View Article Online

View Journal

M) Cneck tor updates

Applied Polymers

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Chiang, C.
Steppan, T. Deisenroth, R. Konradi, T. Emrick and J. D. Schiffman, RSC Appl. Polym., 2025, DOI:
10.1039/D5LP00110B.

This is an Accepted Manuscript, which has been through the
RSC Royal Society of Chemistry peer review process and has been accepted
for publication.

Applied Polymers

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY

OF CHEMISTRY rsc.li/RSCApplPolym

(3


http://rsc.li/RSCApplPolym
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5lp00110b
https://rsc.66557.net/en/journals/journal/LP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5LP00110B&domain=pdf&date_stamp=2025-06-03

Page 1 of 10

Open Access Article. Published on 03 June 2025. Downloaded on 6/5/2025 5:48:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

RSC Applied:Polymers

View Article Online
DOI: 10.1039/D5LP00110B

Touch Transfer of Microorganisms on Polymer Surfaces

Meng-Chen Chiang 2, Carla Steppan °, Ted W. Deisenroth ¢, Rupert Konradi ¢, Todd Emrick ® and
Jessica D. Schiffman 9"

The transfer of bacteria between dry, high-touch surfaces in healthcare settings is a key contributor to hospital-acquired
infections (HAIs). In this study, we systematically investigated the relationship between the chemistry of polymer surfaces
and the corresponding touch-transfer of microorganisms. The polymers investigated included polymer zwitterions,
PEGylated polymers, poly(tetrafluoroethylene) (PTFE), and polystyrene (PS). Water contact angle measurements confirmed
the breadth of surface energies of these polymers, ranging from <25° (polymer zwitterion) to >100° (PTFE). A touch transfer
model was developed to study bacteria transfer by “finger touches” on an agar plate. The amount of Escherichia coli (E. coli)
or Staphylococcus aureus (S. aureus) transferred after each touch was quantified via plate counting. For E. coli, the transfer
rate was ~29% on zwitterionic copolymer surfaces, whereas PS exhibited a much higher rate of ~67%. For S. aureus, the
transfer rate was ~17% for the polymer zwitterion and ~100% for PS. The low transfer rates from the polymer zwitterion
were comparable to those of PTFE (~19% for E. coli and ~17% for S. aureus). These findings demonstrate the role of polymer
composition and surface chemistry in bacterial transfer and provide insights for designing materials that effectively minimize

microbial transmission in healthcare environments.

Introduction

Environmental hygiene, i.e., removing and/or killing potentially
infectious microorganisms on medical equipment between
uses, represents a public health concern.’? Annually in the
United States, 1.7 million patients contract hospital-acquired
infections (HAIs)3* from bacterial sources. Studies suggest that
20-40% of these bacterial diseases are transmitted by direct
contact between the hands of healthcare workers or hospital
visitors and “high-touch” surfaces, such as doorknobs and
tables.*7 As a result, there is a growing need to understand
the potential for polymer coatings to mitigate bacterial transfer.
Effective approaches to controlling the interactions of
microorganisms with surfaces involve their design to be
antimicrobial and/or antifouling. Antimicrobial surfaces
typically use either biocide release or contact-killing methods
for disinfection.81° Biocides, including metals (copper and
silver), organics (antibiotics, chitosan, and cationic polymers),
and Dbiologics (enzymes, antimicrobial peptides, and
bacteriophages), all effectively kill microorganisms.%11
However, concerns associated with biocide use include the
development of bacterial

resistance and leaching. %1214
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Contact-killing methods involve immobilizing biocides on
surfaces that, in turn, disinfect microorganisms by their direct
contact; however, the accumulation of microorganisms over
time reduces the effectiveness of these surfaces.? Therefore,
antifouling surfaces that delay microorganism attachment in
the absence of biocides are increasingly viewed as a more ideal
and potentially sustainable approach.

