration were evaluated, and the results are
presented as the mean ± standard deviation.

■ RESULTS AND DISCUSSION
Phosphonium Coating Preparation. The phosphonium

monomers PhP, EtP, BuP, and HyP (Figure 2) were prepared
as previously reported.25,51 These monomers were selected for
their cationic phosphonium centers, ease of synthesis of the
styrenic derivatives, and potential for antibacterial activity
resulting from their balance of hydrophobic and hydrophilic
properties.24,25,51,59−61 The selected cross-linkers were a
bis(acrylamide) ketal based on acetone (XK) and a bis-
(acrylamide) acetal based on acetaldehyde (XA).52 These
linkers were previously shown to be cleaved under mildly
acidic conditions, but at varying rates, with the ketal cleaved
much more rapidly than the acetal.52 HMP was selected as the
photoinitiator for UV curing of the coatings.

Figure 2. Chemical structures of the selected monomers, cross-linkers, and the photoinitiator.
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Fixing HMP at 5% (w/w), different coating formulations
were initially prepared at varying cross-linker/monomer ratios
ranging from 40:55 to 70:25 (w/w) (Table 1). To examine

their potential to form cross-linked coatings, the formulations
were cast onto glass substrates using a Meyer rod and cured by
irradiation with UV light. The extent of cross-linking was
assessed based on the cure percentage. At less than 50% cross-
linker, successful coating preparation was not achieved, as the
materials swelled and fragmented, making the measurement of
cure percentage impossible, with the exception of the BuP
system (23 ± 1%). At 50% cross-linker and above, the cure
percentage exceeded 80% for the PhP and BuP networks. The
EtP and HyP systems swelled considerably and rapidly
delaminated from the surface, so they were not investigated
further. To maximize the content of the active phosphonium
monomer, formulations containing 5% HMP, 45% phospho-
nium monomer, and 50% cross-linker were selected for all
subsequent studies with PhP and BuP. In addition to glass
substrates, coatings were cast and cured on Ti foil, as Ti
materials are commonly employed in orthopedic implants such
as in joint prostheses, as well as screws and plates used in
surgeries. These metallic implants are frequently associated
with infections involving bacterial biofilms.62,63 To achieve
sufficient adhesion to Ti, the surface was first treated with 3-
(trimethoxysilyl)propyl acrylate to establish a bonding between
the cured formulation and the metal.53

Phosphonium Coating Properties. The accessible sur-
face charges were quantified for each phosphonium coating, as
this property plays an important role in antibacterial activity,
with a charge density of at least 1014 cations cm−2 generally
required for bacterial killing.64 Based on the fluorescein
adsorption assay, there were at least 1016 cations cm−2 for
both XA and XK coatings (Table 2). These values are within 1
order of magnitude of those reported for other recently
reported charged, contact-active antibacterial surfaces.65,66 The
wettabilities of the phosphonium coatings were assessed using
WCA measurements. All surfaces were hydrophilic (WCA
range: 50−62°), presumably due to the amides and charged
phosphonium groups on the coatings, with the BuP surfaces
being a bit more hydrophobic than the PhP surfaces.

