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lly robust and abrasion resistant
antimicrobial plastics: synthesis of UV-curable
phosphonium small molecule coatings and
extrudable additives†

Joseph Bedard, Alexander Caschera and Daniel A. Foucher *

The threat of antibiotic-resistant, biofilm-forming bacteria necessitates a preventative approach to combat

the proliferation of robust, pathogenic strains on “high touch surfaces” in the food packaging, biomedical,

and healthcare industries. The development of both biocide-releasing and tethered, immobilized biocide

surface coatings has risen to meet this demand. While these surface coatings have demonstrated

excellent antimicrobial efficacy, there are few examples of antimicrobial surfaces with long-term

durability and performance. To this end, UV-curable phosphoniums bearing benzophenone anchors with

either an alkyl, aryl, or fluoroalkyl group were synthesized and their efficacy as thermally stable

antimicrobial additives in extruded plastics or as surface attached coatings probed. The surface topology

and characteristics of these materials were studied to gain insight into the mechanism of their

antimicrobial activity. Efficacy against both Gram negative and Gram positive bacteria as either a coating

or additive showed compete reductions of the initial bacterial load. Crucially, the materials maintained

the ability to kill biofilm-forming bacteria even after being subject to several cycles of abrasion.
Introduction

The attachment and proliferation of antibiotic resistant,
biolm-forming bacteria to frequently handled material
surfaces has emerged as a public concern, particularly in the
biomedical and healthcare industries.1–6 These “superbug”
strains have been attributed to the continued rise in healthcare
associated infections (HCAIs), placing a heavy burden on
healthcare systems.7–9 This has been compounded by the over-
prescription of antibiotics and overuse of common disinfec-
tants at sub-lethal concentrations,10 necessitating a modern,
preventative approach. Recent advances in the development of
biocide-releasing and tethered biocide surfaces have positioned
antimicrobial materials as an attractive solution to this chal-
lenge.11–14 Biocide-releasing surfaces, while in some cases
effective as a short-term antimicrobial solution, require cell
uptake to disrupt protein synthesis, the bacterial membrane or
metabolic pathways; all modes of action susceptible to drug
resistance.15 The temporal nature of these surfaces also gives
rise to release of non-lethal antimicrobial concentrations at the
end of the material lifetime16 which have been shown to actually
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enhance the horizontal gene transfer process by which micro-
biota acquire antibacterial resistance.10,17

Tethered cationic biocides have been shown to have excel-
lent antimicrobial efficacy in a variety of simulated environ-
ments.18–21 A tethered approach is advantageous as it greatly
reduces initial microbial attachment via mechanophysical
modes of action, hypothesized to function as a long chain
“polymeric spacer” or a charge-based “phospholipid
sponge”.19,22,23 While these immobilized cationic surface coat-
ings have exceptional antimicrobial capacities, few possess this
property in conjunction with substantial durability to abrasion
and other stressors, highlighting a limitation of these coat-
ings.24–27 Harney and coworkers carried out exploratory studies
using tuneable amphiphilic ammonium antimicrobials as
solution blended additives in polyurethane.28 This methodology
can yield antimicrobial additives that are surface proximate or
more evenly blended in the sample depending on the amphi-
phobic nature of the cation. The substrate scope tested by these
workers was limited to hydrophilic polyurethane resins, and
migration to the polymer–air interface was said to be facilitated
solely by the hydrophobic nature of the antimicrobials.28 An
example of extruded plastics with antimicrobial properties was
reported by Efrati and coworkers, where a blend of essential oils
and ammonium functionalized-clay particulate acted as an
antimicrobial agent, demonstrating efficacy as a biocide-
releasing agent against E. coli.29
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic showing a cross section of antimicrobial-enriched
plastic with sub-surface phosphonium, which upon abrasion is
exposed and available to combat microbial growth.
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While efforts to develop antimicrobials have centered on the
inclusion of ammonium groups,30–32 less studied are their
phosphonium analogs. Phosphonium antimicrobials have been
shown to have advantages beyond just antimicrobial efficacy,
including low toxicity to mammalian cells and heat resis-
tance.33–37 High thermal stability, in particular, is an essential
requirement of any additive or component of materials fabri-
cated via a thermal extrusion process. In the 1990s Kanazawa
and co-workers reported surface-attached phosphonium poly-
mer lms prepared from the gra polymerization of vinyl-
benzylchloride (VBC) onto a polypropylene (PP) surface in the
presence of photoinitiated free benzophenone. The graed
polymers were functionalized to phosphonium salts via surface
quaternization with tributyl- or trioctylphosphine and demon-
strated antimicrobial efficacy against Gram-positive and Gram-
negative bacteria.34 Recently, we described the preparation of
contact active polystyrenic phosphonium coatings graed to
plastic substrates that were robust to mechanical wear and
showed efficacy towards pathogenic bacteria.38

