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Smart Fabrics with Integrated Pathogen Detection,
Repellency, and Antimicrobial Properties for Healthcare
Applications
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Mathura Thirugnanasampanthar, Zeinab Hosseinidoust, Leyla Soleymani,*
and Tohid F. Didar*

Healthcare textiles serve as key reservoirs for pathogen proliferation,
demanding an urgent call for innovative interventions. Here, a new class of
Smart Fabrics (SF) is introduced with integrated “Repel, Kill, and Detect”
functionalities, achieved through a blend of hierarchically structured
microparticles, modified nanoparticles, and an acidity-responsive sensor. SF
exhibit remarkable resilience against aerosol and droplet-based pathogen
transmission, showcasing a reduction exceeding 99.90% compared to
uncoated fabrics across various drug-resistant bacteria, Candida albicans, and
Phi6 virus. Experiments involving bodily fluids from healthy and infected
individuals reveal a significant reduction of 99.88% and 99.79% in clinical
urine and feces samples, respectively, compared to uncoated fabrics. The SF’s
colorimetric detection capability coupled with machine learning (96.67%
accuracy) ensures reliable pathogen identification, facilitating accurate
differentiation between healthy and infected urine and fecal contaminated
samples. SF holds promise for revolutionizing infection prevention and
control in healthcare facilities, providing protection through early
contamination detection.
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1. Introduction

In recent decades, globalization has posed
significant challenges to the global health
system, resulting in the emergence of
new diseases, the persistence of conven-
tional contagious diseases, and the alarm-
ing increase in antimicrobial-resistant
pathogens.[1,2] The gravity of this ever-
increasing problem is emphasized by the
World Health Organization (WHO), which
predicted the death of 10 million people as
a result of multidrug resistant pathogens
by 2050.[3] Therefore, the implementation
of effective infection prevention and con-
trol measures for bacterial contamination,
holds the potential to significantly reduce
infection transmission rates, lower mortal-
ity, and reduce healthcare costs.[4,5] Remark-
ably, hospitals in the United States could
prevent between 12000 to 223000 hospital-
acquired infections annually, resulting
in potential savings ranging from $142
million to $4.25 billion through the adop-
tion of adequate prevention strategies.[6]

Fabrics commonly found in healthcare settings such as hospi-
tal bed sheets, surgical scrubs, and shoes are one of the main
sources of contamination.[7–10] Fabrics can function as reser-
voirs for harmful microbes, harboring bacterial loads of 106 –
108 Colony Forming Units (CFU) 100 cm−2.[11] They provide an
ideal environment for bacterial growth, persisting from days to
months, thus facilitating the transmission of pathogens from one
individual to another.[12–14] A study revealed that 65% of nurs-
ing staff that provided direct care to an infected individual con-
tracted contamination on their gowns.[15] Such contaminated fab-
rics have been the source of several outbreaks,[11,16,17] including
instances such as group A streptococcus infections caused by a
contaminated fabric-upholstered chair,[18] Acinetobacter spp. in-
fections linked to pillows,[19] and Acinetobacter baumannii out-
breaks originating from the curtains surrounding the patients’
beds.[20]

To counter the rapid spread of infections, fabrics equipped
with “Repel + Kill” functions, providing both repellent and an-
timicrobial capabilities have gained significant attention as a
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promising, long-lasting alternative to conventional textiles.[21–27]

These bifunctional coatings, combining antifouling and contact-
killing features, can resist initial bacterial attachment and subse-
quent biofilm formation through a reduction in the contact area
available for pathogen attachment, achieved through an increase
in surface roughness and apparent surface energy.[26,27] Success-
ful fabric coatings have been reported through the combination
of antimicrobial agents, including peptides,[28] quaternary am-
monium compounds,[11,29] and nanoparticles such as silver,[30–32]

copper,[33,34] or gold,[35–37] with low surface energy molecules
such as alkylsilane,[38,39] fluoroalkylsilane,[8,40,41] and perfluoro
polymers.[42,43] In contrast to methods reliant on external stim-
uli such as photoactivated coatings,[44,45] temperature-responsive
coatings, and electrically stimulated materials,[46] these coat-
ings neither necessitate activation nor pose health risks linked
to biocides, all while mitigating the increase in antimicrobial
resistance.[25,47] A significant challenge arises from the lack of
immediate feedback provided by these coatings. This absence of
feedback can foster a false sense of security among users, who
may be unaware of the necessity for cleaning or replacement.
Consequently, this lack of awareness may contribute to an el-
evated environmental impact, as materials are more frequently
disposed of, leading to increased waste generation and potential
environmental concerns.[39] Therefore, it is crucial to develop ad-
vanced smart fabrics that not only prevent but also detect bacterial
contamination within hospital environments.

Recent advancements in colorimetric sensors using optical
dyes offer a promising approach to detect biofilm develop-
ment through pH change in response to anerobic fermentation
metabolites such as lactic and acetic acids.[48–50] Redox dyes such
as bromothymol blue (BTB).[51,52] and bromocresol green.[53]

have been previously employed in various sensing applications
such as the diagnosis of skin infections caused by S.aureus
on wound dressings.[52] and bandages,[54] detection of E. coli-
induced meat spoilage within food packaging,[51] and monitoring
catheter encrustation caused by Proteus mirabilis (P. mirabilis) in
urine bags.[55] While these colorimetric sensors are capable of on-
site contamination detection, their integration into hydrophilic
materials increases their susceptibility to fouling, ultimately lim-
iting their durability and functionality.[51,55–58] Consequently, the
fabrication of colorimetric sensors with both antifouling and bio-
cidal capabilities represents a novel avenue that could signifi-
cantly improve infection prevention and control.

To address these limitations and build upon this framework,
we have pioneered a new class of SF, distinguished by their
multifunctional “Repel + Kill + Detect” capabilities, to mitigate
pathogen transmission on fabrics. These fabric coatings are de-
signed not only to repel and kill pathogens and fluids, but also
to continually monitor and detect contamination, signaled by
a distinct shift in color from blue to green-yellow. Developed
through a spray coating method, the coating is constructed from
hierarchical structures that incorporate BTB dye within wrinkled
polydimethylsiloxane (PDMS) microparticles coated with modi-
fied silver nanoparticles (AgNPs). The efficacy of the coating in
repelling, killing, and sensing pathogens is evaluated through
a range of assays, including pathogen adhesion, live/dead as-
says, biofilm formation, and growth assays, involving methicillin-
resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa
(P. aeruginosa), Candida albicans, and Phi6. To further validate

the system for real-world settings, SF performance was rigor-
ously evaluated under conditions simulating a hospital environ-
ment, involving surface contamination with clinical urine and fe-
ces samples. Finally, to enhance the accuracy of surface safety as-
sessment and eliminate user error, a deep learning network was
also developed for validation purposes. This extensive five-day
study aimed to assess the SF’s efficiency in repelling, eliminat-
ing, and detecting biofilms caused by a range of pathogens. These
investigations underscore the potential for its use on hospital fab-
rics to alert healthcare personnel, enhance infection prevention
measures, and ultimately reduce the transmission of hospital-
acquired infections.