Antifouling surfaces can be designed to inhibit microorganism
attachment by tailoring surface physicochemical properties,
such as charge density, roughness, stiffness, topography,
thickness, and wettability.?>-*8 Surface chemistry influences the
mechanism of attachment. For example, hydrophilic surfaces
preferentially adsorb water, in turn preventing microorganism
attachment or “fouling”. Due to their ability to reduce non-
specific adsorption of biofoulants, polymer zwitterions
represent a notable example of an antifouling polymer.1°-2%
Polymer zwitterions are characterized by their inner-salt
composition, which results in overall charge-neutrality.?>23 As a
result, polymer zwitterion coatings are hydrophilic with a tightly
bound hydration layer that reduces biofoulant adhesion.20.24
While many studies have assayed the antifouling or repellent
nature of a polymer coating in aqueous environments,%25 few
studies have quantified whether bacteria on a polymer surface
may be lifted off of those surfaces by touching.?6=2° For
example, Zhao, et al.® described a model to study factors
influencing microbial transfer between a finger and metal,
noting that touch force, microbial size, inoculation volume,
repeated touches, and rubbing all affect transfer rates.
Similarly, Behzadinasab, et al.3° examined the likelihood of
SARS-CoV-2 virus transfer to the skin through contact with
porous materials. However, systematic studies that explore the
influence of polymer chemistry under ambient conditions are
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lacking. Specifically, we were interested if PEG- and
polyzwitterion-modified surfaces behave differently under
room temperature and dry conditions.

Here, for the first time, we describe an assay to systematically
investigate the touch-transfer of microorganisms from polymer
zwitterions and PEG-based coatings under dry conditions, as
illustrated in Figure 1. Most existing touch-transfer studies
focus on bacterial viability after contact with known
antimicrobial surfaces, such as those decorated with metal
nanoparticles.3135 Three reports have examined the transfer of
bacteria or viruses between surfaces as a function of their
porosity or mechanical contact.®?83° One report describes
bacteria transfer from antifouling surfaces;?® we are motivated
to understand the relationship between surface composition
and touch-transfer performance. We selected
poly(tetrafluoroethylene) (PTFE) and commercial poly(styrene)
(PS) as low surface energy samples. In addition, we modified the
PS via benzophenone-induced grafting with hydrophilic
polymers, including poly(sulfobetaine methacrylate) (PSBMA)
and poly(ethylene glycol methacrylate) (PEGMA). The touch
transfer of flagellated Escherichia coli (E. coli) and non-motile
Staphylococcus aureus (S. aureus) was evaluated over nine
touches.
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Figure 1. Overview of the touch-transfer assay designed to determine the impact of
polymer composition on the dry transfer of bacteria over nine touches. (a) Pathogenic
bacteria (either E. coli or S. aureus) were transferred from the contaminated “finger” to
the the polymer films. (b) The test films included: polytetrafluoroethylene (PTFE),
polystyrene (PS), poly(sulfobetaine methacrylate) (PSBMA), poly(sulfobetaine
methacrylate-co-methyl methacrylate) (PSBMA-co-PMMA), and poly(ethylene glycol
methyl ether methacrylate) (PEGMA). (c) Bacteria-contaminated polymer films were
touched to the agar plate nine sequential times. The bacteria colonies that grew after a
24 h incubation period were quantified.

Experimental

Materials
D-(+)-glucose, calcium chloride (anhydrous), M9 minimum salt
(M9 media), chloramphenicol (Bioreagent grade), tryptic soy