In this work, we envisioned a class of small molecule,
contact-active phosphonium antimicrobial additives intro-
duced at a low loading (ca. 1–2 wt%) in thermoplastics resins.
The incorporation of an amphiphobic moiety was anticipated to
promote surface migration of additives to the polymer–air
interface. A UV-active benzophenone group facilitates covalent
attachment39 of the phosphonium-bearing molecular scaffold
to either the surface of the plastic or to subsurface layers within
the bulk thermoplastic polymer (Fig. 1).
Experimental
General materials and procedures

Detailed synthetic procedures describing the preparation of
phosphoniums 1–4 and any intermediates are included in the
ESI.† All syntheses, unless otherwise stated, were carried out
using standard Schlenk and glovebox protocols. Unless other-
wise noted, solvents were puried via a solvent purication
system (SPS). Polystyrene (PS) coupons were cut from weigh
boats (cat. 89106-754) supplied by VWR International, and PS
and PP beads used in extrusion were donated by Electro-Pack
Inc. LEXAN-brand polycarbonate (PC) was sourced from
© 2021 The Author(s). Published by the Royal Society of Chemistry
Lowe's (cat. 1PC0028A). All reagents were purchased from
commercial sources and used as received unless otherwise
noted. (Peruorohexyl)ethylene was purchased from Oakwood
chemicals and degassed via a freeze–pump–thaw (FPT) method
(4 cycles). Sodium hydroxide (NaOH, 1 M), 10% aqueous
ammonium chloride (NH4Cl), and 3 M hydrochloric acid (HCl)
were sparged with N2 (g) for 1 h before use. Acetonitrile (MeCN)
was dried over 4 Å molecular sieves for 48 h prior to use. 2,20-
Azobis(2-methylpropionitrile) (AIBN) was recrystallized 2� from
MeOH. Column chromatography was carried out on silica gel
(silica gel 60, 40–63 mm, EMD). Chromatographic purications
were monitored by thin layer chromatography (TLC). Silica-
coated aluminum plates (Alugram Sil G/UV254, Macherey-
Nagel) were used for TLC tests. Plates were visualized by UV
light or KMnO4 staining. Nuclear magnetic resonance (NMR)
experiments were carried out on a 400 MHz Bruker Avance II
Spectrometer using CDCl3 or C6D6.

1H NMR (400 MHz) and 13C
{1H} NMR (100.6 MHz) spectra were referenced to the residual
proton and central carbon peak of the solvent. 31P {1H} and 19F
{1H} spectra were referenced to external standards, 85% H3PO4

(d (31P) ¼ 0.00 ppm), and CFCl3 (d (19F) ¼ 0.00 ppm), respec-
tively. All chemical shis are given in d (ppm) relative to the
solvent and assigned to atoms on basis of available 2D spectra
for each compound. High resolution mass spectrometry
(HRMS) for novel small molecules was carried out using elec-
trospray ionization time of ight (ESI-TOF) and Direct Analysis
in Real Time (DART) at the Advanced Instrumentation for
Molecular Structure (AIMS) laboratory at the University of
Toronto.
Coating preparation

Coating of plastic test samples, which consisted of 6.25 cm2 � 1
cm2 coupons of each plastic material, was performed via an ESS
AD – LG electrospray apparatus set to 125 kPa that applied the
compound uniformly over the test surfaces. UV curing of
phosphonium-coated PS and antimicrobial phosphonium-
containing plastics was performed using a Novacure spot
curing system, supplied from a mercury-arc discharge lamp, at
a peak intensity of 5000 mW into a reective curing chamber
6.5 cm from the light guide source giving a 0.164 W cm�2

intensity giving an approximate 10 J cm�2 total dose as
measured using an EIT UV Power Puck 2.
Co-extrusion of phosphonium-containing plastics