2. Results and Discussion

2.1. Hierarchical wrinkled Structures of the SF Coating

The fabrication of SF encompasses four key steps: 1) synthesis of
∼20 μm PDMS microparticles, 2) introducing repellency through
surface modification and low energy molecules, 3) applying a
nanoparticle coating for pathogen killing, and 4) incorporating
a pH-sensitive dye for contamination detection (Figure 1a). Ini-
tially, smooth PDMS microparticles were created by subjecting
a PDMS and surfactant emulsion to ultrasonic waves at 37 kHz
(Figure 1b,i). These microparticles exhibited a size range of 1-
100 μm with the primary peak detected at 28 μm using an opti-
cal profilometer (Figure S1a, Supporting Information). Following
this, the microparticles were transformed into superhydropho-
bic wrinkled structures using an emulsion-solvent evaporation
method in combination with treatment involving 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (FOTS) (Figure 1bii,iii). This pro-
cess created microparticles with distinctive surface features, no-
tably microscale wrinkles with a wrinkling wavelength of 0.23 μm
(Figure 1ci,ii), induced by the change in strain between the rigid
siloxane shell and the soft PDMS core. Sinusoidal waves are
formed when the compressive stress exceeds a specific value to
lower the potential energy of the particles.[59,60] Subsequently, the
microparticles were coated with AgNPs modified with branched
polyethyleneimine (bPEI) and BTB dye (Figure 1biv). Modifica-
tion with the cationic ligand bPEI enhances the affinity of AgNPs
to negatively charged bacteria, thereby amplifying their biocidal
activity. This leads to a bactericidal effectiveness surpassing that
of frequently employed antibacterial agents like penicillin and
chloramphenicol.[61] Notably, the BTB dye undergoes an observ-
able color shift from yellow to blue within the pH range spanning
5 to 7, detecting the formation of biofilms (Figure S1b, Support-
ing Information).[51,57,62,63] Optical microscopy images were cap-
tured across a range of pH values to visually illustrate the color
transformation exhibited by SF in response to varying pH lev-
els (Figure S1c, Supporting Information). A comparative study
replacing silver with gold nanoparticles to assess the repellency
and antimicrobial efficacy of the coated microparticles, as shown
in Table S1 (Supporting Information), validates our selection of
AgNPs for superior performance. The stability of BTB within the
SF was validated through a leaching test (Figure S2a, Support-
ing Information) by measuring the absorbance of the dye at the
blue peak wavelength over a one-week period. Additionally, we
demonstrate that alternative dyes, such as Bromocresol Purple
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Figure 1. Smart Fabric (SF) Fabrication and Characterization. a) Schematic outlining the synthesis process and the function of the SF coating. b, i–iv)
SEM images depicting the key fabrication stages of the microparticles, including (i) smooth particle, (ii) wrinkled particle, (iii) detailed view of the wrinkle
structure, and the (iv) hierarchical nanoparticle coating. c, i, ii) Wrinkling wavelength measurements for the microparticles shown by the (i) graph with
(ii) the SEM image used for quantifying the wavelength. d, i-ii) (i) A graph depicting the average thickness of the SF coating, along with (ii) an image
of the coated fabric, and (iii) a SEM image for further visualization. e) Measurements of contact angles and contact angle hysteresis of various liquids,
including water, glycerol, ethylene glycol, hexadecane, and acetone. f) Optical images depicting repellency with water (blue) and hexadecane (red) on
both coated and uncoated textiles. g) XPS analysis illustrating the elemental composition of the coating.
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(Figure S2b, Supporting Information), can be integrated into the
SF, showcasing the versatile potential of our smart fabric system.

The multifunctional coating was applied to fabrics through a
spray coating process using an epoxy resin as a binder, resulting
in an average coating thickness of 9.8 μm (Figure 1di–iii). Wet-
tability measurements of the coating on fabrics showed a con-
tact angle of at least 130° and contact angle hysteresis below 10°

for a range of different surface tension liquids, including water
(72 mN m−1), glycerol (55.5 mN m−1), ethylene glycol (48 mN
m−1), hexadecane (26.8 mN m−1), and acetone (24.5 mN m−1)
(Figure 1e), demonstrating the omniphobicity of the surface coat-
ing. While the coating effectively repelled water (blue-dyed) and
hexadecane droplets (red-dyed) with contact angles of 163.25°

and 147.75°, the droplets completely wetted the uncoated fabrics
(Figure 1f), further confirming the omniphobicity of the coated
fabrics. X-ray photoelectron spectroscopy (XPS) conducted on the
coating indicated the presence of both fluorine and silver, validat-
ing their successful synthesis (Figure 1g).

The durability of the SF was evaluated under different condi-
tions, including soaking the SF surface for 1 hour, 3 hours, and
6 hours (Figure S3, Supporting Information). The results indi-
cated that the SF maintained high contact angles, demonstrating
sustained repellency, antimicrobial activity, and detection even af-
ter prolonged water exposure. Additionally, the SF was exposed
to harsh environmental conditions such as humidity, ultravio-
let (UV) exposure, and high temperature (Figure S4, Support-
ing Information). These tests confirm that the SF is robust and
maintains its multifunctional properties even after extended wa-
ter exposure and under challenging environmental conditions.
To ensure the robustness of the SF during practical use, we con-
ducted a series of tests including abrasion resistance, flexibility,
and adhesion tests. Post-testing, the functionality of the coating
was characterized through wettability measurements, which re-
vealed no significant changes (Figure S5, Supporting Informa-
tion). These results confirm that the SF remains durable and re-
tains its multifunctional properties during use.

To assess the impact of the SF coating on air permeability, we
conducted air permeability tests on both the uncoated fabric and
the SF. The tests were performed using a differential pressure
method. The uncoated fabric demonstrated an air permeability
of 346.25 mm −1s, while the SF showed an air permeability of
274 mm −1s (Figure S6, Supporting Information). This reduction
in air permeability is attributed to the hierarchical coating and
the binder layer, which tend to close the voids between the fibers
and yarns of the fabric. Based on reported values of coated fabrics
in the literature,[64–69] our air permeability values fall within the
expected range, supporting the practicality and functionality of
the SF in real-world use.

2.2. Repellent Properties of the SF Coating

The SF coating was evaluated for its effectiveness in prevent-
ing the transmission of infectious diseases through three main
routes: airborne, contact, and droplet (Figure 2a). Airborne trans-
mission involves inhaling small particles (diameters <5 μm) and
typically requires a longer distance (>1 m) from the infectious
source for infection to occur. Contact transmission can be either
direct, where pathogens are transferred directly to a person, or in-

direct, involving transmission through contaminated objects or
individuals. Direct transmission usually occurs over a short dis-
tance (<1 m), whereas droplet transmission entails respiratory
droplets (diameter >5 μm) emitted by an infected person, travel-
ing a short distance reaching a susceptible individual’s facial mu-
cosa through activities like sneezing, coughing, exhaling or even
regular breathing.[70,71] A cough produces approximately 3000
droplets, whereas a sneeze releases an estimated 40000 droplets,
with speeds reaching up to 50–200 miles per hour with each
droplet containing millions of pathogen-containing particles.[7,72]

To replicate these transmission routes, we designed stamp
and aerosol assays tailored to mimic droplet-based and aerosol-
based transmission routes. These assays were designed to evalu-
ate the effectiveness of SF against a panel of pathogens, includ-
ing multidrug-resistant bacteria recognized by the WHO as high-
priority pathogens: MRSA and P. aeruginosa, along with oppor-
tunistic pathogenic yeast, Candida albicans, and a bacterial virus
frequently used as a model surrogate for studying diseases like
SARS-CoV-2, Phi6.