2| J. Name., 2012, 00, 1-3

broth (TSB media), Luria-Bertani broth (LB media). 4zcyan9mds
(phenylcarbonothioylthio)pentanoic acid PEPPAY044NFFEWI(R
cyanovaleryic acid) (ACVA), sulfobetaine methacrylate (SBMA),
methyl methacrylate (MMA), diiodomethane, glycerol, [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)-ammonium
hydroxide (DMAPS), poly(ethylene glycol) methyl ether
methacrylate (average M, 500), sodium chloride (NaCl) (99%),
were purchased from Sigma-Aldrich (St. Louis, MO). Water
(HPLC), anhydrous magnesium sulfate (MgS0,), and methanol
(MeOH) were purchased from Fisher Scientific (Fair Lawn, NJ).
2,2,2-Trifluoroethanol (TFE) was purchased from Oakwood
Chemical. Deuterated solvents (deuterium oxide, D,O; and
2,2,2-Trifluoroethanol-d;, TFE-d3) were purchased from
Cambridge Isotope Laboratories. Spectra/Por7 dialysis
membranes (3.5 kDa MWCO, pretreated RC tubing) were
purchased from VWR. Spectinomycin dihydrochloride
pentahydrate (USP grade) was purchased from Gold
Biotechnology® (Olivette, MO). The Sylgard 184 silicone
elastomer set (including base and curing agent) was purchased
from Ellsworth Adhesives (Germantown, WI).

Polymer Synthesis and Characterization

PSBMA, PSBMA-co-PMMA and PEGMA, shown in Figure 1(b),
were synthesized by reversible-addition fragmentation chain-
transfer (RAFT) polymerization according to reported
procedures.3® In general, monomers (including 3 mol% of a
benzophenone-substituted methacylate,?” necessary for
grafting-to PS) were dissolved in TFE with 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPPA) as the chain-
transfer agent (CTA) and 4,4’-azobis(4-cyanovaleryic acid)
(ACVA) as the initiator. The initial monomer concentration was
1.0 M, and a monomer:CTA:initiator ratio of 50:1:0.2 was
employed. Purification was accomplished either by repeated
precipitation into cold MeOH or by dialysis against water (3.5
kDa MWCO membrane). The polymer products were
characterized by proton nuclear magnetic resonance (*H NMR,
Bruker Avance-500) in TFE-d; or D,O. Molecular weights were
estimated using gel permeation chromatography (GPC, Agilent
1200 series, equipped with three PSS PFG analytical linear M
columns, 8 A~ 300 mm, particle size 7 um) performed on filtered
(0.45 um PTFE membrane) solutions eluting in 20 mM sodium
trifluoroacetate in TFE with MeOH as the flow marker against
PMMA standards.

Preparation of Polymer Coatings

Polystyrene (PS, ID: 8734K38) and polytetrafluoroethylene
(PTFE, ID: 9266K81) sheets, each approximately 0.8 mm thick,
were purchased from McMaster (Princeton, NJ). PS and PTFE
sheets were cut into squares (22 mm x 22 mm) using a cutting
plotter (Graphtec, Irvine, CA). Immediately prior to use,
substrates were sonicated in DI water for 30 min, rinsed in
methanol for 30 s, then dried under direct Ny flow; the clean
substrates were stored in a glass Petri dish. For polymer-coated
samples, cleaned PS substrates were spin-coated (Specialty
Coating Systems G3P-8) with a 20 mg/mL TFE solution of
PSBMA, PSBMA-co-PMMA or PEGMA and filtered through a
0.22 um PTFE membrane at 2000 rpm for 60 s. After spin-

This journal is © The Royal Society of Chemistry 20xx
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coating, polymer films were grafted to PS substrates by UV
irradiation at 365 nm (UVP CL-1000M crosslinker UV box, 5
mW/m?2 power, equipped with 8 W, UVP 365-nm light tubes) at
a distance of ~8 cm from the light source for 15 min. All
polymer-grafted PS substrates were stored in the dark prior to
touch-transfer experiments. Non-coated substrates were used
immediately after cleaning.