Plastic beads were placed in a 500 mL round bottom ask (RBF)
and 1% (w/w) of the active phosphonium was added. EtOH was
added to dissolve the compound and the solvent was removed
via rotary evaporation, adsorbing the phosphonium to the
beads. Once dry, the coated beads were then cured using the
Novacure spot curing system under the same parameters
utilized for the coated networks. Antimicrobial plastics (PP, PS)
were extruded into a stainless-steel mold using a hand press
thermal extruder donated by Electro-Pack Inc., with the die
temperature set to 220 �C and the mold heated in a vacuum
oven at 110 �C.
RSC Adv., 2021, 11, 5548–5555 | 5549

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00555c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 6

:3
2:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Surface characterization of antimicrobial materials

Advancing water contact angle qC images of treated and
untreated surfaces were taken using a Teli CCD camera equip-
ped with a macro lens attached perpendicular to the sample
surface. The camera was connected to a monitor using a Sony
CMA-D camera adapter. Contact angle measurements were
performed using SCA20 contact angle soware by Data Physics
Corporation. Contact angle experiments performed in accor-
dance with ASTM D7334, and images and measurements were
taken 30 s aer placing the water droplet on the surface. Surface
charge densities were measured by submerging the coated PS
pieces with 4 cm2 of coated surface in 1% (w/v) aqueous uo-
rescein solutions.30,39 Aer being submerged overnight in the
solution, the coated pieces were rinsed with water until the
rinse solution was clear, and then sonicated for 20 min in 9 mL
of CTAB and 1 mL of 0.1 M PBS to liberate bound uorescein
into solution. UV-Vis was performed on the solutions at l ¼
501 nm to quantify the number of uorescein molecules in
solution, and thus the number of phosphonium charges avail-
able on the coated substrate. Surface charge density results
(Table 1) were calculated using the Beer–Lambert law with
a path length of 1 cm and an extinction coefficient (3501) of
77 000 M�1 cm�1 (eqn (1) and (2)).

CFluorescein (mol L�1) ¼ A501/3501 (M
�1 cm�1) � L (cm) (1)

½Pþ� ¼ CFluorescein

�
mol L�1�� V ðLÞ �N

A ðcm2Þ (2)

Atomic force microscopy (AFM) was performed using an
Anasys nanoIR2 equipped with Contact Mode NIR2 Probes
(resonance frequency 13 � 4 kHz, spring constant 0.07–0.4 N
m�1) at the Ontario Centre for Characterization of Advanced
Materials (OCCAM). PC samples were prepared by putting
a piece of 3 M Scotch© tape on one half of the sample, coating
and curing the sample, and subsequently removing the tape to
create a coated and uncoated side. AFM data was processed
using Gwyddion 2.48. The preparation of samples for XPS
experiments and the XPS experiments themselves were per-
formed at OCCAM.
Antimicrobial testing using the large drop inoculum method

Bacterial test species were grown overnight in 10 mL of 3 g L�1

tryptic soy broth (EMD Millipore) at 30 �C (Arthrobacter sp.)
Table 1 Advancing water contact angle (qC) measurements and surface

Coating Surface charge densitya (PS) � 1015 ([P+] cm�2) qC

None N/A 89
1 (1.60 � 0.03) 72
2 (3.89 � 0.50) 36
3 (2.90 � 0.20) 64
4 (2.95 � 0.05) 68

a All measurements performed in triplicate. b Not performed.

5550 | RSC Adv., 2021, 11, 5548–5555
37 �C (E. coli) within a shaking incubator (125 rpm), and
cultures were washed twice via centrifugation at 9000 � g to
replace the growth media with 4 mL of sterile water. Arthro-
bacter sp. (IAI-3), a Gram-positive bacterium originally isolated
from indoor laboratory air was inoculated onto all treated and
control test surfaces as the model organism for bacterial
survival on solid surfaces. Lab strains of Gram-negative
Escherichia coli (ATCC 11229) was also tested on treated mate-
rials. These strains were chosen since they are well character-
ized and are present in biolms found within healthcare
associated environments.40,41 The large drop inoculum (LDI)
method was used to assess the antimicrobial efficacy of the
antimicrobial treatment at a solid–air interface and is a modi-
cation of the ISO 22196/JIS Z 2801 standard procedure.42