The stamp assay involved stamping surfaces with agar inocu-
lated with pathogens. Repellency was evaluated immediately af-
ter stamping and following incubation at room temperature for
2 and 4 hours. The results showed a remarkable reduction in
pathogen adhesion right after stamping (t = 0 hrs) (Figure 2bi),
with the SF coating achieving reductions of 99.90% (P<0.001),
99.96% (p < 0.0001), 99.92% (p < 0.001), and 99.91% (P<0.001)
for MRSA, P. aeruginosa, Candida albicans, and Phi6, respectively,
relative to uncoated surfaces. After 4 hours (Figure 2biii), we ob-
served reductions of 99.97% (p < 0.0001), 99.98% (P<0.0001),
99.99% (P<0.0001), and 99.99% (P<0.0001) in pathogen adhe-
sion for MRSA, P. aeruginosa, Candida albicans, and Phi6, re-
spectively, in comparison to uncoated surfaces. These additional
pathogen reductions after 2 and 4 hours are attributed to the bio-
cidal activity of the modified silver nanoparticles.[61,73]

The aerosol study aimed to assess the impact of varying sizes of
MRSA-containing aerosols generated through nebulization and
the subsequent fractionation of bacterial aerosols by utilizing a 6-
stage cascade impactor (Figure 2ci). This instrument allowed us
to separate bacterial aerosols into six distinct aerodynamic size
categories. Tryptic Soy Broth (TSB) media was used as a control.
Given the considerable variation in droplet sizes produced dur-
ing activities like coughing and sneezing, which can range from
less than 1 μm to several hundred micrometers,[74,75] our inves-
tigation focused on three specific stages characterized by cutoff
diameters of 0.65 μm, 2.10 μm, and 7.0 μm (Figure S7a, Support-
ing Information). We compared the repellency between uncoated
fabrics, BTB-coated fabrics, and SF by monitoring changes in
color and quantifying the number of MRSA colonies adhering
to these surfaces through CFU assays. The MRSA culture solu-
tion and TSB media solution both had a pH of 6.7, inducing a
shift in the color of BTB to a pale green hue. Owing to its strong
hydrophilic nature, BTB-coated surfaces exhibited the highest de-
position of MRSA aerosols, resulting in a clear color change,
while the SF-coated surfaces effectively repelled the aerosols, re-
taining their initial blue color. This variation is quantified using
the total color difference (ΔE) in the International Commission
on Illumination (CIE) Lab color space (Figure S7c,d, Support-
ing Information), which is a standardized metric for assessing
the perceptual distinction between two colors as perceived by the
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Figure 2. Repellency of the SF Coating. a) Schematic illustration of the various routes of infection transmission. b, i-iii) Stamp assay investigating the
droplet transmission of pathogens on coated and uncoated (control) fabrics of MRSA, P. aeruginosa, C. albicans, and Phi6 at (i) T = 0 hr, (ii) T = 2 hrs,
and (iii) T = 4 hrs. The error bars indicate one standard deviation from the mean, with each measurement comprising a minimum of four data points.
Significance levels are denoted by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. c, i-ii) (i) Illustration of the aerosol sampling
apparatus depicting the fractionation of bacterial aerosol based on aerodynamic size. (ii) Bacterial adhesion plot comparing the repellency of uncoated,
BTB-coated, and SF surfaces with different sized aerosolized droplets. d, i-ii) (i) Image depicting the difference in repellency between BTB and SF surfaces
taped inside the toilet for 10 days with (ii) a graph comparing the total color difference (ΔE) values throughout the 10-day period.

human eye. ΔE is computed by averaging the pixel values of the
surfaces, taking into account their brightness, position on the
green-red axis, and position on the blue-yellow axis. Smaller ΔE
values denote a closer similarity in colors, while larger ΔE val-
ues indicate more significant differences in color, specifically a

ΔE value exceeding 5 signifies noticeable differences in colors,
while a value exceeding 12 indicates a clear shift to a distinct color
category.[63] For aerosols sized at 0.65 μm, 2.10 μm, and 7.0 μm,
BTB-coated surfaces displayed ΔE values of 19, 20.4, and 23.5,
respectively. In contrast, SF-coated surfaces showed ΔE average
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value of 1.8 for aerosols of the same sizes. These values indi-
cate substantial differences in colors within the CIE color space.
In contrast, uncoated surfaces, serving as negative controls, dis-
played no alteration in color and retained their original white ap-
pearance. CFU assays revealed that the largest droplets (7 μm)
resulted in the highest number of adhered colonies on all the
surfaces, with SF surfaces displaying a 4-log reduction in bacte-
rial adhesion compared to BTB surfaces (Figure 2cii). The control
experiment with TSB media showed similar color change results,
whereas BTB-coated surfaces revealed ΔE values of 19.45, 20,
and 24.1 for aerosols sized at 0.65 μm, 2.10 μm, and 7.0 μm and
SF surfaces displayed a ΔE value of 1.86 for all droplets (Figure
S7c, Supporting Information). This color system constitutes of all
colors observable by an individual with average eyesight, an im-
portant consideration for such colorimetric signal outputs. This
aerosol study clearly demonstrated the robust repellency of SF, as
it maintained its original color and remained unaffected by the
pH change in the MRSA and TSB solutions.

To further characterize the repellency of SF relative to BTB-
coated fabrics, surfaces were placed inside a functional toilet for
a 10-day period, during which color changes were monitored and
quantified (Figure 2di). Throughout this duration, SF surfaces ex-
hibited no color changes, with ΔE values ranging from 1.8 to 2.
In contrast, BTB surfaces experienced a color shift from blue to
yellow, withΔE values ranging from 17.6 to 19.1 (see Figure 2dii).
This color change of BTB-coated surfaces to yellow primarily re-
sulted from the presence of organic compounds from human
excreta.[76] Remarkably, despite water flushing and typical toilet
use, SF maintained its color and effectively repelled water and
other waste materials, once again highlighting the durability and
applicability of these fabrics within real-world settings.

2.3. Biocidal and Sensing Properties of the SF Coating

To evaluate the bactericidal and sensing effectiveness of SF, we
conducted a series of assays over varying time periods, including
growth assays, live/dead assays, and biofilm assays.

Growth assays with MRSA and P. aeruginosa were performed
over a 2, 8, 24-hour time period. With MRSA, the SF exhibited
a reduction in bacterial growth of 95.24% (p < 0.01), 99.86%
(p < 0.001), and 99.90% (p < 0.0001), relative to uncoated fab-
rics after 2, 8, and 24 hours, respectively (Figure 3a). Similarly,
with P. aeruginosa, the SF surfaces demonstrated significant re-
ductions of 97.47% (p < 0.001), 99.85% (p < 0.001), and 99.88%
(p < 0.0001), relative to uncoated fabrics at the same time points
(Figure 3b). This significant reduction in bacterial growth over
time can be attributed to the bactericidal activity of the modified
silver nanoparticles. The release of silver ions plays a pivotal role
in inhibiting bacterial replication by binding to and denaturing
bacterial DNA, reacting with thiol groups in proteins, or induc-
ing DNA condensation, ultimately resulting in cell death.[36,77,78]

Next, a live/dead assay was conducted to assess bacterial via-
bility on the SF coating using a dual fluorescent stain compris-
ing propidium iodide (impermeable to the bacterial cell wall) and
Syto 9 (permeable to the cell wall) (Figure 3c). This assay aimed
to comprehensively investigate the bactericidal properties of the
coating after 2 and 4 hours in comparison to uncoated fabrics.
Viable (live) cells, characterized by intact cell membranes, were

stained green, whereas non-viable (dead) cells with compromised
membranes were stained red. The results revealed a notable re-
duction in green fluorescence and a corresponding increase in
red fluorescence for both MRSA and P. aeruginosa on SF-coated
surfaces during the 4-hour period. These findings provide evi-
dence that the bactericidal effects extend beyond the initial time
point (t = 0 hr) and continue to impact bacterial viability.

