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ABSTRACT:	Medical	textiles	have	a	need	for	repellency	to	body	fluids	such	as	blood,	urine,	or	sweat	that	may	contain	infec-
tious	vectors	that	contaminate	surfaces	and	spread	to	other	individuals.	Similarly,	viral	repellency	has	yet	to	be	demonstrated	
and	long-term	mechanical	durability	is	a	major	challenge.	In	this	work,	we	demonstrate	a	simple,	durable	and	scalable	coating	
on	nonwoven	polypropylene	textile	that	is	both	superhemophobic	and	anti-virofouling.	The	treatment	consists	of	polytetra-
fluoroethylene	(PTFE)	nanoparticles	in	a	solvent	thermally	sintered	to	polypropylene	(PP)	microfibers	which	creates	a	ro-
bust,	low	surface	energy,	and	multi-layer,	multi-length	scale	rough	surface.	The	treated	textiles	demonstrate	a	static	contact	
angle	of	158.3	±	2.6°	and	hysteresis	of	4.7	±	1.7°	for	fetal	bovine	serum	and	reduce	serum	protein	adhesion	by	89.7	±	7.3%	
(0.99	log	reduction).	The	coated	textiles	reduce	the	attachment	of	adenovirus	type	4	and	7a	virions	by	99.2	±	0.2%	and	97.6	
±	0.1%	(2.10	and	1.62	log),	respectively,	compared	to	noncoated	controls.	The	treated	textiles	provide	these	repellencies	by	
maintaining	a	Cassie-Baxter	state	of	wetting	where	the	surface	area	in	contact	with	liquids	is	reduced	by	an	estimated	350	
times	(2.54	log)	compared	to	control	textiles.	Moreover,	the	treated	textiles	exhibit	unprecedented	mechanical	durability,	
maintaining	their	liquid,	protein,	and	viral	repellency	after	extensive	and	harsh	abrasion	and	washing.	The	multi-layer,	multi-
length	scale	roughness	provides	for	mechanical	durability	through	self-similarity	and	the	samples	have	high	pressure	stability	
with	a	breakthrough	pressure	of	about	255	kPa.	These	properties	highlight	the	potential	of	durable,	repellent	coatings	for	
medical	gowning,	scrubs,	or	other	hygiene	textile	applications.	

1.	Introduction	
Textile	based	products	used	in	healthcare	environments	

range	from	scrubs	to	masks	to	wound	sutures	to	implanta-
ble	devices,	and	these	products	are	common	vessels	for	the	
spread	of	infectious	disease.1	Much	research	attention	has	
focused	on	functional	textile	finishes	for	blood	repellent	or	
antimicrobial	properties	due	to	the	health	hazards	from	tex-
tiles	 contacting	 biological	 fluids,	 such	 as	 blood,	 urine	 or	
sweat.1	 Contact	with	human	body	 fluids	 is	 a	 frequent	hy-
giene	issue	for	patients	and	employees	in	medical	settings,	
and	 existing	 biomaterials	 have	 failed	 to	 meet	 clinical	
needs.2,3	Increasing	interest	has	emerged	for	advanced	bio-
materials	with	repellent	properties	that	inhibit	the	spread	
of	infections.2,4	There	is	a	need	for	new	coatings	or	surfaces	
with	a	broad	range	of	biohazard	repellency	that	may	be	ap-
plied	to	textiles	for	masks,	gowns,	bed	linens,	and	drapes	to	
reduce	secondary	infections	in	healthcare	settings.5	
New	 strategies	 for	 creating	 body	 fluid	 repellent	 sub-

strates	consist	of	designing	a	surface	with	a	robust	Cassie-
Baxter	wetting	state	that	demonstrates	high	contact	angles	

and	low	hysteresis	with	blood	fluid.6,7	A	robust	Cassie-Bax-
ter	wetting	state	consists	of	trapping	air,	which	is	fully	re-
pellent,	 under	 the	 liquid	 creating	 a	metastable	 composite	
liquid-air	interface.	This	wetting	state	can	significantly	re-
duce	 the	solid-liquid	 interfacial	area	and	 lead	to	superhy-
drophobicity,	 characterized	 by	 static	 contact	 angles	 over	
150°	and	hysteresis	less	than	10°	with	water.	Superhemo-
phobicity,	 characterized	 by	 static	 contact	 angles	 greater	
than	150°	and	hysteresis	less	than	10°	with	blood,	is	more	
challenging	to	achieve	since	blood	has	a	lower	surface	ten-
sion	than	water	(about	54	mN	m-1	as	opposed	to	72.1	mN	m-

