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ABSTRACT: A series of UV active benzophenone ([C6H5COC6H4-O-(CH2)nN+Me2R][X−]; 4, R = C12H25, n = 3, X− = Br−; 5a−c, R = C18H37, n = 3, X− =
Cl−, Br−, I−; 6a−c, R = C18H37, n = 4, X− = Cl−, Br−, I−; 7a−c, R = C18H37, n =
6, X− = Cl−, Br−, I−) terminated C12 and C18 quaternary ammonium salts
(QACs) were prepared by thermal or microwave-driven Menshutkin protocols
of the appropriate benzophenone alkyl halide (1a−c, 2a−c, 3a−c) with the
corresponding dodecyl- or octadecyl N,N-dimethylamine. All new compounds
were characterized by NMR spectroscopy, HRMS spectrometry, and, in one
instance (4), by single-crystal X-ray crystallography. Representative C12 and C18
benzophenone QACs were formulated into 1% (w/v) water or water/ethanolbased aerosol spray coatings and then UV-cured onto plastic substrates
(polypropylene, polyethylene, polystyrene, polyvinyl chloride, and polyether
ether ketone) with exposure to low to moderate doses of UV (20−30 J cm−2). Conﬁrmation as to the presence of the coatings
was detected by advancing water contact angle measurements, which revealed a more hydrophilic surface after coating. Further
conﬁrmation was gained by X-ray photoelectron spectroscopy analysis, time of ﬂight secondary ion mass spectrometry, and
bromophenol blue staining, all of which showed the presence of the attached quaternary ammonium molecule. Analysis of
surfaces treated with the C18 benzophenone 5b by atomic force microscopy and surface proﬁlometry revealed a coating thickness
of ∼350 nm. The treated samples along with controls were then evaluated for their antimicrobial eﬃcacy against Gram-positive
(Arthrobacter sp., Listeria monocytogenes) and Gram-negative (Pseudomonas aeruginosa) bacteria at a solid/air interface using the
large drop inoculum protocol; this technique gave no evidence for cell adhesion after a 3 h time frame. These antimicrobial
materials show promise for their use as coatings on plastic biomedical devices with the aim of preventing bioﬁlm formation and
preventing the spread of hospital acquired infections.
KEYWORDS: environmentally friendly methods, Menshutkin, quaternary ammonium antimicrobials, UV cure, benzophenone coatings,
plastics
billions of dollars per annum.2 A major contributor to these
infections and their related mortality rates is the presence of
bioﬁlms, which can support the cohabitation of pathogenic and
nonpathogenic bacteria populations.3 Many of these bioﬁlm
producing microorganisms attach readily to porous and
nonporous surfaces and proliferate in diﬃcult to clean and
sometimes unsuspected venues.4 Additionally, the over
prescription of antibiotics to treat infectious diseases, as well
as the extensive use of disinfectant chemicals and biocidereleasing antimicrobial surfaces, has led to the development of
resistance by an ever-increasing number of strains of micro-

1. INTRODUCTION
The global threat of infectious outbreaks and bioﬁlm-related
healthcare-acquired infections (HCAIs) caused by pathogenic
microbial infestations has led to the adoption of aggressive,
preventative approaches to combat the spread of such diseases.
These approaches include improvement in cleaning protocols,
spoiled laundry, and waste control, the widespread use of
disinfectants, enforced hand washing procedures for healthcare
staﬀ, the ubiquitous use of disposable gloving, and new designs
for hospital recovery rooms, Intensive Care Unit, and operating
suites, all of which are designed to minimize the spread of
pathogenic bacteria.1 Despite these considerable eﬀorts, the rate
of infection remains unacceptable, and the numbers of
postoperative deaths by infection is likewise still high. This
situation creates a health and economic burden estimated at
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Figure 1. Examples from the literature of the covalent functionalization of plastic material surfaces with quaternary ammonium anchored biocides
through (a) silane anchors, (b) benzophenone C−H insertions to surfaces or (c) grafting to a biocide, that is, chlorhexidine, CHX, or (d) acrylate
photoinitiated by surface immobilized benzophenone.

organisms.5 When bioﬁlms develop, microorganism survival is
enhanced, and it is now understood that the majority of HCAIs
(65−80%) are from pathogenic bacteria housed and released
from such bioﬁlms.6
In the mid-1960s, the Dow Corning Corp. developed a
popular antibioﬁlm technology based on quaternary ammonium silanes (SiQAC, Figure 1); these materials can be readily
grafted onto porous surfaces.7 These SiQAC were shown to be
eﬀective in preventing and combating bioﬁlm formation by
chemically altering surfaces with physically attached quaternary
ammonium molecules. These areas include common touch
points, air ﬁlters, sinks, hospital rooms, transport trucks,
hospital uniforms, surgical equipment, medical devices, and
everyday consumer products; all of these materials could be
treated with covalently bonded quaternary ammonium
antimicrobial nanoscale coatings.1,7−10 A clear advantage to
the use of these surface-anchored bacteriostatic and bactericidal
polycationic coatings (or “self-sterilizing antimicrobial surfaces”) is that they greatly reduce initial bacterial attachment by
causing physical damage of microbial membranes upon physical
contact. This is in contrast to conventional “leachable” biocides,
which require cell uptake to disrupt the synthesis of proteins
and/or weaken cell walls, or alternatively interfere with
membrane function. All of these latter modes of action are
susceptible to the development of drug resistance.11,12
Modifying surfaces with immobilized, positively charged
polymeric structures containing lipophilic moieties, such as
long alkyl chains, has been shown to selectively interrupt the