Characterization of Polymer Coatings

The surface behavior of the polymer substrates was analyzed
using contact angle goniometry (Biolin Scientific Attension
Theta Optical Tensiometer). Static water contact angles were
measured using a 2.5 pL droplet of water placed on the
substrate. Contact angle was recorded over 60 s at 33.3 frames
per second. Five separate measurements were performed on
each substrate, probing fresh surface with each repetition. The
static water contact angle was tested for each batch of modified
PS substrates before and after 30 min immersion in DI water,
allowing the substrates to dry under Ny flow after submersion.
The surface energy was calculated for all substrates using
Young’s Equation (Equation 1) and the Owens, Wendt, Rabel
and Kaelble (OWRK) model (Equation 2) and static contact angle
values obtained for water, diiodomethane, and glycerol:38

Ysv = ¥s. +Viycoso (1)

Yiv(1+cos0) > 4
= P . Y 4
véy A f Ysv ,Vi’v A f Ysv (@)

where 6 is the static contact angle, ygy is the surface free energy of
the substrate/vapor interface, yg; reflects the substrate/liquid interface
and yrv the liquid/vapor interface. For Equation 2, each surface free
energy was categorized by its polar and dispersive components,
denoted by a superscript p or d, respectively.

Preparation of Microorganisms

Escherichia coli K12 MG1655 (E. coli) was purchased from DSMZ
(Leibniz-Institut, Germany). Staphylococcus aureus SH1000 (S.
aureus SH1000) was generously donated by Dr. Alexander
Horswill (University of Colorado Anschutz Medical Campus). E.
colior S. aureus SH1000 was cultured in 5 mL of LB or TSB media
(autoclaved at 120 2C for 15 min), respectively, with 50 ug/mL
spectinomycin or 10 pg/mL chloramphenicol on a shake plate
(250 rpm) for 16 h at 37 2C. The bacterial cultures were serially
diluted to 10* cells/mL for use in the touch-transfer assay.

Touch-Transfer Assay

As shown in Figures 1 and S1, a “finger” stamp was used to
transfer the microbes from a contaminated surface across nine
touches. The finger stamp was made in-house to mimic the
stiffness of finger skin (~60 kPa).3° Polydimethylsiloxane (PDMS)
gels were made from a Sylgard 184 elastomer kit by mixing the
base and curing agent at a weight ratio of 40:1, according to a
published protocol.’® The mixture was stirred vigorously for 15
min at room temperature, then poured into a sterile petri dish
(100 mm x 100 mm, Thermo Fisher Scientific), where air
bubbles were removed by degassing. The PDMS solution was
cured on a hot plate at 60 oC for 16 h, then circular coupons
were cut (thickness = 2 mm, diameter = 19 mm) using a

This journal is © The Royal Society of Chemistry 20xx
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Spearhead 130 Power Punch MAXiset (Fluid Sealing,Services,
Wausau, WI). The PDMS gels were washed With 3209 . ERAHS
and dried under a stream of N prior to use. A 100 pL bacterial
suspension (10* cells/mL) of either E. coliorS. aureus was
deposited on top of the sterilized PDMS stamp. After 1 h of air-
drying in a biosafety cabinet, residual media was removed
carefully using a kimwipe. The contaminated PDMS stamp was
then pressed onto the test substrate with a constant force of
1.96 N with a 200 g calibration weight (Hardware Factory Store,
Oklahoma City, OK) for 30 sec.

Agar plates were prepared for the touch-transfer assay in
square, sterile petri dishes (100 mm x 100 mm, Thermo Fisher
Scientific). LB agar (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast
extract, 15 g/L agar) or TSB agar (30 g/L tryptic soy broth; 15 g/L
agar) solutions were prepared and autoclaved at 120 °C for 15
min. The solutions were then poured into the petri dishes and
cooled to room temperature before use. The contaminated
polymer test substrate was put in contact with the agar plate
nine consecutive times using a constant force of 1.96 N (via a
200 g calibration weight) for 30 sec per touch before being
incubated for 24 h at 37 °C. After the incubation period, the
resultant bacteria colonies were counted manually using
Imagel. Three replicates for each polymer surface were tested.
The transfer probability (P) was calculated based on Equation
3:

Transfer Probability, P (%) = ,i,\i:gj; x 100 (3)
where Nggqr is the total number of colonies that grew on the
agar plates; Nnitiai is the initial amount of bacteria (1000 CFUs,
100 puL of 10* CFU/ mL) on the PDMS (finger) surface. We
assumed that there was no loss of bacteria during the contact
transfer.30

Statistical analysis

The significant difference between samples with different
bacteria was determined using the two-tailed, unpaired student
t-test function in Microsoft Excel. The bacterial colony
formation unit was reported as the mean + standard error of
three replicates. Statistical significance was set to p < 0.05.