pH-Dependent Coating Degradation. The pH-depend-
ent degradation of the BuP and PhP coatings was studied at 37
°C from pH 4.5 to 7.4, with pH 7.4 being the neutral
physiological pH and pH 4.5 being the pH that can be
obtained locally from a bacterial infection due to metabolic
byproducts such as lactic acid produced by S. aureus40 or acetic
acid produced by E. coli.67 Acetate buffer was used in the range
of pH 4.5−5.5, while phosphate buffer was used in the range of
pH 6.5−7.4. Although changing the buffer salts could
potentially influence the hydrolysis rate, it was deemed
necessary to ensure that each buffer system was used only in
its appropriate buffering pH range. The degradation was
assessed based on the release of species (e.g., triphenylphos-
phonium, or aldehyde/ketone from cross-linker cleavage) into
solution, as measured by UV−vis spectroscopy. Coatings
prepared from both BuP and PhP, along with the acetal cross-
linker XA, were stable, with less than 10% of the degradation
over 22 days (Figure 3A,B). These results are in agreement
with a previous report where similar acetal-based cross-linkers
exhibited minimal hydrolysis at pH 7.4 for 7 days.52 On the
other hand, both the BuP and PhP coatings prepared using the
ketal cross-linker XK underwent substantial degradation over
14 days (Figure 3C,D). This result was expected as aliphatic
ketals generally hydrolyze more rapidly than aliphatic acetals
due to stabilization of the carbocationic transition state during
hydrolysis by two pendent alkyl groups compared to one.68 We
also observed pH-dependent degradation rates for coatings
containing the XK cross-linker, with degradation being
complete at pH 4.5 in less than 2 days, whereas at pH 5,
complete degradation required about 1 week. These differ-
ences between pH 4.5 and pH 5.0 aligned well with the rate of
ketal hydrolysis being first order with respect to the hydronium
ion52,69 and thus ∼3-fold faster with each 0.5 decrease in pH
unit. At pH 5.5−7.4, the hydrolysis was much slower, with 20−
40% degradation observed for the PhP-XK coatings and ∼70%
degradation for the BuP-XK coatings. While WCA measure-
ments suggested that the BuP coatings were actually more
hydrophobic, it is possible that the PhP coatings hydrolyzed
more slowly as it was more difficult for water to penetrate the
PhP coatings due to their more rigid aromatic structures and
π−π stacking. An unexpected result was the minimal pH-
dependence of the coating hydrolysis between pH 5.5 and 7.4,
particularly for BuP-XK coatings. Unlike simple ketal
hydrolysis in solution, it appears that other factors such as
water penetration into the coatings may dominate the
hydrolysis rate under these conditions. Nevertheless, the
results of these degradation studies demonstrated that coatings
of varying stabilities could be achieved using the XK and XA
cross-linkers and that pH-dependent degradation occurred at
mildly acidic pH.
Antibacterial Activity of the Coatings. Coatings on Ti

surfaces were then evaluated for their ability to release
antibacterial species into solution in a pH-dependent manner.
While styrenic phosphonium monomers and polymers have

Table 1. Effect of XK or XA Cross-Linker Percentage on the
Cure Percentage for PhP and BuP Coatings Cast and Cured
with UV Light on Glass Surfacesa

XK wt % XA wt %

cure
percentage 40 50 70 40 50 70

PhP F 83 ± 2 87 ± 1 F 90 ± 2 91 ± 3
BuP 23 ± 1 94 ± 2 97 ± 3 F 82 ± 0.1 97 ± 2

a5 wt % HMP photoinitiator was used in each formulation, along with
PhP or BuP to bring the composition to 100%. F, coating fragmented,
making determination of the cure percentage impossible.

Table 2. Charge Density (c+) and Water Contact Angle (WCA) for Coatings with 45% Phosphonium Monomer, 5% HMP, and
50% Cross-Linker (w/w)

XA XK

coating formulation WCA (°) c+ (cations cm−2) WCA (°) c+ (cations cm−2)

PhP 51 ± 2 (2.2 ± 1.2) × 1016 55 ± 2 (5.6 ± 4.4) × 1016

BuP 59 ± 0.2 (1.8 ± 6.4) × 1016 62 ± 2 (5.9 ± 1.8) × 1016
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been evaluated for their antibacterial activities in the
past,25,51,59,70 coatings reported here would release polymeric
or oligomeric species that also contain hydroxyethylacrylamide
moieties from the cross-linker (Figure S7). After washing the
cured coatings thoroughly to remove any residual uncured
monomer, cross-linker, or photoinitiator, they were incubated
at either pH 5.0 or 7.4 for 7 days. The pH 5.0 solution was
then adjusted to 7.4, and the pH 7.4 solutions of coating
degradation products were added to suspensions of E. coli
ATCC 29425 and S. aureus ATCC 6538 (106 CFU mL−1) in
Mueller−Hinton broth. After incubation for 16 h, the resulting
suspensions were plated on agar to examine bacterial viability
compared to bacterial suspensions exposed to control solutions
at pH 5 or pH 7.4 that were incubated with uncoated Ti
surfaces.