function and integrity of microbial cell membranes with little or
no eﬀect on eukaryotic cells.9,12−14 Various “contact-killing”
hypotheses have been proposed and are typically based on the
proposed disruption of microbial membranes either by physical
and/or electrostatic means or by their combination. The ﬁrst
contact killing hypothesis based on size was proposed in 2001
by Tiller et al. and is referred to as the “polymeric spacer” kill
mechanism.15 Poly(vinylpyridine) (PVP) chains, of diﬀerent
molecular masses, were grafted onto amine-derivatized glass
slides through a 1,4-dibromobutane cross-linker. This was
followed by a second quaternization with alkyl bromides
ranging in length from propyl to hexadecyl.15 Nonquaternized
PVP slides displayed no antimicrobial eﬀect as compared to
unmodiﬁed control slides, while the highly quaternized
poly(vinyl-N-hexylpyridinium) slides, speciﬁcally those grafted
with shorter PVP chains (60 000 g mol−1), showed <64%
reduction of aerosol-deposited Staphylococcus aureus cells (24 h
contact time with growth agar). Longer hexyl-PVP chains
(160 000 g mol−1) showed a 94% reduction of colony forming
units (CFUs) over the same time period.15,16 A 4 log reduction
(1 × 106 CFU/mL) of Escherichia coli was achieved on aminoderivatized glass slides immobilized with suﬃciently long
(25 000−750 000 g mol−1) N-hexyl or N-methyl-polyethylenimine (PEI) polymers. These materials had a surface charge
density of 4.095 × 1015 [N+] cm−2.17 Long, highly charged and
ﬂexible polycations grafted from polypropylene (PP) and
microporous polypropylene membrane (MPPM) substrates
also showed high antimicrobial activity. MPPM grafted at two
B
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diﬀerent charge densities (E. coli (2.11 × 1018 [N+] cm−2) and
S. aureus (1.51 × 10 18 [N + ] cm −2 )) with poly(2(dimethylamino)ethyl methacrylate (PDMAEMA) by sequential UV-induced graft polymerization resulted in a 5.25 log
reduction (1.75 × 105 CFU/mL) with 5 min contact time using
the ASTM E2149 protocol (Figure 1).18 However, regardless of
charge density and contact time, once the immobilized
PDMAEMA lost its ﬂexibility through cross-linking with pxylylene dichloride, the antimicrobial activity was essentially
zero.19 Complete (5.46 log, 2.88 × 105 CFU/mL) reductions in
E. coli were obtained with PP slides (1 cm2) grafted with
relatively high molecular weight (MW) PDMAEMA polymers
(>9800 g mol−1, >1.40 × 1015 [N+] nm−2) produced via atom
transfer radical polymerization (ATRP). In contrast, low
biocidal activity (<1 log) was observed for the surface grafted
with shorter PDMAEMA chains (1500 g mol−1, 2.00 × 1014
[N+] nm−2) after shaking (1 h with a 2.9 × 105 CFU/mL E. coli
bacterial load) using the ASTM E2149 protocol.20 To penetrate
cell walls (16−80 nm thickness), surface grafted cationic
polymers need to be long, ﬂexible hydrophobic cations able to
deliver an optimal balance of charge and hydrophobicity.
Moderate hydrophobicity was achieved with either quaternized
hexyl-PVP or hexyl PEI grafted polymers at constant positive
charge. This enables the polymers to “stretch out” and avoid
hydrophobic interchain aggregation.16,21
A second contact killing hypothesis, one that is dominated by
charge, is entitled the “phospholipid sponge”22,23 or “anion
sponge”13,24 mechanism, which was proposed independently by
Tiller et al. and Chen-Park et al. in 2011. This mechanism
theorizes the removal of water-insoluble, negatively charged
phospholipids and lipopolysaccharide (LPS) molecules from
bacterial cell membranes upon close proximity and adequate
contact time, with cationic antimicrobial surfaces lacking a long
polymeric spacer. Once desorbed, negatively charged phospholipids of ∼4.0 nm in length travel as liposomes through larger
holes in the microbial cell wall to reach the attached cationic
antimicrobial surface. Alternatively, such molecules become
suctioned into the swollen pores (16.5 nm) of a polycationic
hydrogel coating, resulting in membrane damage.13 A speciesdependent, positive charge density, threshold on an aminoderivatized glass slide immobilized with poly(4-vinyl-Nbutylpyridinium) bromide supports the charge-based mechanism with a 6.69 log reduction of both Staphylococcus
epidermidis and E. coli with 1 × 1016 [N+] cm−2 positive charge
density. These results were noted after a 10 min contact time.
When charge density values dropped below the threshold (5.6
× 1015 [N+] cm−2), a longer contact time (2 h) was needed to
achieve complete kill of S. epidermidis.25 With ATRP grafted
PDMAEMA cationic polymer brushes, a 8 × 1015 [N+] cm−2
charge requirement was needed to kill a monolayer of E. coli
cells distributed over a 1 cm2 surface area regardless of brush
size (8 or 55 nm).26 Cavallaro et al. used live dead staining with
the nonpolymeric, surface immobilized glycidyltrimethylammonium chloride (GTAC) on plasma-polymerized amine-rich
surfaces to evaluate eﬃcacy. Using GTAC, a threshold of
surface coverage concentration density of 4.2% quaternary
bonded nitrogen sites with a minimum surface charge of +120.4
mV was required to reduce viable E. coli cells by 70.7% (2.5 ×
106 CFU/mL).9 This suggests that the actual contact killing
mechanism is a two-step process that is both charge and
hydrophobicity driven.10,22 Bacteria are drawn in by localized
powerful electrostatic adhesive forces (4−100 nN) or a
simulated electric ﬁeld when they approach a high charge