Results and discussion

Characteristics of Polymer Coatings

The relationship between polymer selection and microorganism
transfer under dry conditions was tested on several polymer
composition. Commercially available PTFE, known for its ability
to resist microbial attachment, and PS, one of the most
commonly used polymers in plastics, were selected for their
hydrophobicity and, in the case of PS, amenability to surface-
grafting.?%41  To access hydrophilic surfaces, polymers
containing a small percentage of benzophenone-containing
comonomer were utilized to enable photo-induced grafting to
PS. The polymeric zwitterions PSBMA and PSBMA-co-PMMA
gave access to either a fully hydrophilic, zwitterionic surface
(PSBMA) or a less hydrophilic, copolymer

J. Name., 2013, 00, 1-3 | 3
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Figure 2. The static water contact angle values are shown in the bottom right corner for (a) PTFE, (b) PS, (c) PSBMA-co-MMA, (d) PEGMA, and (e) PSBMA.

surface (PSBMA-co-PMMA). In addition, PEGMA grafting gave
access to bacterial transfer under dry conditions on a
hydrophilic polymer with no charge-containing subunits.
Polymer structures were confirmed by *H NMR in TFE-ds or D,0,
as shown in Figures S2-4, and the purified polymers were
isolated as solid, light pink powders with estimated number-
average molecular weight (M,) values in the 15-80 kDa range
and polydispersity index (PDI) values of 1.1-1.9 range, as shown
in Table 1.

Table 1: Characterization data for PSBMA, PSBMA-co-PMMA, and PEGMA.

Polymer xy M, (kDa) PDI
PSBMA - 14.8 11
PSBMA-co-PMMA 1:1 21.3 1.2
PEGMA 1:10 89.1 1.9

Figure 2 illustrates the range of hydrophilicity of the chosen
substrates via data obtained from static water contact angle
experiments. PTFE and PS demonstrated water contact angles
of 112° and 95°, respectively, reflecting their
hydrophobicity.?>43 In contrast, the PEGMA-modified PS
substrate was much more hydrophilic, with a water contact
angle of 41°. The PSBMA-coated substrates were also
hydrophilic: PSBMA-co-PMMA had a water contact angle of 71°
and the PSBMA was 24°. UV-induced surface grafting** was
found to produce robust, stable surface coatings, as evidenced
by the consistent water contact angle before and after
submersion in water for 12 h. In addition to water contact angle,
surface energies were calculated from static contact angle data
using additional probe liquids: glycerol and diiodomethane, as
shown in Table 2.

Table 2: Contact angle (CA) measurements and the calculated surface energy values for
PS and PS modified with PSBMA and PEGMA.

Surface
Water Glycerol Diiodomethane
Polymer Energy
CA(°) CA(°) CA(?)
(mN/m)
PS 94.743.7 74.7£1.5 45.8+1.0 37.8
PSBMA 23.8+2.7 28.4+1.6 30.8+0.8 62.5
PEGMA 40.9£3.5 66.840.2 39.7£1.0 55.6

To confirm that polymer coatings lead to smoother substrates,
preliminary surface roughness measurements were acquired
using atomic force microscopy (AFM). Figure S5 presents the
topography, while Table S1 provides the surface roughness
parameters, including root-mean-square roughness (R;),
average roughness (R;), minimum roughness (Rin), maximum
roughness (Rmax), skewness (Rg), and kurtosis (Ryy). A brief

4| J. Name., 2012, 00, 1-3

method is also provided. The R, for PTFE, PS, and PSBMA-co-
PMMA were ~ 76, 176, and 3 nm, respectively. While studies
have indicated that surface roughness can influence bacterial
attachment,’54> these representative measurements suggest
that spin-coating ensures that the polymer-coated substrates
have a low surface roughness (<10 nm). The impact of surface
roughness on bacterial transfer would likely be minimal, as
surface roughness is much smaller than the micron size
bacteria.