The extent of bacterial killing depended on the coating
formulation and pH. All coatings containing the XA cross-
linker led to minimal killing of bacteria, regardless of pH
(Figure 4). Kanazawa et al. previously found that the inhibitory
concentrations for polymers prepared from BuP and PhP were
∼10 μg mL−1 against S. aureus and >100 μg mL−1 against E.
coli, while monomeric analogues had even higher minimal
inhibitory concentrations.59 Given their low extent of
degradation and release of bioactive phosphonium species
during the one-week incubation period, the concentration of
released phosphonium species from the XA coatings was not
sufficiently high to fully inhibit bacterial growth. Nevertheless,
for S. aureus, 10−20% killing for BuP-XA and 20−30% killing
for PhP-XA were observed, indicating that S. aureus was more
susceptible than E. coli to the low concentration of
phosphonium species released from the coatings and also
that the released PhP species were somewhat more active than
the corresponding BuP species. The differences in suscepti-

Figure 3. pH-dependent degradation of (A) PhP-XA, (B) BuP-XA, (C) PhP-XK, and (D) BuP-XK coatings at pH values from 4.5 to 7.4 (37 °C)
assessed based on the release of degradation products into solution as measured by UV−vis spectroscopy.

Figure 4. % Viable bacteria of (A) S. aureus and (B) E. coli incubated
with a degraded coating solution at pH 5.0 and pH 7.4 determined by
the drop plate method. Error bars correspond to the standard
deviation (N = 3 surfaces).
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bility between S. aureus (Gram-positive) and E. coli (Gram-
negative) may have arisen from their different membrane
structures. Gram-negative bacteria have an additional outer
membrane and tend to be more effectively killed through
hydrophobic insertion mechanisms, whereas Gram-positive
bacteria lack this outer membrane and favor charge-based
killing mechanisms.71 The higher activity of the slightly less
hydrophobic PhP species compared to the BuP species is also
in agreement with the results previously reported by Kanazawa
et al.59 At pH 7.4, ∼30% killing was generally observed for the
XK coatings, which can be attributed to some hydrolysis of the
ketal cross-linker and release of phosphonium (20−30%) from
these coatings over 1 week. Notably, at pH 5.0, for both the
BuP-XK and PhP-XK coatings, no viable CFUs were detected,
indicating that the coating degradation products were able to
successfully kill both E. coli and S. aureus, corresponding to at
least a 3-log kill based on the assay.

The effects of the coatings on bacteria seeded directly on the
coatings were also examined. The coated Ti surfaces were
incubated with S. aureus-GFP or E. coli-GFP at pH 5.0 or 7.4
for 16 h. After carefully rinsing the surfaces to remove
nonadhered bacteria, they were imaged by fluorescence
microscopy and the density of bacteria was quantified and
compared to control Ti surfaces at each pH (Figures 5 and S8
and S9). In the case of S. aureus, the BuP-XA coatings led to a
modest ∼10% reduction in the densities of bacteria compared
to the control, while the PhP-XA surface led to ∼30%
reduction. There were no statistically significant differences
observed between pH 7.4 and 5.0 for these coatings with S.

aureus. On the other hand, both BuP-XK and PhP-XK coatings
exhibited large differences in activity between pH 7.4 and 5.0
with the coatings behaving similarly to the control surface at
pH 7.4, but with reductions in S. aureus of ∼90 and ∼95%,
respectively, at pH 5.0. These trends are in line with the higher
antibacterial activity of the released PhP species compared to
the BuP species toward S. aureus as described above (Figure
4). Overall, these results indicate the importance of coating
degradation and substantial phosphonium release for effec-
tively inhibiting the growth of S. aureus on the coating surfaces
in this assay.