density cationic surface. These factors locally ﬂatten out the
membrane and establish a close proximity contact. Above the
charge density threshold, bacteria are unable to detach and
grow. This causes localized membrane damage with short
architectures consisting of short hydrophobic residues via the
phospholipid sponge mechanism. Larger features (consisting of
long polymeric spacers: >30 nm) are able to insert and pierce
the membrane through the polymeric spacer mechanism.14
Interestingly, 200 nm long irregularly shaped neutral surfaces,
based on dragonﬂy wing nanopili, are able to cause localized
microbial membrane damage in the absence of a positive
charge.27
Commodity-based plastic products have been well integrated
into various industries, speciﬁcally, the medical and food
industries where plastic serves as an essential material for
medical devices and packaging. Unfortunately, plastic surfaces
remain prone to bioﬁlm formation.28 Gottenbos et al. were the
ﬁrst to report an antibioﬁlm and antimicrobial plastic surface.
This consisted of an oxidized −OH terminated silicone rubber,
which was covalently modiﬁed with a SiQAC polymeric coating
(Figure 1). A disadvantage of these materials is that the (inert)
C−H terminated surface required argon plasma activation prior
to grafting the antimicrobial.29 Plasma activation requires
expensive and complicated equipment, which can also damage
or etch the polymer surface. In addition, the technique requires
long grafting and curing periods with the SiQAC at high
temperatures (20 h, 80 °C), conditions that are unsuitable for
some plastic surfaces. Many studies have shown that when
exposed to UV light, benzophenone type II photoinitiators
form a diradical, which acts as a cross-linker for “grafting onto”
plastic surfaces through a C−H insertion mechanism.30 The
diradical benzophenone group abstracts a hydrogen atom from
neighboring aliphatic C−H groups at the polymeric surface,
generating both surface radicals (R•) and semipinacol radicals
(BP−OH•), which combine to form a C−C bond to the
surface in the absence of monomer solutions.31 Alternatively, in
the presence of acrylate monomers, the photoinduced radicals
R• initiate surface grafted radical polymerization, which has
been exploited to graft polymer brushes from common plastic
surfaces. This can be done in either an uncontrolled or a
controlled fashion by ﬁrst immobilizing the photoinitiator to
the surface.32,33
A benzophenone-silane unit, ﬁrst synthesized by Prucker et
al., was designed as a bifunctional photo-cross-linker. This
compound was successfully used to covalently bond SiO2
surfaces to various C−H terminated polymer thin ﬁlms through
the benzophenone end group. Polystyrene (PS),34 ﬂuoropolymers,35 hydrophilic polymers,36 lipopolymers,37 cholera toxin
B subunit,38 as well poly(oxanorbornene)-based synthetic
mimics of antimicrobial peptides (SMAMPs)39 have been
used in the preparation of polyzitterion/SMAMPs to act as
antimicrobial surfaces.39 Metal oxide surfaces of Al and Ti were
similarly photochemically functionalized with poly(methyl
methacrylate) (PMMA), 40 polyvinyl-N-methylacetamide
(PNVA), poly(hydroxyethyl methacrylate) (PHEMA), and
PS,41 respectively, through phosphonic acid benzophenone
chemistries.
Benzophenone-substituted quaternary ammonium compounds (BPQACs) were ﬁrst prepared in 1988 by Saetonne
et al., for use in sunscreen formulations with limited
antimicrobial properties,42 and later found uses as watersoluble photoaﬃnity tags for the photochemical immobilization
of various biomolecules in biochemical research.43−45 They can
C
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Scheme 1

N,N-Dimethyldecylamine was purchased from Alfa, and N,Ndimethyloctadecylamine was from Acros. Stock plastic (clear)
polyvinyl chloride (CPVC) (cat. 82027-788) and polystyrene (PS)
(cat. 89106-754) were supplied by VWR International, polyvinyl
chloride (PVC) was sourced from Bow Plastics (cat. 650598),
polyether ether ketone (PEEK) was sourced from Drake plastics (cat.
KT820NT), high density polyethylene (HDPE) was sourced from
ePlastics (cat. HDPENAT0.125SR24X48), and polypropylene (PP)
was sourced from Special Coatings USA, LLC. The benzophenone
alkyl halides (1a−c, 2a−c, 3a−c; Scheme 1) were prepared as
previously described by Saettone.42 Synthesis of propyl-dimethyl(benzoylphenoxy)octadecylammonium bromide 5b was carried out in
a Biotage Initiator Microwave Synthesizer (2.45 GHz). The
benzophenone-functionalized dansyl quaternary ammonium ﬂuorophore, S1, was obtained as previously described.53 All other
experimental details are included in the supplementary section.
2.2. Antimicrobial Compound Characterization. Nuclear
magnetic resonance (NMR) experiments were carried out on a 400
MHz Bruker Avance II spectrometer using CDCl3. 1H NMR (400
MHz) and 13C NMR (100.6 MHz) spectra were referenced to the
residual proton and central carbon peak of the solvent. All chemical
shifts are given in δ (ppm) relative to the solvent and assigned to
atoms on the basis of available 2D spectra for each compound. Thin
layer chromatography (TLC) was carried out on silica gel 60
aluminum backed plates, eluting with the solvent system indicated
below for each compound. High-resolution mass spectrometry
(HRMS) was carried out using electrospray ionization time-of-ﬂight
(ESI-ToF) at the Advanced Instrumentation for Molecular Structure
(AIMS) laboratory at the University of Toronto. Melting points were
measured in open air using a Fisher Scientiﬁc melting point apparatus.
A Bruker-Nonius Kappa-CCD diﬀractometer was used to obtain the
X-ray information on the crystal structure of 4, which has been
deposited with the Cambridge Crystallographic Data Centre and has
been assigned the following deposition number: CCDC 1546440.
2.3. Characterization of Antimicrobial Treated Surfaces.
Contact angle images of treated and untreated surfaces were taken
using a Teli CCD camera equipped with a macro lens and attached
perpendicular to the sample surface. Contact angle measurements
were performed using SCA20 contact angle software by Data Physics
Corporation. X-ray photoelectron spectroscopy (XPS) was performed
using a ThermoFisher Scientiﬁc K-Alpha, and time-of-ﬂight secondary
ion mass spectrometry (ToF-SIMS) was performed using an IonTOF
ToF-SIMS IV at the Ontario Centre for the Characterization of
Advanced Materials (OCCAM), located at the University of Toronto.
Atomic force microscopy (AFM) using an Anasys nanoIR2 equipped
with Contact Mode NIR2 Probes (resonance frequency 13 ± 4 kHz,
spring constant 0.07−0.4 N m−1) and surface proﬁlometry using a
KLA-Tencor P16+ surface proﬁlometer were also performed at
OCCAM. AFM data were processed using Gwiddion 2.48.54
Epiﬂuorescent microscopy was performed using a Leica MZFLIII
ﬂuorescence microscope equipped with a PlanApo 1.0× objective lens
and CFP ﬁlter set (excitation ﬁlter 436/20 nm, barrier ﬁlter 480/40
nm) (Figure S1).
2.4. Antimicrobial Coating Method. Multiple coatings (≤3
coats) of 4.4 ± 1 cm2 plastic test samples were sprayed using an ESS
AD − LG electrospray apparatus (S/N 20073037, Athens, Georgia)
set to spray a 1% solution of representative compounds at 150 kPa.
Consistent coatings with respect to compound mass and surface
coverage (Figure 3) were obtained by spraying samples for 2.5 ± 0.5 s