1).	 Blood	 not	 only	 transports	 bacteria,	 fungi,	 viruses	 and	
other	 pathogens	 that	 lead	 to	 healthcare	 associated	 infec-
tions,	but	also	contains	platelets	and	proteins	dispersed	in	
an	 adhesive	 medium	which	 bind	 and	 chemically	 interact	
with	surfaces	to	cause	material	degradation.8,9	
A	variety	of	strategies	for	promoting	Cassie-Baxter	wet-

ting	 have	 been	 demonstrated,	 such	 as	 using	 appropriate	
roughening	 methods	 combined	 with	 low	 surface	 energy	
materials.10–12	 Superhydrophobic,	 nonwoven	 PP	 textiles	
have	been	created	by	a	scalable,	solvent	swelling	method	for	
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repellency	of	blood,	urine,	milk,	coffee	and	other	common	
liquids.13	Superhydrophobic,	shrink-induced	polymers	and	
superhemophobic	 titanium	 nanotube	 surfaces	 have	 been	
shown	to	repel	blood	and	specific	proteins	in	blood,	such	as	
fibrinogen,	using	fluorescent	labeling.14,15	
However,	repellency	to	virions	or	virus	particles	has	yet	

to	be	demonstrated.	Viruses	are	the	most	common	cause	of	
infectious	diseases	within	indoor	environments,16	and	con-
taminated	surfaces	play	a	key	role	in	transmitting	these	dis-
eases.17,18	Virions	are	expelled	into	the	air	from	breathing,	
coughing,	or	sneezing	and	land	on	surfaces,	where	they	be-
come	active	sites	for	spreading	infections	through	hand	or	
skin	 contamination,	 ingestion,	 or	 mucus	 membrane	 con-
tact.19–22	 Personal	 protective	 equipment,	 such	 as	 medical	
masks,	gloves,	gowns,	goggles,	and	face	shields,	are	essen-
tial	to	guard	healthcare	workers,	but	impose	a	risk	of	virus	
transmission,	 particularly	 during	 the	 process	 of	 doffing.23	
Chughtai	et.	al	recently	showed	that	respiratory	virus	were	
present	on	the	outer	surface	of	about	1	in	10	medical	masks	
worn	by	healthcare	workers	and	may	result	in	self-contam-
ination.24	Clothing	has	been	shown	to	indirectly	transmit	vi-
rions	 in	 various	 environments	 from	 education25	 to	
healthcare.26	
In	addition,	one	of	the	major	challenges	for	a	variety	of	the	

nanostructures	used	to	create	superhydrophobic	surfaces	is	
overcoming	the	poor	mechanical	durability	of	these	various	
treatments.	Most	superhydrophobic	surfaces	are	easily	de-
stroyed	or	damaged,	sometimes	with	just	brushing	with	a	
tissue	or	finger	touching.27,28	Nanostructures	that	are	used	
to	 create	 superhydrophobic	 surfaces	 may	 easily	 be	 re-
moved	by	mechanical	abrasion	resulting	in	a	loss	of	super-
hydrophobicity	 and	 any	 associated	 functionality.29	 Even	
worse,	 the	degradation	of	 these	 coatings	may	make	 them	
even	less	effective	than	untreated	bulk	materials.30	There	is	
a	need	to	create	surfaces	that	not	only	repel	blood,	serum	
protein,	and	viruses,	but	are	mechanically	durable	and	wash	
stable.	Previous	superhydrophobic,	blood	protein	repellent	
strategies	have	failed	to	address	mechanical	durability	chal-
lenges8,13,15,31	 or	 require	 a	 subsequent	 heat	 treatment	 to	
self-repair	 after	 topological	 damage.32	 New	 textile	 treat-
ments	 should	 have	 durable	 performance	 after	 repeated	
washing	cycles	and	mechanical	abrasion	from	various	con-
tacts.33		
In	this	work,	we	demonstrate	a	simple,	scalable	and	me-

chanically	 durable	 textile	 treatment	 that	 endows	 it	 with	
blood	fluid,	protein	and	virus	repellency.	The	coating	treat-
ment	 consists	 of	 low	 surface	 energy	 polytetrafluoroeth-
ylene	(PTFE)	nanoparticles	in	a	fluorinated,	low	surface	en-
ergy	 (11.9	mN	m−1)	 solvent	 drop	 cast	 and	 thermally	 sin-
tered	 to	 polypropylene	 (PP)	 microfibers.	 We	 focus	 on	 a	
nonwoven	PP	textile,	which	is	widely	used	in	in	medical	and	
hygiene	industries	for	products	such	as	garments,	wipes,	di-
apers,	 female	 sanitary	 products,	 and	 personal	 protective	
equipment.34	For	blood	fluid	and	protein	repellency,	we	use	
fetal	bovine	serum	(FBS),	which	has	similar	surface	tension	
to	whole	blood	and	is	a	standard	for	representing	protein	
content.35,36	 For	 virus	 repellency,	 we	 use	 non-enveloped	