In the biofilm assays, MRSA was used at concentrations rang-
ing from 101 to 106 CFU mL−1. The objective was to monitor
the color change (ΔE) after biofilm formation and determine
the CFU count on surfaces, comparing uncoated, BTB-coated,
and SF-coated surfaces. At the 8-hour mark, significant reduc-
tions in bacterial counts on SF-coated fabrics compared to un-
coated fabrics were observed, including reductions as high as
99.97% (p < 0.0001) for bacterial concentrations ranging from
101 to 106 CFU mL−1 (Figure 3d). While the SF surfaces dis-
played a yellow color change at higher MRSA concentrations,
the overall color change leaned more toward blue, indicative
of reduced biofilm formation. In contrast, BTB-coated surfaces
showed a more intense orange-yellow color at higher concentra-
tions (106 CFU mL−1) and darker blue color at lower concentra-
tions. Even at the lowest concentration (101 CFU mL−1), the total
color change corresponded to 12.4, through a less intense yel-
low color change (Figure S8, Supporting Information). Over the
course of 24 hours, adhesion, intercellular aggregation, and pro-
liferation dramatically increased, resulting in significantly higher
concentrations of biofilm formation, with bacterial reductions of
99.81% (p < 0.0001), 99.90% (p < 0.0001), 99.07% (p < 0.001),
99.75% (p < 0.001), 98.30% (P<0.01), and 99.7% (p < 0.001) for
concentrations 106, 105, 104, 103, 102, and 101 CFU mL−1, respec-
tively (Figure 3ei). In this context, BTB-coated surfaces showed
a vivid yellow color change across all concentrations after 24
hours, as evidenced by quantified ΔE values ranging from 13
to 29.4 for increasing MRSA concentrations (Figure 3eii). Con-
versely, SF surfaces displayed a bright yellow color change at
the highest concentration, and a less yellow, more blue color at
lower concentrations, characterized by ΔE values ranging from
16 to 4.8. The increase in biofilm formation on uncoated tex-
tiles is due to their roughened and porous structures, which cre-
ate a dynamic environment for bacterial attachment, growth, and
biofilm development.[79,80] The remarkable resistance of SF sur-
faces to bacterial adhesion can be attributed to their low surface
energy and micro-nanoscale structures, which hinder the move-
ment of pathogens and make the surfaces energetically unfavor-
able for microorganism attachment. Additionally, the reduced ad-
hesion of fluids limits the availability of nutrients for microbial
survival.[43]

The biofilm assays revealed that BTB-coated surfaces showed
the highest levels of biofilm formation compared to un-
coated and SF surfaces at both the 8-hour and 24-hour marks
(Figure 3d,e). Studies have consistently highlighted the critical
role of a material’s surface chemistry in dictating cell-surface
interaction and biofilm formation.[48,49,80–82] The impact of sur-
face wettability is especially significant, as hydrophilic BTB-
coated fabrics, tend to provide an environment conducive to
higher bacterial adhesion.[83,84] The abundance of hydrophilic
pores provides sites for robust bacterial adhesion. This ef-
fect was evident in the reduced biofilm formation on SF sur-
faces compared to BTB-coated surfaces at the 8-hour mark,

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (6 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Bactericidal Activity of the Coatings. a, b) Growth assays conducted on uncoated fabrics and SF over 2, 8, and 24 hours for (a) MRSA and (b) P.
aeruginosa. c) Fluorescence images from live/dead assays, captured immediately after MRSA inoculation and after 2 and 4 hours, showcasing live cells
in green and dead cells in red on uncoated fabrics and SF. d, e) (d) Biofilm assay conducted after (d) 8 hours and (e) 24 hours on uncoated, BTB-coated,
and SF surfaces at various MRSA concentrations, along with e, ii) the total color change ΔE after 24 hours of the surfaces at those concentrations. Error
bars denote one standard deviation from the mean, with each measurement derived from at least four data points. Significance levels are indicated
using asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

corresponding to 99.99% (p < 0.0001), 99.90% (p < 0.0001),
99.72% (p < 0.001), 98.94% (p < 0.01), 98.4% (p < 0.01), 99.04%
(p < 0.001) for concentrations 106, 105, 104, 103, 102, and 101, re-
spectively.

In tandem with our latter investigation of biofilm formation,
we utilized a porcine model to provide a deeper understanding
into biofilm dynamics on skin surfaces. This exploration serves

to broaden our understanding of potential cross-contamination
pathways and strategies for mitigation, particularly in scenarios
where compromised skin integrity poses risks of microbial trans-
mission. Our methodology involved attaching the surfaces to pig
skin under various conditions to observe any color changes af-
ter 24 hours and conducting CFU assays (Figure S9, Support-
ing Information) to evaluate the coating’s bactericidal efficacy. It’s

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (7 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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worth noting that pigs possess skin characteristics similar to hu-
mans, including a relatively thick epidermis, distinct rete pegs,
dermal papillae, and dense elastic fibers in the dermis.[85,86] Ana-
lyzing biofilm on skin-like surfaces via the porcine model reveals
key strategies for preventing cross-contamination in healthcare
settings, crucial where compromised skin heightens microbial
risks (See supporting information).

2.4. Real-World Applicability of SF Coating Following Exposure to
Urine and Fecal Contamination

Given the well-documented susceptibility of hospital textiles to
harbor a substantial array of microorganisms, it is crucial to eval-
uate the practical viability of SF surfaces under such challeng-
ing conditions.[87,88] The presence of bodily fluids including stool,
urine, vomitus, among others, is known to extend the survival
of bacteria. For instance, this was observed in the case of cotton
blankets contaminated with bodily fluids, where certain strains
like S. aureus exhibit viability for as long as 72 days.[87,89] Further-
more, studies have shed light on diapers, especially when used
on hospital linens, can serve as primary vectors for the transmis-
sion of Bacillus cereus among infants.[89] Consequently, we con-
ducted a series of tests on SF surfaces to recreate hospital envi-
ronments, effectively simulating exposure to urine and feces on
fabrics (Figure 4a).

We initiated our study by spiking urine samples from ten
healthy patients with E. coli at a concentration of 107 CFU mL−1,
comparing the results with uncontaminated healthy urine sam-
ples. These urine samples, both contaminated and healthy, were
subsequently applied to uncoated, BTB-coated, and SF-coated
surfaces using a stamp assay, followed by a 24-hour incubation.
We observed the color changes on the surfaces and quantified
the number of adhered colonies using a CFU assay. In line with
our previous findings, BTB-coated surfaces exhibited the high-
est colony adhesion compared to uncoated and SF surfaces. Rel-
ative to uncoated surfaces, SF surfaces displayed a significant
reduction in bacterial adhesion, ranging from 99.80% – 99.93%
(p < 0.0001) (Figure 4bi). The total color change of our contami-
nated BTB-coated surfaces revealed an overall yellowish color for
the ten patients after biofilm formation, withΔE ranging between
18.1 and 19 among the patients (Figure 4bii). However, healthy
patients showed varying colors, with ΔE ranging from 4 to 7.35,
including shades of green and yellow (Figure 4biii). This color
diversity can be attributed to the heterogenous nature of urine,
with a pH typically within a range of about 4.6 to 8.0. This range in
urine pH was attributed to inter-subject variability due to compo-
sitional variations from compounding factors such as diet, med-
ications, drugs, hydration, and other factors.[90,91] In contrast, SF
surfaces consistently retained a blue color, with ΔE values rang-
ing from 1.7-2 for healthy samples. For contaminated urine sam-
ples with biofilm formation, SF surfaces exhibited a green color
change, with a total color change ranging from 7 to 8.7 among
the patients.