also be used as water-soluble photoinitiators for photochemical
hardening of acrylic monomers in ink, paint, and dye
applications.46,47 Although the preparation of cationic contact-killing surfaces through either noncovalent or covalent
means is well established in the literature, the application of
BPQACs for the covalent modiﬁcation of plastic surfaces for
the attachment of cationic polymers is rather scarce with only a
few reports describing their preparation. Matyjaszewski et al.
were the ﬁrst to report covalently attached polymer brushes
through a commercially unpractical multistep “grafting from”,
approach on PP through ATRP.48 The benzophenone group in
benzophenonyl 2-bromoisobutyrate was used as an anchor to
promote the immobilization of ATRP initiator on PP from
which PDMAEMA was grown and later quaternized with ethyl
bromide.20 When the PDMAEMA antimicrobial modiﬁed PP
surfaces were tested using the ASTM E2149 protocol, a
complete kill of E. coli (2.9 × 105 CFU/mL) was observed. The
modiﬁed PP surface exhibited contact angles >66° with
relatively high MW PDMAEMA (Mn > 10 000 g mol−1).20
Locklin et al. reported covalent “grafting to” of cationic PEI
polymer through benzophenone anchors onto various (C−H)
terminated surfaces of commodity polymers (PP, PVC) as well
as glass and cotton.49,50 Qualitative antimicrobial data, obtained
via the spray inoculation method, were also detailed. Around
the same time, we disclosed the syntheses of benzophenonefunctionalized QACs comprising of a C18 carbon chain coated
on diﬀerent plastic substrates. These materials were tested with
the quantitative benchmark large droplet inoculation (LDI)
method.51 Xu et al. functionalized the surface of MPPM by a
three-step process that involved benzophenone grafting, radical
polymerization of PDMAEMA, followed by quaternization with
alkyl halides.19 The benzophenone moiety in PEEK polymer
was used to self-initiate the grafting of nanometer sized layers of
zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine).52 Alternatively, vapor-deposited parylene benzophenone
coatings were used to covalently bind a rather low loading of
chlorhexidine biocide (1.4 ± 0.08 nmol cm−2) to prevent
Enterobacter cloacae bioﬁlm formation.52
In this study, we compare the antimicrobial eﬃcacy of surface
attached benzophenone terminated long chain quaternary
ammonium salts on a variety of plastic surfaces. The treated
surfaces were evaluated using the large droplet test as a new
benchmark method used to qualitatively investigate bacterial
survival of dry bioﬁlms at the solid−air interface. To that end,
our research has focused on the preparation, coating, UV
curing, and antimicrobial testing in the dry state of unique
surface attached quaternary ammonium biocide chemistries for
the permanent antimicrobial modiﬁcation of plastic, metals, and
textile surfaces.53

2. MATERIALS AND METHODS
2.1. Materials. All reagents and solvents were obtained from
commercial sources and used as received unless otherwise indicated.
D
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Figure 2. ORTEP representation of 4 found in the unit cell and selected bond lengths (Å) and bond angles (deg): O(1)−C(3) 1.442(2), O(2)−
C(10) 1.221(2), N(1)−C(1) 1.514(2), N(1)−C(19) 1.508(2), C(4)−O(1)−C(3) 119.06 (15), C(19)−N(1)−C(1) 113.21 (14), C(7)−C(10)−
C(11) 119.98 (17), C(30)−C(29)−C(28) 113.5 (2).
at an average distance of 45 cm from the spray nozzle. An average of
34.5 ± 3.3 μg cm−2 (n = 3) of surface coverage was obtained and
veriﬁed by UV−vis of distilled water-washed samples (Figure S27).
Refer to section 2.6 for leaching tests.
2.5. Antimicrobial Curing Method. UV curing of benzophenone-QUAT coated plastics was performed after each coating step
using a Novacure spot curing system, set to provide a 300 J UV dose,
supplied from a mercury-arc discharge lamp, at a peak intensity of
5000 mW into a reﬂective curing chamber 2 cm from the light guide
source. An intensity of 0.1 W cm−2 for 120 s supplied a 12 J cm−2 dose
per cure, as measured using an EIT UV Power Puck 2.
2.6. Large Droplet Inoculum Antimicrobial Tests. Several
bacterial stock cultures were used in these tests. Bacterial test species
were grown overnight in 3 g L−1 tryptic soy broth at 30 °C within a
shaking incubator (125 rpm). On the day of testing, 2 mL of growth
culture was washed twice by centrifugation at 9000g, replacing the
growth media with 4 mL of sterile water (city of Toronto, Canada),
diluting cells to ∼107 cells/mL. Arthrobacter sp. (IAI-3), a Grampositive bacterium originally isolated from indoor laboratory air, was
inoculated onto all treated and control test surfaces.55 Lab strains of
Gram-negative Pseudomonas aeruginosa (PAO1) and Gram-positive
Listeria monocytogenes (Scott A) were also tested on coated CPVC.
These strains were chosen due to their natural resistance to desiccation
and to their presence in bioﬁlms found within high-risk environments.
The large drop inoculum (LDI) method was used to assess the
antimicrobial eﬃcacy of the coating at a solid−air interface. Triplicate
coated samples were inoculated with 100 μL bacterial aliquots of
subsequently determined concentration using serial dilution followed
by spot plating of the inoculum. All samples were placed inside sterile
Petri dishes and loosely covered inside a biological safety cabinet to
avoid contamination and mimic typical bacterial drying in real world
conditions. After drying out of the inoculum on the material surface
(∼2−3 h, 50% RH, room temperature) and after 24 h, samples were
placed into separate screw cap 50 mL conical bottom polypropylene
tube and vortexed for 60 s in 5 mL of 0.9% physiological saline to
rehydrate and dislodge adhered surviving cells. Retrieved cells from
each tube were serially diluted 3-fold in 1 mL of 0.9% physiological
saline, and 0.1 mL from each dilution (100−103) was spot-plated onto
3 g/L tryptic soy agar. Plates were then incubated at room temperature
for a period of 5−7 d, which allowed for visualization of colony
forming units (CFU). At each time point, bacterial survival on the
coated samples was compared to survival on triplicate noncoated
control surfaces of the same material.
2.7. Antimicrobial Leaching Tests. Qualitative and quantitative
tests were performed to determine whether leaching of antimicrobial
coating occurred when rinsing samples after curing. Triplicate CPVC
control and 2× sprayed but non-UV cured pieces were placed onto
agar plates streaked with IAI-3 and PAO1 and allowed to incubate at

