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ABSTRACT: We designed and synthesized a novel quaternary
ammonium methacrylate compound (QAC-2) bearing a perfluor-
oalkyl tail on one end and an acrylic moiety on the other. Via one-
step UV curing of QAC-2 and methyl methacrylate (MMA) with
ethylene glycol dimethacrylate (EGDMA) as the cross-linker, we
obtained cross-linked coatings with excellent antimicrobial
property, as demonstrated by the total kill against both Gram-
negative Escherichia coli (E. coli) and Gram-positive Staphylococcus
epidermidis (S. epidermidis) at a QAC-2 concentration as low as
~0.06 mol % (~04 wt %) relative to MMA, which was
substantially lower than the QAC amount needed in the coatings
containing QACs with a hydrocarbon tail. A zone of inhibition test
confirmed that the antimicrobial effect was on the basis of contact
killing and there was no leaching of antimicrobial species from the
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cross-linked coating. The high antimicrobial potency in QAC-2-containing films was the consequence of strong surface
enrichment of the fluorinated QAC, as confirmed by X-ray photoelectron spectroscopy (XPS).
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B INTRODUCTION

Effective antimicrobial coatings are highly desired in medical- or
health-related areas to prevent growth and proliferation of
pathogenic bacteria on substrate surfaces. Various approaches
have been explored to obtain coatings with competent
antimicrobial properties.'~'> A commonly used approach is
to incorporate antimicrobial agents such as silver ions,”” ">
antibiotics, >"'* quaternary ammonium compounds
(QACs),"'® and halogens'’~"" into a coating, and the
antimicrobial activity mainly relies on the slow release of the
bactericidal agents into the surroundings. However, the
antimicrobial property will diminish over time due to the
exhaustion of these active biocides. Moreover, leaching of toxic
biocides and heavy metals into the surroundings would cause
environmental concerns as well as trigger antibiotic resist-
ance.”?! Therefore, there has been increasing interest in
designing antimicrobial coatings on the basis of contact kil (i.e.,
without releasing bactericidal substances), and various anti-
microbial polymeric materials with chemically bonded anti-
microbial moieties have been successfully prepared.”” QACs,
especially those with long hydrophobic tails, have been
extensively investigated due to their effective antimicrobial
property by exerting a strong electrostatic interaction with
negatively charged bacterial cell membrane.”*~**
Antimicrobial activity is essentially a surface property;
therefore, there is no need for antimicrobial moieties to be
present throughout the bulk of a coating, which may not only
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alter bulk property (such as moisture sensitivity) of the coating
but also lead to inefficient use of antimicrobial moieties. Thus,
it is highly desirable to develop coatings with optimal
antimicriobial performance while using minimal amounts of
antimicrobial agents (thus, unaltered bulk coating properties).
We previsouly developed antimicrobial polyurethane coatings
by covalently bonding QAC-containing, low surface energy
reactive compounds to a polyurethane network;®® the low
surface energy enabled the QAC moiety to strongly enrich at
the coating surface, leading to excellent antimicrobial coatings
at low QAC loadings.

Here we report the design and synthesis of a new reactive
QAC, with a perfluoroalkyl tail on one end and a methacrylate
moiety on the other, which was then covalently incorporated
into a cross-linked acrylic coating via one-step UV curing
(Scheme 1). The surface enrichment of the fluorinated QAC
was examined by contact angle analysis and X-ray photo-
electron spectroscopy (XPS), and the antimicrobial perform-
ance was evaluated.

B EXPERIMENTAL SECTION

Materials. Monomers including 2-(dimethylamino) ethyl meth-
acrylate (DMAEMA, 98%) and ethylene glycol dimethacrylate
(EGDMA, 99%) and a UV initiator 2-hydroxy-4-(2-hydroxyethoxy)-
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Scheme 1. Schematic Illustration of the Self-Stratification Process for Antimicrobial Acrylic Coatings via One-Step UV Curing
Involving Reactive Hydrocarbon QAC-1 (a) or Perfluorinated QAC-2 (b)
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2-methylpropiophenone (HHMP, 98%) were purchased from Aldrich,
methyl methacrylate (MMA, 99%) and 1-bromoundecane (98%) were
from Alfa Aesar, and 1H,1H,2H,2H-perfluorodecyl bromide (PFDB,
99%) was from Oakwood Chemical Products, Inc. Solvents including
acetonitrile and chloroform were obtained from Fisher and used as
received. Inhibitor was removed from MMA and EGDMA by passing
through an aluminum oxide column.