viruses,	 adenovirus	 types	 4	 (HAdv4)	 and	 7a	 (HAdv7a),	
which	can	represent	other	non-enveloped	viruses	such	as	
poliovirus	and	rhinovirus.	HAdv4	and	Hadv7a	are	common	
causes	of	acute	respiratory	disease	among	military	recruits,	
which	 can	 easily	 spread	 in	 confined	 areas	 accidentally	
through	 air	 and	 from	 contact	 with	 contaminated	 sur-
faces.37,38	
The	 treated	 fabric	 surfaces	 are	 both	 superhydrophobic	

and	superhemophobic,	demonstrating	a	static	contact	angle	
(𝜃!")	and	contact	angle	hysteresis	(𝜃#)	of	160.8	±	2.3°	and	
2.8	±	1.4°	with	water,	and	158.3	±	2.6°	and	4.7	±	1.7°	with	
FBS.	 The	 superhemophobic	 fabrics	 effectively	 reduce	 at-
tachment	of	FBS	proteins	by	89.7	±	7.3%	compared	to	un-
treated	controls.	In	addition,	the	surfaces	are	anti-virofoul-
ing,	 reducing	 the	 attachment	 of	 infectious	 HAdv4	 and	
Hadv7a	 virions	 by	 99.2	 ±	 0.2%	 and	 97.6	 ±	 0.1%,	 respec-
tively.	 The	 attachment	 reduction	 is	 from	 a	 significant	 de-
crease	in	surface	contact	area	with	biohazardous	liquids	for	
the	 treated	 fabrics	 compared	 to	 untreated	 controls.	 The	
treated	fabrics	reduce	contact	with	liquids	by	an	estimated	
350	 times	 less	 surface	 area	 (2.54	 log	 reduction)	 than	 the	
surface	area	of	control	fabrics.			
Most	importantly,	the	treatment	demonstrates	significant	

durability	that	has	yet	to	be	demonstrated	in	previous	re-
search	 on	 superhemophobic	 surfaces.	 The	 treated	 fabrics	
continue	 to	demonstrate	 superhydrophobicity	with	water	
and	 superhemophobicity	with	 serum	 after	 100,000	 abra-
sion	cycles	at	30	kPa	pressure	or	12	ultrasonic	washing	cy-
cles	 at	 32	W	 cm−2	 in	 detergent	 solution.	 Additionally,	 the	
samples	continue	to	reduce	the	attachment	of	FBS	proteins	
and	both	types	of	adenovirus	virions	after	fabrics	are	sub-
ject	to	significant	abrasion	or	washing	cycles.	Here,	a	simple	
combination	 of	 low	 surface	 energy	 polymers	 and	 multi-
layer,	multi-length	scale	roughness	provides	for	liquid,	se-
rum	protein,	and	virus	repellency	with	exceptional	mechan-
ical	and	washing	durability.	The	treatment	method	is	safe,	
free	of	glues	or	binders	and	uses	commercially	available	ma-
terials,	making	treated	PP	textiles	excellent	candidates	for	
textile	 applications	 in	 medical,	 laboratory,	 industrial	 or	
healthcare	settings	to	proactively	reduce	the	surface	attach-
ment	of	infection	biohazards.		
2.	Results	
2.1.	Surface	Characterization	
Figure	1	shows	the	simple	two-step	process	and	struc-

ture	of	 the	textile	 treatment	method.	Figure	1a	schemati-
cally	illustrates	the	treatment	method	for	creating	durable,	
protein	and	virus	repellent	textile	without	changing	the	op-
tical	appearance.	The	coating	solution	is	prepared	by	mixing	
polytetrafluoroethylene	 (PTFE)	 nanoparticles	 in	 a	 fluori-
nated,	low	surface	energy	(11.9	mN	m−1)	solvent.	Lyophobic	
particles	such	as	PTFE	nanopowder	are	prone	to	clumping	
and	poor	uniformity	during	deposition	treatments39;	there-
fore,	ultrasonication	is	used	to	disperse	the	colloidal	solu-
tion	 before	 drop	 casting	 to	 improve	 the	 coverage	 of	 the	
coating.
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Figure	1.	Process	and	structure	of	the	textile	treatment	method	using	low	surface	energy	materials.	(a)	Schematic	illustrating	the	
simple,	two	step	method	which	does	not	alter	the	optical	properties	of	the	textile.	(b)	SEM	images	showing	surface	morphology	of	
(i)	untreated	and	(ii)	treated	PP	textiles,	respectively.	(c)	FTIR-ATR	spectra	showing	chemical	composition	and	prominent	surface	
energy	groups	of	(i)	untreated	and	(ii)	treated	PP	textiles,	respectively.		