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 centri-
fugation at 9000 � g, replacing the growth media with 4 mL of
sterile water (City of Toronto, Canada), diluting to �107 cells
mL�1, and survival on the sample determined by spot plating
100 mL aliquots of these bacterial suspensions in sterile water,
described as following. For Arthrobacter sp., the inoculated
droplets were naturally air-dried within a class II, type A2
biosafety cabinet (Model 3440009, Labconco Corp.) to avoid
contamination, and surviving cells were enumerated upon
drying, which took 3 h. E. coli samples were dried in a Petri dish
with lid closed, over a period of 24 h. Enumeration was per-
formed by rehydrating and vortexing samples in 5 mL of a 0.9%
saline retrieval solution, which was then serially diluted and
spot-plated onto 3 g L�1 tryptic soy agar. Plates were then
incubated at 25 �C for a period of 3–5 d which allowed for
visualization of colony forming units (CFU). At each time point,
bacterial survival on the treated samples was compared to
survival on triplicate untreated control surfaces of the same
material.

Abrasion and antimicrobial testing of abraded plastics

Abrasion of the extruded PP samples was done according to
ASTM D5402-19.43 Aer LDI testing, the samples were removed
from the 50 mL falcon tubes, rinsed with distilled water, and
vortexed again in a 50 mL falcon tube containing 15 mL 0.9%
saline solution. The samples were rinsed with distilled water
again, dried, placed in the biosafety cabinet and sterilized with
UV light for 10 min. The sterilized pieces were placed on a scale
and rubbed 50 times using cotton cloth saturated with distilled
charge density of UV cured phosphonium coatings on plastics

a (deg., PC) Coating thicknessa (nm, PC)
RMS roughness
(nm, PC)

� 3 N/Ab 3
� 5 N/Ab N/Ab

� 11 47 � 11 55
� 6 94 � 38 32
� 2 105 � 13 36

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Menshutkin-like quaternization to yield phosphoniums
1–4.

Fig. 2 AFM images and corresponding qC image and values of (A)
untreated PC plastic; (B) PC treated with 2; (C) PC treated with 3, and
(D) PC treated with 4.
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water. One rub was counted as a back-and-forth motion with
consistently applied pressure resulting in a reading between 1.0
and 1.6 kg on a top loading balance. Aer rubbing, the pieces
were once again sterilized in the biosafety cabinet for 10 min,
aer which they were subject to the LDI protocol.
Results and discussion
Preparation of phosphonium small molecules

Typical extrusion or additive manufacturing processes require
high temperatures (>200 �C), and as such phosphonium mate-
rials predicted to have good thermal stability were targeted. The
methyl, n-butyl, phenyl, and uoroalkyl phosphoniums (1, 2, 3,
and 4) were chosen to represent varying degrees of hydropho-
bicity, oleophobicity, and steric bulk. Compounds 1–4 were
synthesized in good yields utilizing a Menshutkin-type quater-
nization procedure with 4-(bromopropoxy)benzophenone
(Scheme 1).
UV-initiated graing of phosphonium coatings to plastic
surfaces

Phosphonium coatings were obtained by dissolving 1, 2, 3, or 4
in ethanolic solutions and spray coating onto plastic (i.e. PS, PP,
PC), followed by a subsequent UV-curing step. Surface charge
analysis of these coatings (Tables 1 and S3†) on PS coupons
revealed that each of the phosphonium-based coatings had
measured surface charge densities on the order of 1015 [P+]
cm�2, within the samemagnitude of charge densities measured
for analogous small molecule ammonium-based coatings.13,30

Charge density values for coatings comprising 2, 3 or 4 were
within the proposed charge density threshold (>2.5 � 1015 [P+]
cm�2) established independently by Murata and Kügler31 for
antimicrobial efficacy against biolm-forming bacteria. Despite
deploying identical coating and curing conditions to the other
phosphonium small molecules, the surface charge measure-
ment for the PMe3 analogue 1 (Table 1) fell outside of the
prescribed range and was not further evaluated.30,31

Advancing water contact angle (qC) measurements (Fig. 2 and
Table 1) were performed on the PC coated coupons and were
found to trend downward with increasing charge density. The
lower surface charge on the coating derived from PMe3 (1) is
unexpected, as the networks formed during UV-curing should
have similar or higher hydrophilicity than those derived from n-
Bu (2) and Ph (3).37 It is possible that supramolecular network
© 2021 The Author(s). Published by the Royal Society of Chemistry
growth has been stunted in coatings of 1 by the relatively few
sites for hydrogen abstraction on the methyl groups. The
incorporation of a uoroalkyl group in 4 did not signicantly
alter the hydrophilicity of the coating; a property thought to be
a factor in the kill mechanism for antimicrobial coatings.44,45