The densities of E. coli on the coatings varied greatly,
depending on the formulation and the pH. For example, at pH
7.4, both BuP-XK and PhP-XK coatings had higher E. coli
densities than the control Ti foil, indicating the preference of
E. coli for the polymer-coated surfaces. This result might be
attributed to E. coli’s72,73 lower tendency to form biofilms
compared to S. aureus ATCC 6538, and thus, there is a strong
influence of the underlying surface. However, at pH 5.0, the
density of bacteria was suppressed by 95 and 70% compared to
the control for BuP-XK and PhP-XK, respectively, indicating
that the degradation of these coatings was able to suppress E.
coli colonization. BuP-XA at pH 7.4 and PhP-XA at pH 5.0
resulted in intermediate densities of bacteria, ranging from 20
to 70% of the control, presumably due to the presence of
phosphonium groups suppressing to some extent E. coli
colonization. Even with its slow degradation rate, the BuP-XA
coating was able to suppress the E. coli density by ∼80%, likely
because of there being some activity of the tributyl(4-
vinylbenzyl)phosphonium moiety immobilized on the surface
and further enhanced by a small amount of phosphonium
release at pH 5.0. Overall, there was a trend toward higher
antibacterial activity for the BuP coatings compared to the PhP
coatings against E. coli colonization of the surface. The BuP
coatings may be more effective against E. coli due to their
higher hydrophobicity, which is important for the membrane
disruption mechanism involved in the killing of Gram-negative
bacteria.20,74 It should also be noted that the susceptibility of
the bacteria to the substrate and released biocidal molecules
might also vary with pH as we observed a trend toward higher
activity at pH 5 compared to 7.4, and Kanazawa et al. also
previously reported a low activity for polymers prepared from
BuP and PhP as well as their monomeric analogues against E.
coli at neutral pH.59

Live/dead staining was performed for the more active
surfaces containing the XK ketal cross-linker, and the effects of
pH were probed. In this assay, the live bacteria appear green as
a result of the SYTO9 stain, whereas the dead bacteria appear
red from the propidium iodide. The images revealed that both
BuP-XK and PhP-XK coatings had high fractions of live S.
aureus (Figure 6A,B) and E. coli (Figure 6C,D) at pH 7.4. At
pH 5.0, the percentage of live bacteria was significantly lower
for both the BuP-XK and PhP-XK coatings and both strains of
bacteria. However, bacteria were still present on the surfaces,
even at pH 5. This observation can be attributed to the
relatively low (∼10%) degradation of the coatings at the 16 h
time point, when imaging was performed. Overall, the live/
dead results were in general agreement with the quantification
of live GFP-expressing bacteria described above (Figure 5).

The results of our antibacterial studies can be compared
with those of previously reported pH-responsive antibacterial
coatings. For example, multilayered coatings composed of
chitosan and PAA loaded with tobramycin effectively

Figure 5. Relative numbers of bacteria count adhered to the surface:
(A) S. aureus-GFP and (B) E. coli-GFP on coated Ti surfaces
incubated at either pH 7.4 or pH 5.0 (normalized to an uncoated
surface defined as 100% at each pH). Error bars correspond to the
standard deviations (N = 3 surfaces, 5 areas per surface measured). *
indicates treatment pairs that were significantly different statistically
(p < 0.05).
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prevented colonization when incubated for 2 h with 104 CFU
mL−1 S. aureus but were not effective with 105 CFU mL−1.41

Multilayered coatings composed of PAA, clay, and gentamycin
were able to kill up to 108 CFU mL−2 with 9.5 bilayers, with a
lower killing for coatings with fewer layers.42 PEG-based
hydrogels with imine-conjugated vancomycin killed 106 CFU
mL−1 S. aureus over ∼4 h when loaded with 250 μg mL−1

vancomycin.43 Coatings prepared from 4-(vinyloxy)butyl
methacrylate polymers with 6-chloropurine conjugated by
hemiaminal ethers provided a >99.9% reduction when
incubated with 104 CFU cm−2 S. aureus or E. coli for 24 h.45