Solubilizing	 low	 surface	 energy	materials	 in	 combination	
with	low	surface	tension	solvents	is	crucial	for	coating	re-
pellency	and	durability.40	The	coating	solution	is	drop	cast	
onto	both	sides	of	 the	nonwoven	textile	(Figure	1ai),	 fol-
lowed	 by	 a	 heat	 treatment	 to	 evaporate	 the	 solvent	 and	
thermally	 sinter	 PTFE	nanoparticles	 to	 nonwoven	PP	mi-
crofibers	(Figure	1aii).	PTFE	itself	is	considered	inert,	with	
low	health	or	environmental	concern;41,42	even	ingestion	up	
to	25%	of	the	diet	is	not	considered	a	health	risk.43	The	heat	
treatment	partially	 softens	 the	PP	microfibers	which	pro-
motes	nanoparticle	impregnation	without	causing	any	py-
rolysis	of	PTFE.	The	solvent	evaporates	(boiling	point	of	58	
°C)	 and	 eliminates	 any	 residual	 fluorine.	 After	 heat	

treatment,	the	textiles	feel	stiffer;	however,	cracking	of	the	
fabric	coating	does	not	occur	from	bending.	The	treatment	
creates	 robust,	 low	 surface	 energy,	 thermally	 bonded,	
multi-length	scale	roughened	textiles.		
Figure	1b	compares	the	physical	morphology	of	nonwo-

ven	textile	before	(i)	and	after	(ii)	surface	treatment	with	
images	 from	 scanning	 electron	 microscopy	 (SEM).	 Un-
treated	samples	are	composed	of	thermally	bonded	PP	mi-
crofibers	approximately	2-8	µm	in	diameter	(Figure	1bi).	
After	treatment,	exposed	PP	microfibers	are	observed	to	be	
extensively	covered	by	
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PTFE	particles	approximately	250	nm	in	diameter	(Figure	1bii). The	coating	extends	onto	multiple	layers	of	the	nonwoven	
microfiber	matrix.	The	increased	coverage	of	the	hydrophobic	PTFE	nanoparticles	on	the	hydrophobic	PP	microfibers	creates	
multi-layer,	multi-length	scale	roughness	solely	made	of	low	surface	energy	groups	important	for	repellency	durability.		
Figure	1c	compares	the	chemical	composition	of	textile	samples	before	(i)	and	after	(ii)	surface	treatment	with	Fourier	trans-
form	infrared	attenuated	total	reflectance	(FTIR-ATR)	spectroscopy.	Untreated	PP	samples	are	dominated	by	peaks	from	CH3	
and	CH2	groups	(Figure	1ci).	After	treatment,	the	infrared	spectra	of	the	PP	textiles	primarily	consist	of	peaks	from	the	vi-
brating	bands	of	CF3	and	CF2	groups	due	to	the	coverage	of	PTFE	particles	(Figure	1cii).	Small	peaks	from	CH3	and	CH2	groups	
are	still	observed	due	to	presence	of	the	PP	microfiber	matrix.	The	chemical	composition	of	low	surface	energy	groups	CF3,	
CF2,	CH3	and	CH2	potentiate	the	low	surface	energy	of	treated	PP	textiles	capable	for	blood	repelling	applications.	
2.2.	Blood	Fluid,	Protein	and	Virus	Repellency	

Figure	2	highlights	the	repellency	results	of	the	treated	tex-
tile.	 Figure	2a	 compares	 the	 different	wetting	properties	
between	untreated	and	treated	samples	for	various	liquids	
such	as	water,	ethylene	glycol,	grape	 juice,	 lime	juice,	and	
FBS.	 Control	 nonwoven	 textiles	 are	 fully	wetting	 and	 the	
test	liquids	are	absorbed	into	the	textile.	In	contrast,	treated	
textile	samples	are	non-wetting	with	low	hysteresis	for	var-
ious	 test	 liquids.	 Both	 static	 and	 dynamic	 contact	 angle	
measurements	 are	 performed	 on	 the	 treated	 samples	 to	
better	characterize	the	liquid	repellency	of	the	treated	sur-
face.	Table	1	lists	the	static	contact	angle	(𝜃!"),	hysteresis	
(𝜃#),	and	test	liquid	surface	tension	for	water	and	FBS	from	
five	treated	textile	samples	reported	as	mean	and	standard	
deviation.	The	surface	is	both	superhydrophobic	with	water	
(𝜃!"	=	160.8	±	2.3°,	𝜃#	=	2.8	±	1.4°)	and	superhemophobic	
with	FBS	(𝜃!"	=	158.3	±	2.6°,	𝜃#	=	4.65	±	1.7°).	Video	S1	
demonstrates	 the	 low	𝜃#	with	water	and	FBS	by	showing	
droplets	easily	rolling	down	the	treated	PP	textile	on	a	stage	
fixed	at	a	5°	tilt.		
Table	1.	Wetting	characterization	of	treated	PP	textiles	
with	water	and	fetal	bovine	serum	(FBS).	