Touch-Transfer Experiment using E. coli and S. aureus

The touch transfer assay was employed to investigate the dry
contact transfer of bacteria from each polymer surface. E. coli
and S. aureus were selected for their prominent roles in
healthcare-associated infections (HAIs) and their distinct
characteristics, such as differences in shape, sensing
mechanisms, and membrane composition.34® The study was
designed to explore how polymer composition and surface
energy influence bacterial transfer under dry conditions.

Key to assay development was to evaluate the number of
bacterial colonies remaining after nine touches, as shown in
Figure S6(a). Initial tests using a bacterial inoculation of 107
CFU/mL produced colony counts that were too high for accurate
quantification, whereas an inoculation of 102 CFU/mL led to no
detectable colonies after the second touch. After optimization,
a concentration of 10* CFU/mL was chosen, and we investigated
if the applied mass had an impact on transfer. Three different
masses (50 g, 100 g, and 200 g) were tested (Figure S6(b)) and
no difference in the bacterial transfer were found with these
different weights. For this reason, the 200 g mass was selected
to approximate the weight of holding a mobile phone.#”
Moving forward with the optimized starting inoculation
concentration and consistent applied weight, Figures 3(a-e)
shows the number of E. coli CFU transferred under dry
conditions after nine sequential touches. Figure S7 provides
digital images of representative E. coli and S. aureus colonies
that grew after a 24 h incubation period post-touch assay.
Although PSBMA-co-PMMA and PEGMA exhibit an increase in
E. coli transferred from the first to the second touch, the overall
trend demonstrates a steady decrease in bacterial transfer with
subsequent touches, reaching nearly zero CFUs by the ninth
touch. The data from Figures 3(a-e) has also been transformed
into a heat map (Figures 4(a-e)) as an alternative way to
visualize the decrease in average colony count. When
comparing the first touch across polymer substrates (Figure
S8(a)), PSBMA-co-PMMA resulted in less E. coli transfer than

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. E. coli transfer over nine sequential touches on (a) PTFE, (b) PS, (c) PSBMA-co-PMMA, (d) PEGMA, and (e) PSBMA. Figure (f) provides the total number of E. coli transferred.
Error bars represent standard error and an asterisk (*) denotes at least 95% confidence, whereas “n.s.” indicates no statistical significance. Images of representative agar plates are

shown in Figure S7(a)
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Figure 4. Heat maps of the average (a-e) E. coli and (f-j) S. aureus CFUs that transferred on (a) PTFE, (b) PS, (c) PSBMA-co-PMMA, (d) PEGMA, and (e) PSBMA. Data from Figures 3

and 5.

seen for PS. This prompted us to investigate which touch
number gave a statistically significant reduction in E. coli CFUs
compared to the first touch. There was no statistical significance
between the first touch and the subsequent touches on the
PTFE surface. However, we found that it required seven touches
for PS, six for PSBMA-co-PMMA, six for PEGMA, and seven for
PSBMA to show a significant reduction in bacterial transfer. We
summed the CFU across all touches to estimate the total
number of bacteria transferred from the PDMS finger to the test
substrates (Figure 3(f)). We note that the number of E. coli that
transferred by the ninth touch was nearly zero from the test
substrates. Therefore, we make the assumption that all bacteria
have transferred. PTFE, PS, PSBMA-co-PMMA, PEGMA, and
PSBMA transferred a total of 195, 671, 293, 521, and 401 CFUs,