To simulate real-life scenarios, we collected urine samples
from patients with E. coli concentrations of 105 CFU mL−1 and
conducted similar experiments. Moreover, we extended the in-
cubation times to 48, 72, 96, 120 hours (Figure 4ci). The re-
sults correlated with our previous findings: BTB-coated surfaces

revealed a deep yellow color throughout the 5-day period, with
hints of blue appearing along the edges in the later days for con-
taminated urine for sick patients. This color transition was re-
flected in the ΔE values, ranging from 14.5 – 18. However, SF
surfaces initially displayed a greenish color, which persisted un-
til the third day, after which they retained their blue color, with
ΔE values ranging from 2.3 to 8.4 (Figure 4cii). The green color
is attributed to the decrease in color due to slight contamination
formation, nonetheless this green change is still significantly dif-
ferent from the uncontaminated one. These color changes cor-
responded with the CFU results, where the SF surfaces consis-
tently demonstrated a substantial reduction in bacterial adhe-
sion relative to uncoated surfaces, with percentages of 99.88%
(p < 0.0001), 99.54% (p < 0.0001), 99.97% (p < 0.0001), 99.81%
(p < 0.001), and 99.99% (p < 0.0001) after 24, 48, 72, 96, and 120
hours, respectively. For healthy patients, the total color change
values for SF surfaces ranged from 1.55 to 2 throughout the 5
days, while BTB-coated surfaces displayed color changes within a
varying range of 14 to 14.5 (Figure 4cii). These findings indicate
that any deviation in the color of SF surfaces from their initial
blue hue is a direct consequence of biofilm formation.

To simulate the transmission of pathogens through feces, we
collected fecal pellets from both germ-free (GF) mice and col-
onized mice, specifically referred to as specific pathogen-free
(SPF) mice. Using a stamp assay, similar to our previous ap-
proach, we quantified CFUs and monitored the color changes on
the surfaces. In the case of SPF feces, SF-coated surfaces demon-
strated a remarkable reduction in bacterial adhesion of 99.79%
(p < 0.0001), 99.86% (p < 0.0001), 99.92% (p < 0.0001), 99.95%
(p< 0.0001), 99.99% (p< 0.0001) relative to uncoated fabrics after
24, 48, 72, 96, and 120 hours, respectively (Figure 4di). The fecal
matter contained varying amounts of different bacteria, includ-
ing Bacillus velezensis, Brevibacterium luteolum, E. coli, and Entero-
coccus faecalis, as identified through sequencing (Figure S11, Sup-
porting Information). Fecal matter is known to contain organic
compounds that can serve as nutrients for bacteria, promoting
their growth and making it a potential nutrient source for bacte-
rial contamination.[92,93] As a result, a higher bacterial load was
observed on the surfaces when compared to urine contamina-
tion. This led to the formation of a biofilm on the SF surfaces,
resulting in a green-yellow appearance after 24 hours with a ΔE
of 13.35 (Figure 4dii). In contrast, the BTB-coated surfaces dis-
played an overall pale green and yellow appearance, with a sig-
nificantly higher ΔE of 54.7. For GF fecal matter, the BTB-coated
surfaces showed a teal color, likely due to the basic nature of fe-
ces with ΔE ranging from 35 to 43.95 (Figure 4diii). This alka-
linity is likely influenced by various factors, including metabolic
byproducts, the composition of the feces (such as ammonia or
bicarbonate produced by bacterial metabolism), the presence of
bile aiding in digestion, and potentially the dietary intake of the
mice.[94,95] In contrast, SF-coated surfaces remained unaffected
and retained their original color under these conditions with an
average ΔE of 2 throughout the five day period.

2.4.1. Integration of Machine Learning with SF Coating

After confirming that SF was applicable to hospital environ-
ments, its use by untrained experts was further considered. To

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (8 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Assessment of SF repellency, eradication, and sensing in complex fluids. a) Schematic depiction illustrating common fabric contamination
scenarios in hospital settings resulting from patient infections via the spread of urine or feces. b, i-iii) Evaluation of spiked urine with E. coli patient
samples on uncoated, BTB-coated, and SF surfaces, involving (i) biofilm assay, followed by quantification of the total color change for (ii) contaminated
and (iii) uncontaminated samples. c, i-iii) (i) Biofilm assay conducted over a 5-day period using urine from sick patients, showcasing total color change
for (ii) contaminated and (iii) uncontaminated samples. d, i-iii) (i) Biofilm assay conducted over a 5-day period using fecal matter-contaminated surfaces,
with total color change recorded for (ii) specific pathogen-free feces and (iii) germ-free feces. Error bars represent one standard deviation from the mean,
with each measurement based on a minimum of four data points. Significance levels are denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001).

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (9 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Integration of Machine Learning with SF Surfaces. a) Schematic representation of a system designed to enhance the classification of tex-
tile images after contamination with urine and feces. b) Flowchart depicting the utilization of the pre-trained deep learning network ResNet50 CNN.
c, d) Graphs illustrating the accuracy levels achieved by the (c) SF and (d) BTB surfaces contaminated with urine following validation. e) Confusion
matrices presenting the algorithm’s predictive accuracy percentages for distinguishing between contaminated and uncontaminated SF surfaces with
urine.

this effect, the integration of a paired machine learning platform
was explored given the colorimetric signal output of this system.
Such a system enables the rapid and accurate classification of tex-
tile images by eliminating ambiguity and user error surrounding
the interpretation of color changes (Figure 5a). This premise has
been extensively explored within a variety of fields including re-
mote sensing and medical imaging.[96–98] Yet, the classification
efficiency and accuracy of these systems makes them powerful
tools that can be leveraged to improve novel sensing technologies
such as the SF coating. The image classification system relies on
convolutional neural networks (CNNs), a powerful deep learning
network architecture that extracts relevant information from im-
age pixels to determine which class an image belongs to. CNNs
consist of three main types of layers, where the first convolutional
layer performs convolutions of filters across input images to cre-
ate output feature maps that ultimately help determine what class
the image belongs to. These feature maps are then fed into sub-
sequent pooling layers which perform dimensionality reduction
to extract relevant features and eliminate unneeded information.

CNNs typically constitute of multiple embedded convolu-
tional layers with interspersed pooling layers. The last key layer
is a fully connected layer that determines the probability of
the image belonging to each class, finally assigning the input
image to the class with the highest probability. To build the
CNN utilized for this work, a transfer learning approach was
utilized since this approach leads to more accurate networks.[99]

A pretrained, powerful CNN was retrained for both SF and
BTB-treated textile images, with each providing “Safe” and
“Contaminated” classifications. Specifically, the ResNet50 CNN
was chosen given its appropriate balance between computa-
tional efficiency and accuracy.[100,101] (Figure 5b). This system
consists of two algorithms for the BTB control and SF such that
the user can select which of the two treatments the inputted
textile belongs to, enabling the correct algorithm to be used.
Both algorithms had high average accuracies after validation,

96.67% for the SF spray and 96.30% for the BTB control, both
across 30 iterations (Figure 5c,d). To further test the system for
real-world application, it was subsequently tested with a series
of 100 blind images from both healthy (n = 50) and infected (n
= 50) patients. Once again, the algorithm successfully classified
the images with an accuracy of 95% and 10% false positive and
0% false negative rates (Figure 5e). The system also exhibited a
sensitivity of 100% and a specificity of 95%. Moreover, based on
the final application, false positives were prioritized over false
negatives since the later results in more adverse effects. Such
a system provides a demonstration of how machine learning
tools can be utilized to improve the end user-experience,
preventing unnecessary confusion and progress sensing
technologies.