Test	
Liquid	

Surface	Ten-
sion	[mN	
m−1]	

Contact	An-
gle	[°]	

Hysteresis	
[°]	

Water	 72.1	 160.8	±	2.3	 2.8	±	1.4	
FBS	 55.7	 158.3	±	2.6	 4.65	±	1.7	

	
FBS	protein	concentration	(mg	mL−1)	is	characterized	by	

UV	absorbance	at	280	nm	for	phenylalanine	and	tryptophan	
amino	acids	to	quantify	the	overall	content	of	albumin,	glob-
ulin	and	regulatory	proteins.	These	proteins	range	 in	size	
from	<	1	to	10	nanometers.	Figure	2b	shows	the	results	of	
the	FBS	protein	adhesion	tests	on	the	samples	after	incuba-
tion.	The	treated	surface	demonstrates	an	89.7	±	7.3%	de-
crease	(0.99	±	0.03	log	reduction)	of	FBS	protein	adhesion.		
The	amount	of	virions	that	cause	respiratory	infection	is	

quantitated	in	percent	of	plaque	forming	units	(PFU)	from	
adenovirus	titers	(PFU	mL−1),	using	standard	plaque	assays	
with	human	lung	carcinoma	cells	prepared	in	tissue	culture	
plates.44,45	These	virions	range	from	70	to	100	nm	in	size.46	
Figure	2c	and	2d	show	the	adenovirus	adhesion	results	for	
HAdv4	 and	 Hadv7a,	 respectively.	 The	 treated	 samples	
demonstrate	 a	 decrease	 of	 99.2	 ±	 0.2%	 and	 97.6	 ±	 0.1%	
(2.10	and	1.62	log	reductions)	in	attached	infectious	HAdv4	
and	Hadv7a	virions	versus	untreated	samples.		
Young	is	credited	for	describing	the	wetting	contact	angle	

related	 to	 the	 interfacial	 energies	 involved	 in	 the	 three	
phase	system	of	a	perfectly	smooth	surface	in	contact	with	

Figure	2.	Liquid,	protein	and	virus	repellency	results.	(a)	Comparison	of	wetting	properties	between	control	(left)	and	treated	
textile	(right)	with	different	droplets	of	colored	test	liquids.	(b)	Concentrations	(mg	mL−1)	of	FBS	protein	attachment	on	control	
and	treated	samples	after	incubation.	(c-d)	Percent	PFU	of	adenovirus	HAdv4	(c)	and	Hadv7a	(d)	on	control	and	treated	samples	
after	incubation.	
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a	liquid	as	𝑐𝑜𝑠𝜃$ =
%!"&%!#
	%#"

,	where	𝜃$	is	the	equilibrium	con-
tact	 angle	of	 a	 flat	 surface	 and	𝛾() ,	𝛾(*,	𝛾*)	 are	 the	 corre-
sponding	 surface	 tensions	 of	 the	 surface-air,	 solid-liquid,	
and	 liquid-air	 interfaces,	 respectively.47	 Yong	 further	
showed	that	at	the	boundary	between	wetting	and	repellent	
behavior,	when	𝜃$ 	= 	90°,	𝛾(*	can	be	approximated	as	𝛾(* =
	𝛾() + 𝛾*) − 2.𝛾()𝛾*)		 to	obtain	𝛾() =

%#"
+
.48	Since	the	sur-

face	tension	of	natural	blood	 is	approximately	𝛾*) = 52 −
56	mN	m−1,5,49,50	Yong’s	work	suggests	that	the	free	energy	
of	a	surface	used	for	blood	repellent	applications	should	be	
at	most	𝛾() = 13	mN	m−1	for	creating	a	robust	Cassie-Baxter	
wetting	state.	Using	Fowkes	method,51	the	surface	energy	of	

the	treated	textile	is	estimated	as	12.4	mN	m−1	(Table	S1)	
due	to	the	dominant	coverage	of	low	surface	energy	CF2	and	
CF3	groups.	
Treated	textiles	reduce	the	attachment	of	blood	proteins	

and	nonenveloped	virions	by	Cassie-Baxter	wetting	behav-
ior	which	significantly	reduces	the	surface	area	per	mass	in	
contact	with	liquid.	The	Cassie-Baxter	wetting	state	reduces	
the	amount	of	potential	adhesion	sites	and	maintains	an	air	
barrier	 between	 the	 substrate	 and	 potential	 biohazard,	
making	adhesion	more	energetically	difficult.	Cassie-Baxter	
wetting	is	described	by	the	equation,	𝑐𝑜𝑠𝜃!" = 𝑓(*𝑐𝑜𝑠𝜃$ −
𝑓*) ,	where	𝑓*)	is	the	fractional	area	of