Synthesis of QAC-1 and QAC-2 Monomers. Two QAC-
containing monomers, QAC-1 and QAC-2 (Scheme 1), were
synthesized by one-step quaternization reaction. QAC-1 was prepared
by reacting 0.35 g of DMAEMA (2.2 mmol) with 048 g of 1-
bromoundecane (2.0 mmol). The starting compounds were dissolved
in 10 mL of acetonitrile to obtain a uniform solution, which was then
purged with argon for 20 min to remove the dissolved oxygen and
magnetically stirred for 12 h at 50 °C. Then the solvent was removed
by using a rotary evaporator, and the residue was dried in a vacuum
oven for 24 h at 40 °C to obtain a wax-like product, QAC-1. Yield:
0.65 g (83.0%). 5 (400 MH,, CDCL): 0.91 (3H, m, CH,—CH,-),
1.27—-1.37 (18H, m, —(CH,)y—), 1.98 (3H, s, CH;—C(C=0)=C-),
3.51 (s, 6H, (CH;),—N*-), 3.61 (2H, m, —-C—CH,—N"*-), 420 (2H,
m, —O—CH,—CH,—-N*-), 471 (2H, m, —O—CH,—CH,—N*-),
5.72 and 6.21 (2H, s, CH,=C—COO-). LS-MS: m/z, [M — Br]* =
312.

Following the same procedure, QAC-2 was prepared using PFDB
(1.06 g, 2 mmol) instead of 1-bromoundecane with a yield of 67.1%.
8y (400 MH,, CDCL): 199 (3H, s, CH;—C(C=0)=C-), 2.91
(6H, s, (CH;),—N*-), 3.46 (2H, m, —O—CH,—CH,—N"-), 4.7§
(2H, m, —O-CH,—CH,—N"*-), 5.72 and 6.21 (2H, s, CH,=C-—
COO-). LS-MS: m/z, [M — Br]" = 604.

Preparation of QAC-1 and QAC-2 Containing Cross-Linked
Coatings. Glass slides (2.2 cm X 2.2 cm) were cleaned by sonication
in acetone for 10 min, followed by heating in the piranha solution
(98% sulfuric acid and 35% hydrogen peroxide, 3:7 v/v) for 60 min at
90 °C. Then the glass slides were washed thoroughly with water and
dried by argon flow. QAC-containing acrylic coatings were obtained
from a series of mixtures containing 1.01 g of MMA (10 mmol),
different QAC concentrations (ranging from 0.12 to 0.96 mol % for
QAC-1 and from 0.06 to 0.24 mol % for QAC-2 with respect to
MMA), 0.02 g of EGDMA (0.1 mmol), and 0.045 g of HHMP (0.2
mmol) with 1.5 mL of chloroform as the solvent. The mixture was first
spin coated on a clean glass slide at 1000 rpm for 15 s and then cured
by UV irradiation (F300S, 365 nm, 400 W, Heraeus Noblelight
America, LLC) for 40 s to obtain the cross-linked coating. Afterward,
the coating was rinsed by ethanol and deionized water and dried in a
vacuum oven at 70 °C for 24 h to remove any possible unreacted
monomers and trace solvent. The resulting coatings containing QAC-
land QAC-2 were labeled as Q-1 and Q-2 series, respectively, and the
QAC contents in all cross-linked coatings are listed in Table 1. A
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Table 1. Bacterial log Reduction After 24 h of Incubation
with Initial Bacterial Concentration of 10° Bacteria/mL
Treated with Q-1 and Q-2 Coatings (2.2 X 2.2 cm?)

bacterial log

reduction
QAC content, relative to MMA (mol  E. S.
samples %/wt %) coli  epidermidis
control 0/0 0.5 0.7
sample”

Q-1-A 0.12/0.5 2 2.4

Q-1-B 0.24/0.9 2.5 3.5
Q1-C 0.48/1.9 3 4
Q-1-D 0.96/3.8 S S
Q2A 0.06/0.4 5 5
Q2B 0.12/0.8 5 5
Q-2-C 0.24/1.6 S N

“The control sample was a cross-linked PMMA coating without QAC.

coating prepared from MMA and EGDMA (free of QAC) was used as
the control. The coating thickness was estimated to be 700—800 nm,
as determined by atomic force microscopy (AFM) on an NT-MDT
NTEGRA Prima instrument in the semicontact mode with a gold-
coated cantilever NSG 10.