room temperature for 48 h. This was done to conﬁrm that 5b does not
readily diﬀuse through tryptic soy agar at biocidal concentrations
(Figure S18). Qualitative tests involved the dropwise addition of 40
ppm bromophenol blue dye to the collected rinse solution and
observing whether there was a color change from its dianionic purple
color to a blue complex formed in the presence of quaternary
ammonium cation containing species (LOD = 27.44 nmol).
Quantitative testing was performed by rinsing treated, coated but
uncured, and control samples and performing UV−vis spectroscopy
on collected rinse solutions. Triplicate 4.4 cm2 clear polyvinyl chloride
samples were coated up to three times with 5b and were vortexed
within a 50 mL conical screw-cap tube for 60 s in 5 mL of distilled
water. UV−vis spectroscopy was then performed on rinse solutions,
and the absorbance was measured at 292 nm, which corresponds to
the λmax of 5b. The following absorbance measurements were then
compared against a calibration curve to determine antimicrobial
leachate concentration (Figure S27).
2.8. Charge Density Measurement Method.15,56 Accessible
surface charge density (N+ cm−2) of 5b coated and UV cured PS was
determined on the basis of a ﬂuorescein staining-destaining protocol as
previously described. The relation between ﬂuorescein molecules and
QAC molecules is 1:1 during this test. Triplicate control and treated
samples (4 cm2) were submerged in 1% (w/v) aqueous ﬂuorescein
disodium salt solution and placed on an orbital shaker for 24 h at 150
rpm. Samples were exhaustively rinsed with distilled water to remove
unbound ﬂuorescein molecules, as indicated by the visual absence of
ﬂuorescein dye within the rinse ﬂuid. Samples were sonicated for 15
min in 9 mL of cetyltrimethylammonium chloride and 1 mL of 0.1 M
phosphate buﬀered saline to liberate bound ﬂuorescein into solution.
UV−vis was performed using quartz cuvettes (path length; L = 1 cm)
on collected sonicated solutions, and absorbance was recorded at 501
nm. Concentration (C) and surface charge were calculated using the
Beer−Lambert law, with the extinction coeﬃcient value (ε501) of
77 000 M−1 cm−1.
Cfluorescein (mol L−1) = A501/ε501 (M−1 cm−1) × L (cm)

(1)

Accessible QAC surface charge density to ﬂuorescein was calculated
per centimeter square using the following equation:

[N+] =

Cfluorescein (mol L−1) × V (L) × N
A (cm 2)

(2)

where V represents the volume of collected sonicated solution, N
represents Avogrado’s number (6.023 × 1023), and A represents the
surface area of a coated sample.
E

DOI: 10.1021/acsami.7b07363
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

Research Article

ACS Applied Materials & Interfaces

Figure 3. Treated and untreated surfaces stained with bromophenol blue dye.

Table 1. Properties of Surface Attached Benzophenone Antimicrobials
material
control PS
×1 coating of 5b on PS
×2 coating of 5b on PS
×3 coating of 5b on PS
BPAM-QAC on OTS-glass
a

adv contact anglea (deg)

charge densitya ([N+] cm−2)