	

Figure	3.	Mechanical	abrasion	durability	results.	(a-b)	Static	contact	angle	(left	y-axes,	solid	black)	and	hysteresis	(right	y-axes,	
dotted)	as	a	function	of	mechanical	abrasion	cycles	at	30kPa	pressure	for	(a)	water	(blue)	and	(b)	FBS	(orange),	respectively.	(c)	
Optical	images	of	liquid	repellency	with	different	test	liquids	(right)	and	a	representative	sample	(left)	after	100,000	abrasion	cycles.	
(d)	SEM	image	of	treated	textiles	after	extensive	mechanical	abrasion.	(e-f)	Screenshots	from	supplemental	videos	showing	wetting	
durability	from	razor	blade	abrasion	and	rolling	FBS	droplets	after	damage	at	a	5°	tilt	angle	for	(e)	scraping	and	(f)	slicing	abrasion,	
respectively.	

the	liquid-vapor	interface,	𝜃!"	is	the	apparent	contact	angle	
and	𝜃$	is	the	equilibrium	contact	angle.	The	fractional	area	
of	 the	solid-liquid	 interface	and	the	 liquid-vapor	 interface	
add	up	to	1,	𝑓(* + 	𝑓*) = 1.	The	fractional	area	of	the	solid-
liquid	interface	𝑓(*	is	estimated	by	measuring	the	apparent	
and	equilibrium	contact	 angles	of	4	different	 liquids	with	
known	surface	tensions	𝛾*):	water	(72.1	mN	m−1),	FBS	(55.7	
mN	m−1),	 ethylene	 glycol	 (47.3	mN	m−1)	 and	 hexadecane	
(27.3	mN	m−1),	and	using	𝑓(*	in	the	Cassie-Baxter	equation	
as	a	fitting	parameter	(Figure	S1).	Apparent	contact	angles	
are	measured	on	the	PTFE	nanoparticle	treated	PP	textile	
and	equilibrium	contact	angles	are	measured	on	a	flat	PTFE	

surface.	𝑓(*=	0.14	±	0.06	based	on	the	curve	fit,	suggesting	
that	the	liquid	contacts	about	14%	of	the	surface	in	the	Cas-
sie-Baxter	state.		
The	available	specific	surface	area	in	treated	textiles	for	

proteins	or	virions	to	attach	to	is	estimated	to	be	0.2	±	0.1	
m2	g−1	given	that	𝑓(*=	0.14	and	the	PP	textile	has	a	specific	
surface	area	per	mass	of	1.1	m2	per	gram.	In	contrast,	the	
control	textiles	are	fully	wetted	by	liquids.	The	specific	sur-
face	area	of	the	control	textiles	is	calculated	by	methylene	
blue	 absorption,	which	measures	 the	 accessible	 area	 of	 a	
surface	per	unit	mass	at	the	monolayer	of	the	textile	fibers.52	
The	specific	surface	area	of	control	textiles	is	estimated	as	
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69.3	±	16.9	m2	g−1	(Table	S2).	Thus,	we	estimate	the	textile	
treatment	reduces	the	surface	area	in	contact	with	the	liq-
uid	by	about	350	times	(2.54	log).	
2.3.	Repellency	Durability		
We	 next	 characterize	 the	 mechanical	 durability	 of	 the	

treated	nonwoven	PP	textile	by	studying	the	degradation	of	
the	liquid,	protein,	and	virus	repellency	reported	in	the	pre-
vious	 section	 after	 mechanical	 abrasion	 and	 ultrasonic	
washing.	Figure	3	shows	the	liquid	repellency	results	of	the	
treated	 textile	 after	mechanical	 abrasion.	 Superhemopho-
bic	PP	textile	samples	are	abraded	by	a	linear	abrader	with	
a	Scotch-Brite	scrub	attachment	at	an	applied	load	pressure	

of	30	kPa,	which	is	2.5	times	the	pressure	of	typical	heavy-
duty	upholstery	tests.39		
In	Figure	3a	and	3b,	the	apparent	contact	angle	𝜃!"	and	