3. Conclusion

The multifaceted attributes of the SF coating provide profound
implications for public health, particularly in the mitigation of
pandemic risk and nosocomial infections. The integration of an-
timicrobial properties and a chromatic transition mechanism
represents a promising strategy in the ongoing battle against in-
fectious diseases. The success of this innovative coating resides
in the intricate design of SF, encompassing hierarchically struc-
tured PDMS microparticles, modified AgNPs, and a BTB pH
sensor. These elements operate synergistically to repel and kill
pathogens, mitigate biofilm formation, and progressively detect
any adhered microorganisms over time.

Acknowledging the pivotal role of bodily fluids in pathogen
persistence, our study extended to simulate real-world infection
transmission within hospital environments. The results under-
scored a remarkable reduction of 99.88% and 99.79% in pathogen
adhesion from urine and feces, respectively, relative to uncoated
fabrics. The discernible color transition in SF, indicative of con-
tamination, further substantiates its efficacy in detection.

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (10 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The facile manufacturability and exceptional multifunctional-
ity of SF underscore its potential for scalability and widespread
application in infection prevention and control. Confronting
evolving current concerns but also holds promise in enhancing
collective safety and alleviating the overarching burden of infec-
tious diseases. This new category of engineered repellent coat-
ings establishes a foundational framework, paving the way for
future breakthroughs in materials science and infection control
strategies—a paradigm of innovation essential for safeguarding
public health.

4. Experimental Section
Fabrication of bPEI-AgNPs and BTB Modification: Branched

polyethylenimine (bPEI) of 0.1 g was dissolved in 50 mL of distilled
water and stirred until fully dissolved. Separately, 50 mL of a silver nitrate
(AgNO3) solution (0.01 M) was prepared and added dropwise to the
bPEI solution while stirring vigorously. The mixture was then heated to 70
°C, and 10 mL of a sodium borohydride (NaBH4) solution (0.01 M) was
slowly added as a reducing agent. The reaction was maintained at 70 °C
for 2 hours to ensure complete reduction of silver ions and formation of
silver nanoparticles (AgNPs). The resulting bPEI-AgNPs were then cooled
to room temperature, centrifuged at 10,000 rpm for 15 minutes to remove
any unreacted components, and washed three times with distilled water.
The purified bPEI-AgNPs were resuspended in 50 mL of distilled water for
further use. 0.05 g of bromothymol blue (BTB) was dissolved in 20 mL
of ethanol and stirred until fully dissolved. The BTB solution was then
added dropwise to the bPEI-AgNPs suspension while stirring vigorously.
The mixture was allowed to react at room temperature for 4 hours to
ensure proper ionic bonding between the deprotonated BTB and the
protonated amino groups of the modified AgNPs. After the reaction, the
BTB-AgNPs were centrifuged at 10,000 rpm for 15 minutes to remove any
unbound BTB and washed three times with distilled water. The modified
BTB-AgNPs were then resuspended in 50 mL of distilled water for further
use.

Smart Fabric (SF) Fabrication: A homogenous solution was created us-
ing 3 g of polydimethylsiloxane (PDMS) and curing agent (SYLGARD 184)
in a 10:1 weight ratio, followed by degassing for 30 minutes. 20 mL of a 10
wt% Silwet L-77 in water was stirred with the PDMS solution. The emul-
sion was sonicated at 37 KHz in an ultrasonication bath for 30 minutes.
Microparticles were vigorously stirred at 10,000 rpm for 6 hours at 80 °C
using a pneumatic-based overhead stirrer (AP10). The wrinkled micropar-
ticles were fluorosilanized using a 25 mL mixture of FOTS−ethanol−1 M
HCl·H2O in a 1:1:0.4 weight ratio at 40 °C for 1 hour. The wrinkled and
fluorosilanized microparticles (20 mmol) were collected through centrifu-
gation at 2500 RPM for 5 minutes and washed three times to remove un-
bound fluorosilane through a second round of centrifugation with distilled
water (x4) at 3200 RPM for 5 minutes. After 24 hours, 50 μg mL−1 of mod-
ified bPEI-AgNPs were added to the 15 mL of the particles and stirred for
2 hours. The resultant solution (20 mmol) was then centrifugally washed
with water (x4) and ethanol (x2) and incorporated into a spray consisting
of absolute ethanol, resulting in a final concentration of 100 mg ml−1. The
epoxy binder spray was prepared by mixing 2 g of commercial epoxy resin
and 1 g of hardener with 20 g of absolute ethanol under magnetic stir-
ring. Circular fabrics made of cotton and polyester were cut using a 6 mm
biopsy punch and sprayed with the epoxy solution from a distance of 10–
15 cm, perpendicular to the fabric, and dried for 5 minutes. The coatings
were then sprayed with the particles and left to dry at 60 °C for 2 hours.

pH Measurement: The pH of solutions storage were measured using
pH Meter P-33 with an accuracy of 0.01%.

Total Color Change Quantification: To assess color changes, the Inter-
national Commission of Illumination (CIE) color space coordinates were
employed. The CIE Lab values, representing lightness, the position be-
tween green and red, and the position between yellow and blue, respec-
tively, were determined for the variously colored fiber mats using ImageJ

and MATLAB. Optical images of the samples were captured under consis-
tent lighting conditions within a dark room, utilizing a ring light and a CCD
camera. These images served as the basis for the CIE analysis. The color
differences between the differently colored fiber mats were quantified by
measuring the total color difference (ΔE) through the following formula:

ΔE =
√(

L∗ − L∗0
)
+
(
a∗ − a∗0

)
+
(
b∗ − b∗0

)
(1)

Here, ΔL, Δa, and Δb denote the discrepancies in brightness, redness,
and yellowness between the samples, respectively. A ΔE value exceeding
5 signifies distinguishable colors, while a value surpassing 12 indicates a
distinct color category.

Contact and Sliding Angle Measurements: Contact angles and contact
angle hysteresis were assessed using a drop shape analyzer (DSA30, Krüss
Scientific, Hamburg, Germany). A 3 μl volume of hexadecane was accu-
rately dispensed onto all substrates using a pipette, and 2 μl of distilled
water was automatically dispensed via a syringe. Manual baseline configu-
rations specific to each surface coating were fine-tuned with the assistance
of image processing software (Krüss ADVANCE). Sliding angle measure-
ments were performed utilizing a digital angle level (ROK, Exeter, UK) with
5 μl of distilled water.

Surface Roughness: Surface roughness measurements were con-
ducted using vertical scanning interferometry (VSI) with the Wyko NT1100
Optical Profiling System (Veeco, Tucson, AZ, USA), and data analysis was
performed with Vision32 version 2.303 software.

Scanning Electron Microscopy: Electron microscopy was performed us-
ing a JEOL JSM-7000F and FEI Magellan 400 instruments. The samples
were mounted on stubs using carbon tape and nickel paste, followed by
coating with a 5 nm carbon layer using a sputter coater (Polaron model
E1500, Polaron Equipment Ltd., Watford, Hertfordshire). For bacteria-
stained surfaces, fixation was carried out with a 4% paraformaldehyde so-
lution in phosphate-buffered saline (PBS), followed by staining with 1%
osmium tetroxide in sodium cacodylate buffer (pH = 7.4). Subsequently,
samples underwent dehydration with a series of 100% ethanol solutions,
ranging from 25% to 100%, and were critically point dried using a Leica
Microsystems system (Wetzlar, Germany).