±
±
±
±

N/A
(6.70 ± 0.60) × 1015
(1.15 ± 0.18) × 1016
(2.00 ± 0.42) × 1016
3.57 × 1015

91.7
63.4
56.7
57.8
69

1.0
2.5
1.0
1.5

ref
this
this
this
this
57

work
work
work
work

All reported values measured in triplicate.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Antimicrobial
Quaternary Ammonium Materials. Propyl-dimethyl
(benzoylphenoxy)octadecylammonium bromide, 5b, was previously described by Saettone et al. in 1988 for use as a free
radical scavenger in sunscreens.42 These authors reacted 4-O(3-N,N-dimethylaminopropyl)benzophenone with 1-bromooctadecane to obtain compound 5b in a 50−60% yield. The
product was puriﬁed by trituration with Et2O and crystallization
from EtOAc and characterized by elemental analysis and
melting point.42
In the present research, N,N-dimethyldecylamine or N,Ndimethyloctadecylamine was quaternized using (n-haloalkoxy)benzophenone in MeCN solution by heating to 100 °C
overnight (Scheme 1). This yielded compounds 4, 5a−c, 6a−c,
and 7a−c, as oﬀ-white colored powders in good yields. These
compounds were further puriﬁed by recrystallization from
EtOH or EtOH/H2O mixtures. NMR (1H and 13C) spectroscopy of all compounds, along with HRMS analysis, support
their structural identity. Compound 4 was also characterized by
single-crystal X-ray diﬀraction. An ORTEP representation of
one of the units of 4 found in the unit cell is displayed in Figure
2. Interestingly, the cationic component of the salt appears
folded over on itself, with visible twisting of one of the
benzophenone rings to accommodate the presence of the
carbonyl oxygen.
The C18 quaternary ammonium salts (5−7a−c) are only
partially soluble in water, and fully miscible at 1% (w/v) in
70:30 EtOH:H2O or i-PrOH:H2O solutions. In contrast, the
C12 salt (4) was found to be fully soluble in H2O at the same
concentration. The relative solubility of these materials in H2O

or EtOH:H2O mixtures is in contrast to the closely related
alkylated benzophenone quaternary ammonium salts and the
hydroxybenzophenone copolymers (Figure 1) prepared by
Locklin et al. These materials required formulation in DCM
and acetone, respectively, for coating purposes.49,57
3.2. Coating of Benzophenone-Anchored QACs onto
Polymeric Surfaces. Compounds 4 and 5b were selected as
the representative C12 and C18 QACs in the evaluation of
benzophenone-anchored QAC antimicrobials. The rationale for
these choices stems from the relative ease of syntheses,
puriﬁcation, and relatively high solubility of the QAC
compounds in aqueous solution. Species 5b was successfully
anchored, in a two-step coating/cure process, to a variety of
hard and soft plastic coupons (4 cm2 square samples of PS,
PVC, PEEK, HDPE, or PP) as well as a plastic fabric (PP).
Formulations containing 5b (1% (w/v) in 70:30 EtOH:H2O)
and optional 0.05% of the dansyl ﬂuorophore 8, suitable for
spray coating onto cleaned substrates using an electrospray
apparatus, were prepared and allowed to air-dry. The coated
samples were then exposed to broadband UV light at a 5000
mW intensity for 2 min. The coating/UV-curing step was
thereafter repeated to ensure coating uniformity.
3.3. Visualization of Antimicrobial Coatings on Test
Surfaces. Following application of the compound to the test
surface, the presence and uniformity of the coating were
conﬁrmed prior to any subsequent antimicrobial eﬃcacy
testing. Visualization of the coating was carried out using a
water-soluble bromophenol blue stain, which forms an ionic
pair with the quaternary ammonium cation present at the
surface (Figure 3).
The robustness of the immobilized coating 5b to withstand
routine chemical disinfection and mechanical washing was then
F
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Figure 4. Schematic representation of surface grafted branching of 5b leading to an increase in coating thickness and charge density on a substrate
such as PS.

Figure 5. AFM images of PS control (left) and ×2 coating of 5b on PS (right).

evaluated. Bromophenol blue stained samples were vigorously
washed in a detergent solution of cetyltrimethylammonium
bromide (CTAB). While the cationic surfactant did remove the
staining agent, restaining with bromophenol blue after the
CTAB wash conﬁrmed that the coating was still present. For
the PP fabric sample, the antimicrobial solution supplemented
with a trace (∼0.01% w/v) amount of the dansyl ﬂuorophore
S1, prior to electrospraying, was employed to help visualize the
antimicrobial coating via epiﬂuorescent microscopy (Figure
S1). Successive water rinses failed to remove the ﬂuorophore
from the coated surface, indicating that the compound has been
successfully immobilized upon UV curing.
3.4. Physical Properties of UV-Cured Thin Films of 5b.
PS coupons coated with the 5b antimicrobial, and subsequently
UV-cured, exhibited a signiﬁcant increase in surface hydrophilicity as compared to uncoated controls (Table 1) as
expected from adding cationic functional groups to an almost
entirely nonpolar polymer surface. Advancing water contact
angles of surfaces coated and cured with 1, 2, and 3 coatings