Thus, the increased hydrophilicity imparted by a coating
prepared with 2 (n-Bu) compared to 3 (Ph) may be a conse-
quence of enhanced surface roughness.46–48

Atomic forcemicroscopy (AFM) was used to further probe the
surface topography of the cured coatings (Fig. 2). While it has
been reported that there are limitations of benzophenone as
a cross-linker in some applications, particularly in hydrogels,49

previous studies by our group have shown that antimicrobial
activity of UV-curable benzophenone-anchored coatings is
independent of the non-porous plastic substrate,13 and to that
end, PC was employed as a model plastic due to its rigidity and
lack of warping during UV cure. Polycarbonate UV-cured with 2
yielded a coating with an average thickness of 47 (�11) nm with
a root mean square (RMS) roughness value of 55 nm, a 42%
increase compared to UV cured coatings prepared with 3
(Fig. 2C). Despite identical spray coating parameters, substrates
coated and cured with 3 had nearly double the average thick-
ness compared to 2, suggesting themorphology of the coating is
highly dependent on the nature of the phosphonium alkyl/aryl
substituents. Increased roughness for coatings of 2 appears to
correlate to its higher surface charge measurements. The
surface area accessible to the AFM tip may correspond to the
surface sites accessible to the uorescein dye which probes the
surface at the molecular level. By contrast, the thicker, but
smoother, coatings of 3 may have fewer phosphonium units
accessible to the uorescein dye.

Co-extrusion of phosphonium-containing plastics

Antimicrobial coatings in a healthcare environment are
susceptible to abrasion and deactivation by bacterial debris,
necessitating sanitation of the surfaces, oen by abrasive
processes.50 We hypothesized that the incorporation of
RSC Adv., 2021, 11, 5548–5555 | 5551
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Fig. 3 XPS analysis of co-extruded PP plastics. (A) XPS peak analysis of
P 2p peak for a control virgin extruded PP at different step heights. (B)
XPS peak analysis of P 2p peak for PP-4 at different step heights. (C) A
schematic of the XPS depth profiling experiment, where pieces were
abraded with a microtome to create step heights.
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phosphoniums 2, 3, and 4 into bulk PP plastic would provide
both surface and subsurface concentrations of the substrate-
tethered agent. If abrasion removed the surface phospho-
niums, new cations from the subsurface would be exposed and
become active, extending the lifetime of the antimicrobial
action. Antimicrobial materials were fabricated by co-extrusion
of phosphoniums 2–4 with PP. In an attempt to achieve
a uniform distribution of the additive into PP, solutions of 2, 3,
and 4 at 1% (w/w) in minimal EtOH were prepared, and virgin
PP beads added to the solution followed by rotary evaporation.
This provided a uniform coating of the desired antimicrobial
additive on the bead surface, which was then UV-cured to
immobilize the compound. Following these steps, the coated
beads were extruded at 220 �C into a heated mold (100 �C) to
yield the tributylphosphonium-containing plastic PP-2, triphe-
nylphosphonium modied PP-3, and peruoroalkyl appended
PP-4 as off-white coloured dogbone pieces (Fig. S59†).

The slight discoloration was due to the natural colour of the
phosphoniums and was observed prior to UV or heat treatment,
and was not a result of these later processes. The effect of
incorporating each phosphonium at 1% was quantied by
advancing qC (Table 2). Relative to virgin molded PP, samples
prepared with 2–4 exhibited modest decreases in advancing qC

(Table 2), consistent with the decrease observed for the coated
pieces. There is likely a lower density of accessible phospho-
nium charge at the extruded plastic surface in comparison to
the UV-cured surface coatings, due to the distribution of
phosphonium small molecules subsurface or in the bulk ther-
moplastic scaffold. AFM measurements of the extruded PP
surfaces showed signicantly increased roughness relative to
the coatings on PC, but measurements using PP-2 as a repre-
sentative co-extruded sample did not show signicant differ-
ences between control and co-extruded samples (Fig. S60†)
containing the antimicrobial that could be discerned. XPS was
employed to probe the phosphonium content at the surface,
subsurface, and bulk of selected co-extruded material PP-4.
Measurements were taken at descending thickness heights
(surface, 5, 10, 20 and 50 mm) aer the material was abraded by
amicrotome (Fig. 3C). Peak analysis was done on the P 2p signal
in each XPS spectrum (Fig. 3A and B), corresponding to the P 2s
peak found in similar cationic phosphonium systems.51 The
peak intensity was sustained from the surface to the 5 mm step
height, while there was a signicant drop in signal strength at
10 and 50 mm. At 20 mm however, an anomalous increase was
Table 2 qC and roughness data for PP co-extruded with UV-curable
phosphoniums 2–4

Material qC
a (deg.)