contact	angle	hysteresis	𝜃#	for	water	and	FBS	are	shown	for	
every	25,000	abrasion	cycles	up	to	100,000,	which	is	four	
times	the	threshold	for	commercial	use	of	textiles.53	𝜃!"	and	
𝜃#	are	162.1	±	2.8°	and	2.5	±	1.5°	for	water,	and	158.1	±	2.4°	
and	4.4	±	2.8°	 for	FBS	after	100,000	cycles	of	mechanical	
abrasion.	For	water,	𝜃!"	decreases	by	1.6	±	2.7°	and	𝜃#	in-
creases	by	0.7	±	1.0°.	For	serum,	𝜃!"	decreases	by	1.0	±	3.4°	
and	𝜃#	increases	by	0.1	±	3.1°.	Small	deviations	in	𝜃!"		and	
𝜃#	are	attributed	to	some	loss	of	nanoparticles	after	abra-
sion;	however,	repellency	is	maintained	by	a	

	

Figure	4.	Ultrasonic	washing	durability	results.	(a-b)	Static	contact	angle	(left	y-axis,	solid	black)	and	hysteresis	(right	y-axis,	dotted)	
as	a	function	of	ultrasonic	washing	cycles	in	a	detergent	solution	for	(a)	water	(blue)	and	(b)	FBS	(orange).	(c)	Optical	images	of	
liquid	repellency	with	different	test	liquids	(right)	and	a	representative	sample	(left)	after	12	ultrasonic	washing	cycles.	(d)	SEM	
image	of	treated	textiles	after	extensive	ultrasonic	washing.		

roughened	PP	microfiber	matrix.	The	roughening	action	of	
abrasion	 on	 low	 surface	 energy	 PP	microfibers	 promotes	
Cassie-Baxter	wetting.	The	hydrophobic	microfiber	matrix	
is	liquid	repellent	when	roughened,	while	protecting	nano-
particle	roughness	from	being	abraded	off.	PTFE	nanoparti-
cles	 become	mechanically	 trapped	 in	 the	 nonwoven	 fiber	
matrix.	 Embedded	 nanoparticles	 and	 roughened	 microfi-
bers	 can	 be	 seen	 after	 extensive	 abrasion	 cycles.	 Repre-
sentative	 optical	 and	 SEM	 images	 of	 treated	 textile	 after	
100,000	abrasion	cycles	are	shown	in	Figure	3c	and	3d.		
Additionally,	 treated	 samples	 are	 durable	 to	 scratching	

and	cross	slicing	abrasion	with	a	razor	blade.	Figure	3e	and	
3f	show	representative	images	of	razor	blade	abrasion	on	
the	sample	and	serum	droplets	rolling	afterwards	at	a	5°	tilt	
angle.	Serum	and	water	droplets	are	still	easily	repelled	at	a	
5°	 tilt	 angle	 after	 various	 razor	 blade	 scratches,	 crossing	
slices,	or	abrasion	cycles.	Videos	S2	and	S3	show	droplets	
of	both	liquids	rolling	off	treated	textiles	after	razor	blade	
scratching	and	slicing	tests,	respectively.			

Many	repellent	strategies	utilize	fluorinated	silane	chem-
istry,	 such	 as	 fluorinated	 silica	 nanoparticles,	 which	 con-
sists	of	fluorine	chains	bonded	to	a	hydrophilic	silica	bulk.53–
55	However,	after	the	fluorine	molecules	are	rubbed	off,	the	
hydrophilic	silica	bulk	interacting	at	the	surface	eliminates	
repellency.30	In	contrast,	our	surface	treatment	consists	of	
multi-layer,	multi-length	scale	features	made	solely	of	low	
surface	energy	groups,	which	maintain	a	robust	Cassie-Bax-
ter	 wetting	 state	 after	 mechanical	 abrasion	 for	 a	 broad	
range	of	liquids.		
The	mechanical	 robustness	 of	 the	 treated	 textile	 stems	

from	its	multi-layer,	multi-length	scale,	low	surface	energy	
morphology	of	PTFE	nanoparticles	and	PP	microfibers.	The	
treated	substrate	consists	of	low	surface	energy	nanoparti-
cles	 thermally	 bonded	 to	 low	 surface	 energy	 PP	 micron	
sized	 fibers.	 The	 nanoparticles	 are	 impregnated	 through	
multiple	layers	of	the	structure.	This	multi-layer	nature	of	
the	 surface	 provides	 for	 mechanical	 robustness	 as	 any	
rough	abrasion	to	the	surface,	results	in	the	exposure	of	a	
similar	underlying	low	surface	energy	surface.		The	multi-
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length	scale	of	the	surface	also	aids	in	this	robustness	as	the	
PP	microfibers	act	as	protuberances	that	protect	PTFE	na-
noparticle	roughness	from	being	abraded	off.56	Superhydro-
phobicity	and	superhemophobicity	are	thus	maintained	af-
ter	a	variety	of	harsh	abrasion	or	razor	blade	scratching	or	
slicing	conditions.			Figure	4	shows	the	liquid	repellency	re-
sults	of	the	treated	textile	after	washing	using	an	ultrasonic	
cleaner.	 Ultrasonic	 cleaning	 devices	 produce	 waves	 that	
create	imploding	microscopic	bubbles,	causing	a	non-abra-
sive	scrubbing	action	superior	to	traditional	cleaning	meth-
ods.	0.3L	of	H2O	at	acoustic	intensity	of	at	least	20	W	cm-2	
has	been	shown	 to	have	higher	washing	efficiency	 than	a	
standard	washing	machine.57	Ultrasonic	washing	cycles	use	
an	industrial	soap	detergent	for	heavy-duty	cleaning	appli-
cations	to	further	simulate	aggressive	washing	conditions.		
Figure	4a	and	4b	show	the	static	contact	angles	and	hys-