were also compared. These tests show that the initial UV-cured
coating had a notable eﬀect on the contact angle, changing
from an average of 91.7° for the control polystyrene sample to
63.4° for a single coat. For the subsequent coating layer, the
change in contact angle is less dramatic, dropping an additional
8°, and then remains essentially unchanged with the addition of
a third layer (Figure 4). Surface charge density measurements
of PS samples indicated a high charge value associated with
coated materials. Charge density increased as further coating
and curing steps are performed corresponding to an increase in
the quantity of 5b applied to the plastic substrate. These values
exceeded the charge density values (by 2−4-fold) reported by
Locklin et al. Note that the previous (lower) values were found
to be suﬃcient for observing antimicrobial activity in BPAMQAC materials.57
In depth surface characterization and structural analysis of a
5b coated polystyrene sample was also performed using AFM
and SP. To provide surface thickness data, the sample was
partially covered using adhesive tape (Scotch 3M) prior to the
G
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detected for the treated sample as compared to the untreated
control. This is likely a result of an increase in the quantity of
carbon−oxygen bonds found present at the coating survey site.
For the XPS peak analysis relating to nitrogen content of the
treated and control samples, two peaks relating to N 1s (402.5
eV) and N 1s A (400.0 eV) exhibit large increases (Figure 6)
over the control sample.59 The larger N 1s A peak corresponds
to an increase in carbon−nitrogen bonding, while the N 1s
peak corresponds to an increase in cationic nitrogen present
within the sample.19 When comparing elemental analysis data
obtained via XPS, there is a 46% increase in atomic
concentration at the sample surface. This was seen as a
signiﬁcant increase in nitrogen at the material surface,
considering 5b would consist of 2.27% nitrogen as determined
from the empirical formula. Although a pure polystyrene
sample would be devoid of nitrogen content, the initial
appearance of 1.00 atomic concentration of nitrogen on the
control sample was regarded as contamination of the PS
sample, either by adsorption of atmospheric nitrogen during its
lifespan or by its inclusion during plastic fabrication.
To complement the XPS data collected for surface
characterization, time-of-ﬂight secondary ion mass spectrometry (ToF-SIMS) was performed on treated and control CPVC
samples (Figure S3).60 For this experiment, data collection was
performed on a 0.25 mm2 sample area using bismuth (Bi32+) as
the primary ion source. Positive and negative ion fragmentation
patterns of the treated and control surfaces were analyzed.
From the data obtained during ToF-SIMS imaging, fragments
peaks relating to benzoylphenolate, tetracarbonyl ammonium,
and brominium ions are present on the treated sample. These
peaks are consistent with the composition of 5b and would be
expected during negative ion fragmentation, considering the
key functional groups used to form benzophenone-anchored
QAC antimicrobials. Because bromine is unique to 5b and
absent from the CPVC substrate, it can be used to estimate the
total coverage of treated sample, and this was found to be
around 84%, as determined using ImageJ measurement
software.61
3.5. Eﬃcacy Testing of Antimicrobial Coating at
Solid−Air Interfaces. To ascertain and compare the survival
of selected bacterial species when exposed to a QAC-based
antimicrobial coating, the large droplet inoculation (LDI)
method was performed on treated and control test samples
previously prepared using the stated methods. The LDI method
was developed and used previously by Wolfaardt et al. for the
examination of bioﬁlm-producing microorganisms on solid
surfaces,55,62 although the origin of this technique has roots in
the study of how humidity and desiccation aﬀect the survival of
microbes such as Yersinia pestis,63 methicillin-resistant Staphylococcus aureus,64 Acinetobacter baumannii,65 and other
pathogenic microbial strains.66 The LDI method (Figure S9)
relies on the deposition of a droplet containing a consistent
relative quantity of viable cells onto the desired test surface, and
allowing the inoculated sample to completely dry within a
sterile environment. A standardized 3 h drying period is needed
for 100 μL of bacterial inoculum at atmospheric humidity and
temperature, and this guarantees that all cells have come into
contact with the antimicrobial surface. Because the inoculum
changes state from liquid to solid during the drying period, this
represents the initial contact time for all cells suspended within
the inoculum.The desiccated samples are then collected and
vortexed for 1 min with an isotonic saline solution to remove
any adherent cells, allowing for the optimal recovery of

coating and curing steps. After treatment, the tape was
removed, and the surface was vortexed for 1 min in distilled
water to remove any excess coating material and tape residue.
This produced a partially treated sample for analysis.
AFM was performed at three locations found along the
separation line of the partially coated sample. Coating thickness
was determined taking the height diﬀerences between the
coated and noncoated areas of the sample surface. To limit the
impact of coating damage that occurred during tape removal,
height measurements were taken at least 15 μm away from the
highest point found along the edge of the coated half of the
sample.
The average coating thickness of a sample coated with two
treatments of 5b is 366 ± 148 nm, which translates to a height
of ∼80 molecules stacked end-to-end (Figure 5, Table 2). This
Table 2. Thickness Measurements of Surface Attached
Benzophenone Antimicrobials
material
BPAM-QAC on
OTS-glass
×2 coating of
5b on PS

ellipsometry
(nm)
42

atomic force
microscopy
(nm)

surface
proﬁlometry
(nm)

N/A

N/A

366 ± 148

N/A

ref
57

468 ± 159

this
work

suggests that multiple layers of coating are applied during each
coating and curing step, which presumably immobilizes the
antimicrobial to the plastic substrate, as well as extensive
grafting of molecules. With regards to data collected by Locklin
et al.,57 these coating thickness values obtained are ∼9 times
greater, and correlate to an increased charge density value. To
conﬁrm accuracy of AFM measurements, SP was also
performed on a 500 μm2 section along the separation line of
the half-treated sample.
Coating structural features were also determined by imaging
areas found to be completely within the treated and untreated
portions of the samples. These images were obtained at
locations >50 μm away from the separation line formed by tape
removal. The control sample image indicates a relatively
smooth surface with a maximum height variation of ∼48 nm.
The PS treated sample image reveals a signiﬁcantly rough,
random surface. Although these ridges are less structured and
generally larger than the antimicrobial nanopili found on the
surface of dragonﬂy wings (∼200 nm), there are a number of
smaller ridges that are similar in size.27 The large variations in
ridge height would also correspond to an increased eﬀective
surface area when compared to a ﬂat coating and would
manifest itself as a higher surface charge density.
To further quantify the coating quality and composition, an
XPS analysis (Table 3) was performed on CPVC samples UVcoated with compound 5b. For comparative analysis of the
binding energy peaks relating to the carbon content of the
sample (Figures S2−S8), a larger C 1s A (286.6 eV) peak58 was
Table 3. Select XPS Survey Data for Control and UV-Coated
CPVC Samples of 5b
sample

element

atomic concentration

sensitivity factor

control CPVC
control CPVC
CPVC treated with 5b
CPVC treated with 5b

C 1s
N 1s
C 1s
N 1s

81.14
1.00
84.24
1.46

1.00
1.80
1.0
1.8
H
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Figure 6. XPS data corresponding to the nitrogen content for the control (A) and 5b coated (B) PS samples.