Particle Size Distribution Measurement: PDMS of 0.1 g microparticles
were dispersed in 100% ethanol. Particle diameters were measured us-
ing a particle size analyzer (Mastersizer-2000, Malvern Instruments Ltd.,
Malvern, UK) at a stirring speed of 400 RPM and a pump speed of 40 mL
min−1.

Stability of BTB and Alternative Dye: SF and uncoated control samples
(1 cm x 1 cm) were placed in a 24-well polystyrene plate. Each well was
filled with 500 μL of distilled water and incubated at room temperature.
After 7 days, 100 μL of water from each well was extracted, and absorbance
at the blue peak wavelength was measured using a plate reader. Measure-
ments were taken in triplicate for both SF and control samples. 0.05 g of
bromocresol purple was dissolved in 20 mL of ethanol and stirred until
fully dissolved. The bromocresol purple solution was then added drop-
wise to a separate batch of the bPEI-AgNPs suspension while stirring vig-
orously. The mixture was allowed to react at room temperature for 4 hours
to ensure proper ionic bonding between the deprotonated bromocresol
purple and the protonated amino groups of the modified AgNPs. After the
reaction, the bromocresol purple-AgNPs were centrifuged at 10,000 rpm
for 15 minutes to remove any unbound bromocresol purple and washed
three times with distilled water. The modified bromocresol purple-AgNPs
were then integrated into the SF matrix.

Durability after Soaking Experiment: SF surfaces, each measuring 1 cm
x 1 cm, were placed into a 24-well polystyrene plate. The prepared SF sam-
ples were soaked by adding 500 μL of distilled water to each well at room
temperature. The samples were divided into three groups, with each group
being soaked for different time intervals: 1 hour, 3 hours, and 6 hours. Af-
ter the designated soaking periods, the samples were removed from the
water and gently patted dry with sterile, lint-free paper towels to remove
excess moisture. The samples were then allowed to air dry completely at
room temperature before further analysis.

Adv. Funct. Mater. 2024, 34, 2403157 2403157 (11 of 15) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Durability of SFs in Humid, UV Exposure Environments, and High Tem-
perature: SF samples were cut into measuring 1 cm x 1 cm. Humid-
ity: the SF samples were placed in a controlled humidity chamber set at
90% relative humidity and 25 °C for 24 hours. After exposure, the sam-
ples were removed and allowed to equilibrate to room conditions before
testing. UV exposure: the samples were irradiated under a UV lamp (ap-
proximately 10 mW cm-2) with a wavenumber of 340 nm for 3 hours at
a perpendicular distance of 10 cm. High temperature: the SF samples
were placed on a hot plate set to 90 °C for 24 hours. After exposure,
the samples were allowed to cool to room temperature before further
testing.

Abrasion Resistance Test: The abrasion resistance of the SF, measur-
ing 1 cm x 1 cm, was evaluated using a flat solid abradant, rubber, ap-
plied against the SF under a normal load of 250 g. The test involved
a wear distance of 5 cm, with the abrasion cycle repeated 5 times. The
coated surface was securely fixed to the lab bench with double-sided tape.
A piece of rubber abradant was positioned between the SF and the rect-
angular load. Normal pressure was applied to the load and abradant,
moving from the far-left side to the right-end of the SF. Afterward, de-
bris was carefully removed from the surface of SF using tape and a
brush.

Flexibility and Bend Test: SF samples were cut into 1 cm x 1 cm sizes.
Each sample was manually bent to an angle of 180° and then returned to its
original flat position. This bending cycle was repeated 50 times to simulate
extensive handling and use. Following the bending cycles, the samples
were visually inspected for any signs of cracking, delamination, or damage.
Wettability measurements were then conducted to assess any changes in
hydrophobic properties, ensuring the SF maintained its functionality after
repeated bending.

Crosshatch Adhesion Test: The adhesion of the SF, cut into 1 cm x
1 cm sizes, was assessed following ASTM procedures using the Elcometer
Cross Hatch Adhesion Kit. Samples were secured to the workbench with
double-sided tape. SF were then scratched with a crosshatch pattern using
perpendicular strokes with the tool provided in the kit. Post-scratching, the
surfaces were cleaned using the kit’s brush and adhesive tape. The sam-
ples were imaged at low magnification with a Nikon Eclipse Ti2-inverted
microscope. The resulting scratch patterns were compared against the
ASTM classifications outlined in the Elcometer user manual (Figure S6b,
Supporting Information).

Air Permeability Test: The air permeability of the SF-coated and un-
coated textile samples was determined using an air permeability tester
following the BS EN 14 683:2019 standard. With no sample in place, the
holder was closed, and the differential manometer was zeroed. The pump
was started, and the airflow was adjusted to 8 L mi−1n. The holder was
opened, and the test specimen was placed across the 25 mm diameter
orifice between the top and bottom parts of the holder. The specimen
was clamped in place using sufficient pressure to avoid air leaks. The
alignment system ensured the tested area of the specimen was perfectly
aligned across the airflow. With the SF samples in place, each measur-
ing 10 cm2, the flow rate was confirmed to be 8 L mi−1n as set in the
zeroing step. If the flow rate was not 8 L mi−1n, clamping pressure was
adjusted to eliminate any leaks. The differential pressure was read from
the gauge in inches of water, then converted to millimeters of water (mm
H2O) using the conversion factor (1 in H2O = 25.4 mm H2O). For each
test specimen, the differential pressure (ΔP/cm2) was calculated using the
formula:

ΔP =

(
Xm1 − Xm2

)

A
(2)

where Xm1
was the pressure in mm H2O measured by manometer M1

(low pressure side of the material), Xm2
was the pressure in mm H2O

measured by manometer M2 (high pressure side of the material), and A
was the area (in cm2) of the test material. Then, the air permeability (R)
was calculated using the formula:

R =
( qv

A

)
× 167 (3)

where qv was the arithmetic mean of the air flow rate in L mi−1n, A was the
area of the fabric tested in cm2, and 167 was the conversion factor from
L mi−1n to mm −1s. Measurements were repeated for 5 different areas of
each sample, and the readings were averaged.

Bacterial Stamp Assays and Experimental Setup: Pseudomonas aerugi-
nosa PA01,[102] Staphylococcus aureus USA300 JE2 (MRSA).[103] were ini-
tially streaked onto LB agar from frozen stocks and allowed to grow
overnight at 37 °C. Subsequently, overnight cultures were diluted 1/100
into (3-(N-morpholino)propanesulfonic acid) (MOPS)-minimal media,
which was supplemented with 0.4% glucose and 0.5% casamino acids
for P. aeruginosa, or tryptic soy broth supplemented with 0.4% glucose
and 3% NaCl for MRSA108. Concentrated bacterial suspensions of MRSA
and P. aeruginosa were prepared and placed in small petri dishes. For the
stamp assay, agar plugs were fabricated from a 3% agar solution, which
involved dissolving 3 g of agarose in 100 ml of Milli-Q water. The agarose
solution was stirred magnetically at room temperature and then heated
in a microwave until no bubbles were visible. Afterward, the solution was
poured into a petri dish to cool at room temperature, and once solidi-
fied, agar plugs were harvested using 15 mm tubes. The stamp assay was
conducted by dipping the harvested agar plugs into the concentrated bac-
terial suspensions and promptly stamping the target surfaces to transfer
the bacteria. Subsequently, the stamped surfaces were incubated in petri
dishes covered with lids at room temperature for 1, 2, 4, and 8 hours.
To disperse biofilms and adhered bacterial cells from the surfaces, the
stamped surfaces were then incubated with shaking for 20 minutes in
tubes containing equal volumes (2.5 mL) of bacterial growth media and
recombinant trypsin solution. From this solution, 100 μL of each sample
was taken to perform a CFU assay by plating serial dilutions on LB agar
Petri dishes.