RMS roughness
(nm)

Extruded PP 88 � 5 63
PP-2 74 � 2 91
PP-3 81 � 1 N/Ab

PP-4 79 � 5 N/Ab

a Data measured in triplicate. b AFM not performed.

5552 | RSC Adv., 2021, 11, 5548–5555
observed, suggesting some uneven phosphonium distribution
laterally across the sample during the extrusion process.
Elemental analysis of the XPS data (Table S4†) showed signi-
cant P present at the surface (2.01%); an atomic % of P greater
than that of a single molecule of 4 (1.22%). This suggests the
quantity of phosphonium 4 atomic composition at the surface
was greater than one molecule per unit area surveyed in the XPS
scan. A large quantity of F (16.95%) was also indicative of
surface migration of 4. Crucially, the subsurface levels of P at 5
mmwere also substantial (1.83%), with a decrease of only 0.18%
compared to the surface. Phosphonium content was dimin-
ished greatly at 10 mm, but at 20 mm the atomic % of P was
nearly equal to the ratio of P in the molecule, representing
a large density of charge at the area surveyed. These results
suggest there is a signicant proportion of charge at subsurface
levels, enriching the materials with the potential to maintain
potent antibacterial character aer abrasion.
Assessing antimicrobial activity of phosphonium coatings

To establish the antimicrobial efficacy of the novel small
molecule phosphonium-based coatings, treated plastic pieces
were subjected to the large drop inoculum (LDI) test method
previously reported by Ronan et al.40 This method has been
shown to be interpretative for determining how antimicrobial
coatings function in simulated solid–air interface environments
that more closely resemble desiccation processes, to which
biolm-forming bacteria are commonly subjected.13,40,52 Isolates
of Arthrobacter sp. (IAI-3) and Escherichia coli (ATCC 11229) were
chosen as representative Gram-positive and Gram-negative
bacterial strains. Arthrobacter sp. is a common member of the
indoor airborne ora that is continuously deposited on
surfaces; this organism has been shown to be vital for the
survival and proliferation of multi-bacterial biolms due to its
ubiquity in biolms and its relevance as a potential human
pathogen.52 Polystyrene coated with phosphoniums 2, 3, and 4
exhibited full reductions of viable Gram-positive Arthrobacter
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Average cell survivability of: (A) Arthrobacter sp. (IAI-3) and (B)
E. coli (ATCC strain 11229) against (from left) uncoated PS, and coated
PS with 1, 2, 3, and 4. All testing performed in triplicate. The
measurement at 0 h was the initial bacterial load placed on the sample.
Red lines denote complete kill.
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sp. (Fig. 4A) and Gram-negative E. coli cells (Fig. 4B) aer 3 and
24 h in contact with the surface, respectively. These coatings
possessed signicant densities of charged phosphonium, and
as such, efficacy against both bacterial cell membrane types is
predicted by the phospholipid sponge theory.32 No threshold for
reduction in antimicrobial efficacy was observed for coating
roughness or thickness. Only the surface charge-decient 1
failed to reduce bacterial survival, providing further evidence
for the importance of charge density in cationic antimicrobial
surface design.
Assessing antimicrobial activity of coextruded phosphonium
plastics

A signicant challenge to plastics co-extruded with any anti-
microbial is having sufficient concentration of the active
component at the surface–air interface to effectively kill
bacteria. As previously mentioned, XPS analysis of PP-2 and PP-
4 suggests that the bound phosphoniums self-segregate/
aggregate to the plastic–air interface. Fig. 5(A and C) presents
the results of the LDI test method for PP-2, PP-3 and PP-4
Fig. 5 Average cell viability of: (A) Arthrobacter sp. and (C) E. coli on
(from left) control extruded PP, PP-2, PP-3, and PP-4; (B) Arthrobacter
sp. on the PP coated samples after 100 cycles of solvent rub abrasion,
and (D) E. coli on PP coated samples after 100 cycles of solvent rub
abrasion. Red lines denote complete kill.