previously inoculated cells.55 The resulting collection ﬂuid is
then serially diluted and plated on an appropriate growth media
and incubated accordingly, allowing for the enumeration of
viable colony forming units.
The LDI method was developed to simulate real-world
conditions that result in the deposition of concentrated bacteria
onto available material surfaces, while also providing a
consistent and reproducible approach across multiple sample
materials.55 This method best represents the deposition of
aerosol- and droplet-suspended microbial organisms, which
have long been considered a primary method for pathogenic
transmission. This, in turn, has inﬂuenced aerosol reduction
methods,67 standard biology practices and procedures, and
healthcare and institutional design choices.4,67 This is in
comparison to ISO 22196/JIS Z 2801 and ASTM E2149,
which are commonly used standard procedures when assessing
antimicrobial activity on material surfaces. 68 The ISO
22196:2011 and the closely related JIS Z 2801:2010 methods
rely on covering the inoculated microbial samples with a
coverslip. This coverslip keeps the inoculated surface
consistently wet and is less likely to simulate one where a
microbe-containing droplet has landed and dried out. As
compared to the LDI method, ISO 22196/JIS Z 2801 suspends
a dilute inoculum over a large surface area at high humidity
instead of forcing cells directly into contact with the
antimicrobial coating by evaporation of the inoculation liquid.
Cell death due to dehydration is addressed in the LDI method
by using desiccation-resistant species as model organisms. The
ASTM E2149 procedure operates by dynamically shaking
samples within an inoculated buﬀered solution. This method
also relies on solid−liquid-mediated interactions between
material and microbes, but can lead to biased results from
material leachates, bioﬁlm growth on and within test materials,
and does not force cells directly into contact with the material
surface.68
To increase the consistency and reduce environmental
variability between test samples, factors such as growth phase
and nutrient availability were carefully established. To control
for growth factors and lifecycle, broth cultures were grown to
the late exponential phase, occurring 16−18 h after broth
inoculation.55 For nutrient control, the cultured cells were
washed twice with sterilized tap water to remove nutrients, and
to limit experiment-imposed osmotic shock while desiccating.

The LDI method also provides a more consistent measure of
bacterial inoculation when compared to spray inoculation tests,
as spray-based techniques rely on random droplet placement
onto coated, control, and other areas not accounted for during
analysis within the spray chamber.15,68 Additional beneﬁts of
using a large droplet over an aerosol spray include the known
application of a greater number of cells to a sample
surface,15,68,69 increased cell viability during desiccation,55 and
a reduced potential for accidental exposure to pathogeniccontaining aerosols during testing.
For these tests, three bacterial strains were used for the
evaluation of test samples. The ﬁrst was an airborne bacterial
isolate of Arthrobacter species (IAI-3) used to provide a model
organism for microbiological testing when comparing bacterial
survival on treated and control samples. The Arthrobacter genus
represents a Gram-positive, weakly motile, nonsporulating
bacteria commonly found in soil. This strain was isolated by
Wolfaardt et al. for the purpose of studying nonaqueous
bioﬁlms and interspecies interactions during bioﬁlm formation,
and is notable for its ability to resist desiccation at room
temperature.55,69 With the additional demonstrated inability to
form spores, and preferred growth temperature of 20−30 °C,
results obtained using IAI-3 are highly representative of general
solid−air interactions because these factors prevent any impact
on viability of these cells during testing. P. aeruginosa (PAO1)
was another bacterial species used to determine whether QACcoated plastic surfaces could eﬀectively kill Gram-negative
bacteria. This species is of medical importance and has been
studied extensively for its ability to produce bioﬁlms, cause
secondary hospital infections, and resist antimicrobial agents.1,4
Listeria monocytogenes (Scott A), a Gram-positive bacterial
species capable of surviving in the absence or presence of
oxygen and an important food borne pathogen, was also
investigated. This bacterial strain is a clinical isolate retrieved
during a 1983 listerosis outbreak in Massachusetts, and has
been well characterized and widely used for testing in food and
healthcare related industries.70
The Gram-positive indoor air isolate Arthrobacter sp. (IAI-3)
was used as a representative member of the indoor bacterial
ﬂora, members of which continuously undergo deposition from
the air onto exposed surfaces. While these species may not be
dangerous to healthy individuals, they can lead to infection in
patients with a compromised immune system, and are also able
I
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Figure 7. Graph depicting the average survivability of Arthrobacter sp. when inoculated onto a variety of 5b treated and control sample materials. The
measurement at 0 h (log 7 CFU) indicated the initial number of bacterial cells being inoculated onto the surface material and was determined
concurrently to inoculation.

Figure 8. Graph depicting the average survival of L. monocytogenes, P. aeruginosa, and Arthrobacter sp., when inoculated onto QAC-treated (5b) and
control samples of CPVC.

Figure 9. Graph depicting the average survival of Arthrobacter sp. when inoculated onto a variety of 4 and 5b treated and control samples.
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to protectively provide niches in which exogenous pathogens in
the hospital environment survive.55Arthrobacter sp. survival was
tested on several clinically relevant plastics, and, in each case,
no surviving cells were detected on the coated surfaces, while
the uncoated control surfaces still contained high cell counts
(log 4−6 CFU) even 24 h after inoculation and drying (Figure
7). Antimicrobial eﬃcacy on treated PEEK plastic is of
particular interest, because it is often used in medical implants
due to its high resistance to chemical and physical stress.
The coating was also tested against two bacteria strains,
which are often implicated in HCAI infections. The Gramnegative P. aeruginosa and Gram-positive L. monocytogenes were
unable to survive after 3 h when inoculated onto coated CPVC
surfaces (Figure 8). The eﬀectiveness of the compound against
both Gram-positive and Gram-negative bacterial species
suggests that the treated surfaces are nonselective.
When subjected to the same antimicrobial testing methods
mentioned above, compound 4 exhibited antimicrobial properties similar to those of materials coated with compound 5b
(Figure 9).
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4. CONCLUSION
Microbiological testing with the LDI protocol showed that
benzophenone-based QAC antimicrobial coatings are eﬀective
in preventing the survival of both Gram-positive and Gramnegative bacterial strains at solid−air interfaces. These tests,
along with bromophenol blue staining, show that these
antimicrobial compounds can be applied across a wide selection
of available plastic materials. This result is particularly exciting
because these coatings can be applied to plastics used in clinical
settings, food-processing plants, and many other high-risk
environments to prevent the transfer of pathogenic microorganisms across solid surfaces, and to prevent bioﬁlm
development.
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