Virus Adhesion (Stamp) Assay and Experimental Setup: Pseudomonas
Phi6 (DSM-21518) and its host bacterium Pseudomonas syringae van Hall
1902 (DSM-21482) were stored at −80 °C in a 50% glycerol solution. Bac-
terial cultures were grown in TSB supplemented with 5 mM magnesium
sulfate and 6 g L-1 yeast extract. To initiate bacterial overnight cultures,
frozen stocks were aseptically inoculated into 3 mL of supplemented TSB
media and grown at 25 °C for 24 hours with orbital shaking at 180 rpm.
For the propagation of Phi6, 50 μL of virus stock and 1 mL of P. syringae in
the exponential growth phase were added to 30 mL of supplemented TSB
media. This suspension was incubated in a shaking incubator at 25 °C
and 180 rpm for 12 hours. The viral lysate was obtained by centrifuging at
7000 rcf at 4 °C for 20 minutes, and the supernatant was then filtered us-
ing sterile 0.2 μm pore size syringe filters (Fisher Scientific, Canada). The
viral suspension’s titer was determined using the double-layer agar109
method and stored at 4 °C until use. PDMS stamps were prepared by
first degassing a 10:1 weight ratio of PDMS:curing agent (Sylgard 184) for
30 minutes, followed by curing at 150 °C for 1 hour. Square-like stamps
with sizes matching the samples were created by cutting the PDMS using
a scalpel. These PDMS stamps were then plasma-treated for 30 seconds
and inoculated with 5 μL of Phi6 solution with an initial concentration of
106 PFU mL-1. The inoculated stamps were left to dry for approximately 5
minutes and were then immediately stamped onto glass-coated and un-
coated samples. The stamped surfaces were incubated for 2 hours in a
humidity chamber with a relative humidity of 80%. The stamped surfaces
were incubated in tubes containing 5 mL of TSB growth media with yeast
for 20 minutes. From this solution, 20 μL of each vortexed sample was used
for serial dilutions and PFU plating on TSB agar Petri dishes containing a
bacterial lawn with 0.6% soft agar and 200 μL of P. syringae.

Aerosol Experiment: Polydisperse bacterial aerosols were generated
using the Blaustein Atomizer Single-Jet Model operating in atomizer
mode, employing the 10–40 single jet expansion plate. MRSA bacterial
solution (106 CFU mL−1) and TSB media (control) were dispensed from a
5 mL syringe at a controlled rate of 200 μl min−1 for 2 minutes, regulated
by a syringe pump. The airflow through the Blaustein nebulizer was con-
sistently maintained at 1.5 LPM, with control facilitated by an IMI NOR-
GREN pressure gauge, and further monitored through a TSI flow meter.
Downstream, a vacuum pump was employed to draw air through the im-
pactor at a rate of 28.3 LPM, monitored via an OMEGA flow meter. The 6
Stage Viable Impactor was utilized to segregate bacterial aerosols into six
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distinct aerodynamic size ranges: 0.65 – 1.1, 1.1 – 2.1, 2.1 – 3.3, 3.3 –
4.7, 4.7 – 7.0, and >7.0 μm. Glass petri dishes, each containing TSA, were
positioned beneath the six stages of the impactor. These dishes collected
aerosols through impaction, which were subsequently cultivated. The TSA
collection plates were incubated in a static incubator at 37 °C for 20 – 24
hours.

Antimicrobial and Sensing Quantification using Porcine Model: A 1 cm ×
1 cm sample of pork skin was carefully cleaned with water and gently pat-
dried using paper towels. Incisions were made in the skin using a blade,
and these incisions were subsequently soaked in TSB media containing
MRSA culture. The prepared surfaces were then affixed onto the incisions
and placed in an incubator for 24 hours. To quantify bacterial adhesion
on these surfaces, they were subjected to incubation with shaking for 20
minutes in tubes containing an equal volume of 2.5 mL of bacterial growth
media and recombinant trypsin solution. 100 μL of each sample was ex-
tracted for a CFU assay by plating serial dilutions on LB agar Petri dishes.

Bacterial Growth Assay and Experimental Setup: MRSA and P. aerugi-
nosa were cultured on spray-coated 96-well plates, with uncoated 96-well
plates serving as controls. Each well was filled with 500 μL of bacterial
suspensions, containing approximately 105 CFU mL−1 of MRSA and 106

CFU mL−1 of P. aeruginosa. The plates were then incubated at 37 °C with-
out shaking. After the designated incubation periods, bacterial loads were
quantified by taking 10 μL from each well and plating serial dilutions on
LB agar Petri dishes.

Live/Dead Assay: The stamped glass-coated surfaces were stained us-
ing the Live/Dead BacLightTM kit, which includes SYTO9 and propidium
iodide (PI). A mixture of 10 μmol L−1 SYTO9 and 60 μmol L−1 PI was
added to each coated surface, and the samples were incubated in the dark
at room temperature for 30 minutes. After gentle cleaning with 0.9% (w/v)
NaCl and phosphate-buffered saline (PBS) at pH 7.4, the surfaces were
examined under a fluorescence microscope (Eclipse Ti2 Series, Nikon,
Melville, New York) equipped with a 20× objective lens and filters suitable
for SYTO9 and PI. ImageJ software was used to quantify and compare the
number of living cells to dead cells.

Biofilm Assay: The experimental setup involved placing the test sur-
faces into 48-well polystyrene plates, followed by the addition of 2 mL of
bacterial suspensions diluted to 1/100. Incubation took place at 37 °C for
for P. aeruginosa and MRSA, without agitation, to facilitate biofilm forma-
tion. Post-incubation, the surfaces were delicately removed using sterile
forceps and subjected to a triple wash in sterile water. To disperse biofilms
and adhered bacterial cells from the surfaces, the surfaces were then in-
cubated with shaking for 20 minutes in tubes containing equal volumes
(2.5 mL) of bacterial growth media and recombinant trypsin solution.
From this solution, 100 μL of each sample was taken to perform a CFU
assay by plating serial dilutions on LB agar Petri dishes.

Machine Learning: All machine learning algorithms were trained and
validated using the MathWorks Deep Learning Toolbox on MATLAB with
over 100 images for each set using a 70-30 training and validation split.
Training and validation was performed over 30 iterations with validation
performed on both the first and final iteration. Testing was performed us-
ing 20 clinical samples of SF-coated textiles with a 50-50 split of healthy
and contaminated urine. Once all testing was performed, a confusion ma-
trix was generated based on the true positive, true negative, false positive,
and false negative rates. Final accuracy was then calculated as the ratio
of all true positives and true negatives divided by all four rates. Sensitivity
was determined as the ratio between true positives and both true positives
and false negatives. Specificity was determined as the ratio between true
positives and all positive outputs. Similarly, sensitivity was calculated as
the ratio between true negatives and all negative outputs.

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism (v9.0.0). The reported statistical parameters included
the mean, standard deviation (SD), standard error of the mean (SEM),
and significance levels (n.s., not significant; *P <0.05, ** P <0.01, ***
P <0.001, and **** P <0.0001), as well as the specific statistical tests
used, which were detailed in the figures and their respective legends. Data
were presented as mean± SD. Each experiment was conducted with four
different samples. In all bar graphs representing contact angle measure-
ments, fluorescence quantification, or colony and plaque formation units,

each data point represented the average of at least three replicates from
various coated or uncoated substrates. A p-value <0.05 was considered
statistically significant, and the statistical significance between two-group
comparisons was determined using an unpaired Student’s t-test.
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