Thus, our pH-responsive phosphonium coatings appear to
exhibit comparable antibacterial activity to these coatings while
being very simple to prepare.
Cytotoxicity to Mammalian Cells. C2C12 mouse

myoblast cells were used to assess the toxicity of the coating
degradation products to mammalian cells. The degradation
products were generated by incubating the coatings in 1 M
HCl, and the solutions were adjusted to neutral pH and diluted
in cell culture media. Most of the released polymers had IC50
values in the range of 50−100 μg mL−1, with the IC50 of the
PhP-XK products being a bit higher (Figure 7). These results
are in general agreement with what we previously reported for
phosphonium polymers with different substituents such as
ethyl, butyl, phenyl, and 3-hydroxypropyl,58 indicating that the
incorporation of the cross-linker did not have a major effect.
The mechanism of phosphonium cytotoxicity is thought to

involve cell membrane disruption.74 The BuP-XA coating
degradation products had surprisingly low toxicity. Since the
XA cross-linked coatings degrade more slowly, it is possible
that these materials had not degraded fully to molecularly
dissolved species and therefore exhibited lower toxicity.
However, this will require further investigation. Overall,
while phosphonium cytotoxicity is not a major concern for
applications such as surface decontamination outside the body,

Figure 6. Live/dead staining of S. aureus and E. coli on a control Ti surface (uncoated) and XK cross-linker-containing coatings on Ti at pH 7.4 and
5.0: (A) fluorescence microscopy images of S. aureus; (B) % viable S. aureus calculated from the images; (C) fluorescence microscopy images of E.
coli; and (D) % viable E. coli calculated from the images. Error bars correspond to the standard deviations (N = 3 surfaces, 5 images per surface).
Scale bar is 50 μm. * indicates treatment pairs that were significantly different statistically (p < 0.05).

Figure 7. Metabolic activity of C2C12 cells (compared to control
cells exposed to only culture media) after exposure to varying
concentrations of phosphonium degradation products of the coatings,
as measured by an MTT assay. Error bars correspond to the standard
deviation on six replicates.
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for potential applications in vivo, phosphonium toxicity to
mammalian cells must be balanced with their antibacterial
activity.

■ CONCLUSIONS
Phosphonium cation-containing coatings were prepared using
a combination of four different phosphonium monomers and
acetal (XA) or ketal (XK) cross-linkers. Both the BuP and PhP
monomers provided coating materials with a high cure
percentage and at least 1016 accessible cations cm−2 when
combined with 50% (w/w) of XA or XK. Coating degradation
studies revealed that XA coatings were very stable from pH 7.4
to 4.5, with less than 10% degradation over 3 weeks, whereas
the XK coatings degraded completely over a few days at pH
4.5, over a week at pH 5.0, and more slowly at pH 5.5−7.4.
The rapid degradation of the XK coatings led to the release of
antibacterial phosphonium species, which were capable of
effectively killing both S. aureus and E. coli in suspension, as
demonstrated using the drop plate method. Fluorescence
microscopy imaging of coated Ti surfaces incubated with GFP-
expressing S. aureus and E. coli showed that while bacteria grew
on XA surfaces at moderate levels regardless of pH, and on XK
surfaces at pH 7.4, XK coatings led to >90% suppression of
bacterial growth on the surfaces at pH 5.0. These results were
supported by live/dead imaging of bacteria on the surfaces.
This study indicates that the use of pH-sensitive cross-linkers
can be an effective approach for suppressing the colonization of
bacteria on surfaces in a pH-dependent manner. Further work
will be directed toward completely suppressing bacterial
growth on the coatings through the incorporation of multiple
inhibitory mechanisms and toward eliminating the adhesion of
dead bacteria to the surface, thereby inhibiting biofilm
development over the longer term.
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