This journal is © The Royal Society of Chemistry 20xx

respectively. PS the most, whereas PTFE transferred the least,
which aligns with expectations because PTFE is known for its
low biofouling properties due to its low-friction surface, which
minimizes bacterial transfer.*® In contrast, PS had the highest
transfer rate, likely due to hydrophobic interactions between
bacteria and the PS surface, which resulted in a higher initial
bacterial load transferred from the PDMS finger.*® While
PEGMA (521 CFUs) and PSBMA (401 CFUs) transferred fewer E.
coli than PS (671 CFUs), the differences were not statistically
significant. Interestingly, PSBMA-co-PMMA exhibited the least
bacterial transfer among the polymers studied. Both PTFE and
PSBMA-co-PMMA transferred significantly fewer E. coli than
PEGMA, with no significant difference between PTFE and
PSBMA-co-PMMA.
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Figure 5. S. aureus transfer over nine sequential touches on (a) PTFE, (b) PS, (c) PSBMA-co-PMMA, (d) PEGMA, and (e) PSBMA. Figure (f) provides the total number of S. aureus
transferred. Error bars represent standard error and an asterisk (*) denotes at least 95% confidence. Representative agar plates are shown in Figure S7(b).

Figures 5(a-e) present the transfer of S. aureus over sequential
touches, which showed trends similar to E. coli—the number of
transferred bacteria decreased with successive touches. The
data from Figure 5 has also been transformed into a heat map
(Figures 4(f-j)) as an alternative way to visualize the decrease in
average colony counts. When comparing the first touch across
materials, PS transferred statistically more S. aureus than
PEGMA, as seen in Figure S8(b). As for E. coli, the number of
touches required to show significantly fewer S. aureus that
transferred compared to the first touch varied with polymer
composition: PTFE showed a significant reduction by the third
PTFE showed a significant reduction by the third touch. PEGMA
and PSBMA showed a statistical reduction of bacteria at the
third and fourth touches. PS and PSBMA-co-PMMA exhibited a
significant reduction by the ninth and eighth touches,
respectively. To assess overall transferability, we summed the
CFUs for S. aureus across all touches. PTFE, PS, PSBMA-co-MMA,
PEGMA, and PSBMA resulted in the transfer of 171, 1042, 625,
239, and 175 CFUs, respectively. Statistically, PTFE transferred
significantly fewer S. aureus than PS, PSBMA-MMA, and
PEGMA, while PS transferred significantly more than PEGMA
and PSBMA. Notably, PSBMA exhibited a
performance to PTFE in terms of S. aureus transfer.
Interestingly, the number of bacteria transferred during the first
touch predicted the overall transfer trend, as first-touch data
mirrored the total bacterial transfer patterns (Figures 3(f) and
5(f) compared to Figure S8). For example, E. coli colonies were
transferred at a significantly lower level from PSBMA-co-PMMA

comparable

than from PEGMA during the first touch, consistent with the
total transfer data. Similarly, S. aureus colonies exhibited a
lower transfer level from PSBMA than from PS in the first touch,
which also aligned with the overall trend. Although bacterial
colonies of both types were not at the lowest level from PTFE
on the first touch, the number of colonies transferred reached
nearly zero by the fourth touch, whereas other materials
reached near-zero transfer at the eighth or ninth touch.
Therefore, this resulted in the total bacterial transfer being the
lowest for PTFE in both cases.