Measurements. '"H NMR spectra were recorded using an Agilent
400 MHz instrument with CDCl; as the solvent. 'H chemical shifts
were internally referenced to the TMS signal for all spectra recorded.
Positive-mode electrospray ionization mass spectrometry (ESI-MS)
was carried out on a Shimadzu LCMS-2020 Single Quad instrument.
All experiments were performed at ambient temperature.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI VersaProbe 5000 XPS Microprobe instrument
using a monochromated X-ray beam and an aluminum anode (Al Ka =
1468.3 €V) at electron takeoff angles of 90° and 30° (between the film
surface and the axis of the analyzer lens). The original data of carbon
Is (C,,) were subjected to deconvolution analysis using XPSPEAK
software. All C,; peaks corresponding to hydrocarbons were calibrated
at the binding energy of 285 eV to correct for the energy shift caused
by charging. The fluorine to carbon (F/C) and the nitrogen to carbon
(N/C) atomic ratios were determined from curve-fitted C,3 window
spectra, according to different carbon environments.

Surface wettability of the coatings was examined on a Ramé-Hart
290 instrument. Advancing and receding contact angles (CA) for
water (surface tension y = 72.2 mN/m) and static CAs for hexadecane
(y = 27.4 mN/m) were collected at room temperature (about 20 °C).
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The CAs were averaged values measured at 3—4 different points on
each sample surface.

Antimicrobial Procedure. Antimicrobial tests were performed
according to a standard antimicrobial susceptibility test protocol such
as ISO 22196 and JIS Z 2801. Briefly, cultures of Escherichia coli (E.
coli, Carolina #155065A) and Staphylococcus epidermidis (S. epidermidis,
Carolina #155556) were grown aerobically at 37 °C (24 h) in sterile
Luria—Bertani (LB) broth. The bacterial concentration in the broth
was determined by a cell counter. These active growing cultures were
diluted in sterile distilled water to obtain a concentration of 10°
bacteria/mL, 10 mL aliquots of bacteria suspensions were transferred
to sterile plates containing Q-1 and Q-2 coatings, and a PMMA
coating without QAC was used as the control. After 24 h incubation at
37 °C, the suspensions were appropriately diluted and each dilution
(500 uL) was plated onto each sterile LB agar (LB broth and agar 20
g/L) culture plates, which were incubated at 37 °C overnight to give
visible colonies. The number of colonies on each plate was calculated
to obtain the corresponding concentration of living bacteria. Each
experiment was performed in triplicate, and the reported results were
averaged values.

Possible leaching of antimicrobial species from the coatings was
examined by the zone of inhibition test. Cultures of E. coli and S.
epidermidis were grown on sterile LB agar. The Q-1 and Q-2 coatings
were placed upon the lawns with the active coating side in contact with
the LB agar. After 24 h incubation at 37 °C, the possible zone of
inhibition was evaluated. Any leaching of the antimicrobial species
would result in an inhibition zone without bacteria growth around the
coating.

B RESULTS AND DISCUSSION

Surface Wettability of Q-1 and Q-2 Coatings. We
prepared a series of cross-linked acrylic coatings (Q-1 and Q-2)
with different QAC contents (QAC-1 and QAC-2) via fast,
one-step UV curing, with the antimicrobial moiety covalently
bonded to the cross-linked network. Due to the much lower
surface energy of the perfluoroalkyl tail (QAC-2) than its
hydrocarbon counterpart (QAC-1), the perfluorinated anti-
microbial moiety may become more enriched at the coating
surface. We collected contact angles for water and hexadecane
on these coatings to examine their surface wettability.

As shown in Figure 1, the advancing (6,) and receding (6,)
water CAs on the control sample, a cross-linked PMMA
coating, were 94° and 55°, respectively. For the Q-1 series,
increasing the QAC-1 content in the coating led to a gradual
decrease in water CAs (Figure 1a), reaching low values of 60°/
25° (6,/6,) for the coating with about 0.96 mol % QAC-1.
While a long hydrocarbon tail would normally increase the
water CA, the more hydrophilic quaternary ammonium moiety
would lead to the opposite. The fact that much lower CAs were
observed on the Q-1 coatings indicates that QAC-1 was
enriched at the coating surface, which was further confirmed by
the XPS analysis below. The driving force for the surface
segregation of QAC-1 obviously came from the hydrocarbon
tail, though it may not be as strong as in the Q-2 coatings.