© 2021 The Author(s). Published by the Royal Society of Chemistry
against Arthrobacter sp. and E. coli. Aer extrusion and
exhaustive washing of the surface with distilled water, the
molded pieces exhibited full log reduction of both the Arthro-
bacter sp. (Fig. 5A) and E. coli (Fig. 5C) aer 3 and 24 h,
respectively. This conrms that the extruded samples possessed
effective bactericidal concentrations of phosphonium antimi-
crobial at the surface despite the higher advancing qC values
relative to their UV-cured coating counterparts.
Abrasion-resistant antimicrobial activity of co-extruded
phosphoniums

The antimicrobial performance of these materials against the
representative strains of Gram-negative and Gram-positive
bacteria lead us to probe the antimicrobial capacity of these
materials aer being subject to abrasive processes.52 The
“solvent double rub” protocol described in ASTM D540242 (ref.
43) was selected as a representative test of durability, with water
chosen as the solvent due to its ubiquity in cleaning solutions.
The same extruded PP samples subjected to LDI testing were
rst rinsed with copious amounts of sterile distilled water, then
vortexed for 5 min in saline to remove any bacterial debris from
the initial test. Aer another rinse step, the pieces were sub-
jected to 50 or 100 solvent double rubs on the tested side using
a cotton cloth saturated with distilled water, the pressure of
each rubmeasured on a benchtop scale to be between ca. 65 kPa
and ca. 105 kPa (1000 to 1600 g measured for a roughly 1.5 cm2

surface area). Aer the double rubs, the pieces were rinsed,
sterilized under UV light, and the abraded sides were subject to
another inoculation of bacteria. Recent work from our group
demonstrated excellent solvent abrasion resistance from poly-
styrenic spin-coated antimicrobial coatings with pendant trib-
utylphosphonium groups, using a bromophenol blue anionic
dye assay to assess durability.38 Aer 100 cycles of solvent rub
abrasion, the molded antimicrobial plastics PP-2 and PP-3
experienced a reduction in efficacy against Arthrobacter sp.
(Fig. 5A and B), likely corresponding to lower concentrations of
phosphonium charge below the plastic surface, exposed aer
abrasion. For plastics tested against Arthrobacter sp., there was
large deviation in killing abilities for the triplicate samples of
PP-2 and PP-3 (Fig. 5B and S62†). The lack of homogeneity in
P% laterally across the sample observed by XPS may explain this
result: the samples may have a greater concentration of phos-
phonium at other points on the surface that were not abraded
or inoculated with the bacteria. Plastics tested against E. coli
were successful in inhibiting all bacterial cell growth initially
and were subjected to the solvent double rub test for 100 cycles.
Abraded PP-2 exhibited low average reductions of log 0.81 CFU,
while abraded PP-3 killed all the Gram-negative species inocu-
lated onto the surface (Fig. 5D). The reduced efficacy of PP-2
aer the abrasive cycles suggests the observed decrease in P%
for PP-2 relative to PP-4 still holds. Abraded PP-4 pieces
exhibited full log reductions relative to the control (Fig. 5C),
exhibiting broad spectrum antimicrobial efficacy even aer
abrasion. The PP-4 sample consistently exhibited full log
reductions of both Gram-positive and Gram-negative bacteria in
contrast to PP-2 and PP-3, and we attribute this consistency to
RSC Adv., 2021, 11, 5548–5555 | 5553
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improved migration of the uoroalkyl-containing molecules to
the solid–air interface. The effectiveness of PP-4 in killing these
biolm-forming bacteria far surpasses the durability and abra-
sion resistance tested for other materials with enhanced
durability.25,53,54
Conclusions

We have designed a series of UV-curable phosphonium-
containing molecules that when applied either as a surface
coating or as a co-extrusion additive, demonstrate excellent
antimicrobial efficacy against Gram-positive and Gram-negative
bacteria. The incorporation of uoroalkyl tails into the molec-
ular scaffold furnished abrasion resistant antimicrobial phos-
phonium compounds. Tough, abrasion resistant, low toxicity
UV-curable phosphonium coatings/extrusion additives for
industrial and medical purposes is now being actively pursued.
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