The transfer probability of bacteria from PDMS to test
substrates is expressed by Equation 3, which divides the total
number of transferred CFUs by 1000, representing the initial
number of bacteria on the “finger,” and multiplying the result
by 100% to obtain the percentage. This calculation gives the
transfer probability, as seen in Figure 6. This analysis was
modeled after a study by Behzadinasab et al., which examined
viral transfer to skin from porous solids.3° Figure 6(a) shows the
results of this transfer probability for E. coli was ~19.5% (PTFE),
~67.0% (PS), ~29.3% (PSBMA-co-PMMA), ~52.1% (PEGMA), and
~40.1% (PSBMA). In comparison, Figure 6(b) shows the transfer
probability of S. aureus to be ~17.1%, ~100%, ~62.5%, ~23.9%,
and ~17.5% for PTFE, PS, PSBMA-co-PMMA, PEGMA, and
PSBMA, respectively. We note that an exciting outcome of the
transfer rate calculation is the realization that the polymer
zwitterion has performed comparably to PTFE, indicating that
polymer zwitterions could potentially be used as alternatives to
PTFE in some applications, for example, when the use of PTFE
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whereas “n.s.” indicates no statistical significance between the groups.

might cause the release of per- and polyfluoroalkyl substances
(PFAS) that can cause damage to human health.>° In addition to
the low transfer rate, high-touch surfaces in healthcare settings
could also be coated with zwitterionic polymers to reduce
surface contamination and to add to the overall hygiene
concept in limiting transmission by touching in between regular
sterilization protocols. 51,52

Compared to PS, PSBMA-co-PMMA, PEGMA, and PSBMA
exhibited lower transfer probabilities. Specifically, PSBMA-co-
PMMA reduced E. coli and S. aureus transfer by 56% and 40%,
respectively, while PEGMA reduced transfer by 22% and 77%.
PSBMA reduced E. coli and S. aureus transfer by 40% and 83%,
respectively, demonstrating that the polymer-coated
substrates are more effective at preventing the transfer of S.
aureus than E. coli. This difference potentially stems from
variations in the bacterial cell envelope. Although both bacteria
have hydrophobic membranes, S. aureus is generally more
hydrophilic than E. coli, making it more likely to transfer on
certain surfaces due to differences in hydrophilicity between
the bacterial and substrate surfaces.>?

Our findings indicate that PSBMA-co-PMMA is more effective at
preventing E. coli transfer, while PSBMA better reduces S.
aureus transfer. Since E. coli has a relatively hydrophobic outer
membrane, polymers like PSBMA-co-PMMA, in which MMA
comonomer units affect zwitterionic hydrophobicity, could
affect its adhesion and transferability. Conversely, S. aureus has
a thicker peptidoglycan layer and different surface protein
compositions compared to E. coli, which might interact more
with hydrophilic surfaces like PSBMA.%¢ Despite the varying
performance of the polymer films, in general we find that
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increasing the hydrophilicity by grafting onto PS reduced
bacteria overall transferability.

Conclusions

In this work, we evaluated the bacterial transfer on five
different dry polymer surfaces. Use of commercial PTFE and PS
surfaces, alongside modifying the polystyrene surfaces with
zwitterionic polymers (PSBMA-co-PMMA and PSBMA) and
PEGMA produced polymer coatings bearing a range of surface
composition and energies (37.8-62.5 mN/m). Over nine
consecutive touches, a decreasing trend in countable bacterial
colonies was observed. By summing the colonies at each touch,
we estimated the likelihood of bacterial transfer from the initial
contaminated surface. As results showed, the use of PTFE
resulted in the least amount of transfer of both bacterial types,
while PS showed the greatest transfer probability. Among the
coated substrates, PSBMA-co-PMMA showed the lowest E. coli
transfer, with approximately 50% less than PS, and PSBMA
demonstrated the lowest S. aureus transfer, reducing transfer
by ~80% compared to PS. These findings suggest that
zwitterionic polymers (PSBMA and PSBMA-co-PMMA) exhibit
excellent performance on dry surfaces. We suggest that these
polymer zwitterion surfaces hold potential to be used as
antifouling coatings that offer broader versatility when PTFE or
contact-killing surfaces, such as copper, are not suitable. This
study opens exciting possibilities for future research, using
optimized protocols to further examine commonly encountered
bacterial transfer on dry surfaces that are relevant to hospitals
and other settings.
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