A similar trend was observed for the water CAs on the Q-2
coatings (Figure 1b). Interestingly, the reduction of the 0, was
much more significant, already reaching 12° at the added QAC-
2 concentration of 0.12 mol %, despite the fact that a very
hydrophobic perfluoroalkyl group is connected to the
quaternary ammonium moiety. This is quite different from
what we reported on a polyurethane (PU) coating containing a
perfluorinated QAC,” where an increase of 6, was accom-
panied by the decrease of 6, as the QAC content increased.
This is likely due to a combination of the following factors: (1)
the surface F/C atomic ratio in the UV-cured coatings (shown
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Figure 1. (a) Water contact angles on Q-1 coatings, and (b) water and
hexadecane contact angles on Q-2 coatings. Dashed lines were added
to guide the eye.

below) was much greater than the thermally cured PU coating,
leading to more hydrophilic quaternary ammonium moiety at
the coating surface, and (2) UV curing is much more rapid than
thermal curing, resulting in very rapid immobilization of
polymer backbones as well as dangling chains and, thus, likely
random orientation of the perfluoroalkyl tails at the coating
surface that might not shield the hydrophilic quaternary
ammonium moiety away from water during the contact angle
measurement.

When the interrogating liquid was changed to hexadecane, a
much different trend was observed: the static CA (0;) increased
dramatically with the increasing content of the perfluorinated
QAC, ultimately reaching 80° (on par with the values on a self-
assembled perfluoroalkyl monolayer’® and a perfluorinated
PMMA®) at a very low QAC-2 loading (~0.24 mol %). This
was a strong indication that QAC-2 was significantly segregated
at the Q-2 coating surface; otherwise, the increase of
hexadecane CA would be much lower (hexadecane would
spread on the Q-1 coatings irrespective of the QAC-1
contents). Incorporation of a higher amount of QAC-2 would
be unnecessary due to the strong surface enrichment of QAC-2
at the coating surface in the Q-2 series and their excellent
bacteria-killing property (shown below).

XPS Analysis. XPS was used to determine the coating
surface chemical compositions at two photoelectron takeoff
angles of 30° and 90°, corresponding to a probe depth of top S
and 10 nm,”** respectively. The high-resolution C,; peak for
the Q-2 coatings was curve fitted into five peaks (Figure 2b),
according to the different carbon environments: C—C/C—H
(~285 eV; its peak area was designated as A;), C—O/C—N
(~287 eV; A,), C=0 (~289 eV; A;), CF, (~292 eV; A,), and
CF,; (~294 eV; A;). The F/C and N/C atomic ratios at the film
surface can be calculated according to eqs 1 and 2,
respectively.*’

F 24, + 34

C XA (1)
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Figure 2. XPS C; signals for coatings at a takeoff angle of 30°: (a) Q-1 with about 0.96 mol % QAC-1, and (b) Q-2 with about 0.24 mol % QAC-2.
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Figure 3. Surface atomic ratios: (a) N/C for both Q-1 and Q-2 coatings, and (b) F/C for Q-2 coatings in the top S and 10 nm of the coating as a
function of the added QAC content (the estimated bulk average was added as the reference).
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Similarly, the C, peak for the Q-1 coatings can be curve fitted
into three peaks (minus the two related to fluorocarbons,
Figure 2a), and the N/C atomic ratio can be calculated below

N i(Az - 43)

C ¥4 3)

The surface chemical composition was compared with the
calculated bulk ratio under the assumption of no QAC
segregation. For the Q-1 coatings, the surface N/C ratio was
greater than the estimated bulk average (Figure 3a), pointing to
the surface segregation of QAC-1; for instance, the enrichment
factor, namely, the ratio between the surface N/C ratio versus
the estimated bulk average, was about 19 in the top S nm for
the Q-1 coating with 0.24 mol % of QAC-1. However, the N/C
ratios did not differ much with respect to the probing depth (5
vs 10 nm), implying that the QAC-1 surface enrichment was
modest (compared to the Q-2 coatings). In contrast, the
surface N/C ratio in the Q-2 series was significantly greater
than the estimated bulk average (Figure 3a). Even at the low
QAC-2 concentration of 0.24 mol %, the N/C ratio reached
0.018 in the top S nm (compared to the estimated bulk average
ratio of 0.00046), representing an enrichment factor of about
39 and revealing much stronger surface enrichment of QAC-2
than QAC-1. In addition, there was an obvious difference for
the N/C ratio at the S and 10 nm probing depths, further
signifying the strong surface enrichment of QAC-2 at the
coating surface.

The strong surface enrichment of QAC-2 in the Q-2 series
was further confirmed by the F/C ratio at the coating surface
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(Figure 3b). A significant increase in the F/C ratio was
observed in both the top 5 and the 10 nm of the coating, with a
major difference between them, as the QAC-2 content
increased in the coating. The surface enrichment factor on
the basis of the F/C ratio for the coating with 0.24 mol %
QAC-2 was estimated to be 85 and 68 in the top S and 10 nm,
respectively. The enrichment factor from the surface F/C ratio
was about twice as much as that from the surface N/C ratio at
the same probe depth; this is logical considering that when a
perfluoroalkyl QAC tail is enriched at the coating surface, the N
atoms are more likely to be located underneath the more
surface active fluorine atoms. The XPS analysis once again
unequivocally confirmed that there was substantial segregation
of the fluorinated QAC at the coating surface. The surface
enrichment of QAC would in turn lead to strong antimicrobial
property even at a very low overall QAC content, as will be
demonstrated below. It should be pointed out that the
increasing trend for the surface F/C ratio did not replicate
that of the CA increase for hexadecane, since the CA of a liquid
on the coating surface is more surface sensitive than the XPS
technique.

Antimicrobial Activity. Antimicrobial activities of the
coatings were evaluated by using the Gram-positive S.
epidermidis and Gram-negative E. coli as the representative
microorganisms, through the conventional test of bactericidal
activity as described before,” in which the reduction of the
number of viable bacterial cells (log scale) as colony-forming
units (CFU) within 24 h incubation was recorded (Table 1). As
the QAC-1 content increased in the Q-1 series, the coating
became more potent in killing both Gram-positive and Gram-
negative bacteria, eventually reaching S-log reduction (total kill)
at a QAC-1 concentration of 0.96 mol %.

Notably, all three Q-2 samples exhibited superior antimicro-
bial behavior against both E. coli and S. epidermidis, all with 5-
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log reductions for both bacteria. For the Q-2-A coating with
only 0.06 mol % of QAC-2, its antimicrobial activity was as
good as Q-1-D, a coating with as high as 0.96 mol % of QAC-1.
This would not be surprising considering that the N/C atomic
ratio in the top S nm was similar (~0.011) for the two coatings
(Figure 3a). Therefore, it is not the overall QAC content in a
coating but the surface QAC content that truly matters to
render a coating highly antimicrobial; this is consistent with the
previous finding that a higher cationic charge density at a
surface usually led to more efficient antibacterial activity.”* Use
of a reactive perfluoroalkyl QAC has clearly demonstrated the
advantage of our self-stratification strategy to significantly
enrich the quaternary ammonium moiety at the coating surface,
owing to the much lower surface energy of the perfluorinated
tail, while the bulk property of the coating is expected to remain
unchanged.

Zone of Inhibition Test. Release of antimicrobial agent
from a coating may become an environmental hazard and
trigger antibiotic resistance.”’ Therefore, nonleaching anti-
microbial coatings with covalently bonded antimicrobial
moieties are highly desired. To confirm that the introduced
QAC moieties are not leached out from the Q-1 and Q-2
coatings, both coatings were subjected to a zone of inhibition
test in the lawns of E. coli and S. epidermidis. As shown in Figure
4, no bacterial inhibition zone was observed around the

Figure 4. Picture of the zone of inhibition test result of samples (a) Q-
1-D and (b) Q-2-C in S. epidermidis cultured lawn.

representative samples (Q-1-D and Q-2-C) against S.
epidermidis, showing that no biocidal QAC species was leached
out from the cross-linked coatings; otherwise, bacterial growth
would be inhibited in a zone around the sample. The zone of
inhibition test also revealed that the antimicrobial activity in our
coatings was completely based on contact killing, not due to the
release of any antimicrobial agent, which is again the
consequence of covalently bonding the antimicrobial moieties
to the cross-linked acrylic network.

B CONCLUSIONS

By using a self-stratification strategy, we successfully developed
excellent antimicrobial acrylic coatings via one-step UV curing
of a mixture of acrylic monomers, including MMA, the cross-
linker EGDMA, and a QAC-containing perfluoroalkyl mono-
mer (QAC-2). The surface enrichment of the quaternary
ammonium moiety was much more significant for the
perfluorinated QAC than its hydrocarbon counterpart, QAC-
1, owing to the low surface energy of the perfluoroalkyl tail.
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The QAC-2-containing Q-2 coatings demonstrated superior
antimicrobial activity against both Gram-negative E. coli and
Gram-positive S. epidermidis even at very low QAC-2 contents.
The antimicrobial activity in our coatings was completely due
to surface contact killing, and there was no leaching of free
antimicrobial species. Due to the simplicity of our strategy and
excellent antimicrobial activity at low QAC-2 contents, this type
of coating may find wide applications in healthcare settings,
food industry, biomedical industry, and other high-touch, high-

risk environments.
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