teresis	for	water	and	FBS	after	12	ultrasonic	washing	cycles,	
respectively.	𝜃!"	and	𝜃#	are	158.6	±	2.1°	and	4.7	±	2.6°	for	
water,	and	157.6	±	2.7°	and	6.1	±	2.5°	 for	FBS	after	ultra-
sonic	washing.	For	water,	𝜃!"	decreased	by	2.2	±	1.5°	and	
𝜃#	increased	by	1.3	±	1.4°.	For	serum,	𝜃!"	decreased	by	1.0	
±	3.9°	and	𝜃#	increased	by	0.9	±	2.1°.	Decreases	in	𝜃!"	and	
increases	in	𝜃#	result	from	a	loss	of	nanoparticles	that	ex-
pose	more	of	the	microfibers,	which	have	higher	surface	en-
ergy	 than	 the	 nanoparticles.	 However,	 nanoparticles	 are	
still	observed	on	 the	microfibers	after	numerous	washing	
cycles,	 shown	by	 the	SEM	 image	of	Figure	4d.	Figure	4c	
shows	representative	optical	images	of	treated	textiles	after	
washing.	 The	 results	 demonstrate	 that	 treated	 samples	
maintain	a	Cassie-Baxter	wetting	state	with	high	static	con-
tact	angle	and	low	hysteresis	with	water	and	FBS	for	effec-
tive	liquid	repellency	after	washing.		
In	order	to	explain	the	wash	stability	of	the	Cassie-Baxter	

state,	 the	 breakthrough	 pressure,	 or	 maximum	 external	
pressure	the	surface	can	tolerate	before	the	transition	from	
Cassie-Baxter	to	Wenzel	state,	is	measured	experimentally	
by	observing	a	water	droplet	evaporate	on	the	surface.7,11	
The	breakthrough	pressure	of	the	superhemophobic	PP	tex-
tile	is	at	least	260	kPa,	corresponding	to	a	transition	in	wet-
ting	state	when	the	droplet	diameter	is	at	most	560	µm	(Fig-
ure	S3).	Therefore,	the	Cassie-Baxter	state	is	stable	up	to	15	
meters	underwater	or	as	long	as	the	pressure	applied	by	a	
liquid	droplet	is	less	than	260	kPa.		
Figure	5	shows	the	biohazard	repellency	results	after	du-

rability	testing.	Biohazard	repellency	is	still	observed	after	
100,000	abrasion	cycles	(abraded)	and	12	ultrasonic	wash-
ing	cycles	(washed),	demonstrating	a	durable,	protein	and	
viral	 repellent	 textile	 capable	 of	 repeatable	 use	 in	
healthcare	settings.	Figure	5a	 shows	FBS	protein	binding	
concentrations	 after	 incubation	 on	 abraded	 and	 washed	
samples.	Treated	textiles	show	92.6	±	1.4%	and	92.7	±	4.8%	
less	FBS	protein	content	than	the	control	for	abraded	and	
washed	conditions,	respectively.	The	absolute	deviations	of	
attached	protein	concentration	from	pristine	conditions	are	
22.8	±	14.6	µg	mL-1	after	abrasion	and	23.0	±	15.3	µg	mL-1	
after	washing.	These	deviations	are	within	the	range	of	er-
ror	 from	background	absorbance	(50	µg	mL-1,	Figure	S3);	
therefore,	we	conclude	the	extent	of	protein	repellency	for	
treated	 textiles	 is	 the	 same	 after	 extensive	 abrasion	 or	
washing.		

Figure	5b	and	5c	show	the	percent	(%)	of	PFU	that	at-
tached	to	samples	after	incubation	with	adenovirus	type	4	
and	7a,	respectively.	For	HAdv4,	the	treated	textile	shows	
96.0	±	4.3%,	and	98.4	±	0.9%	less	infectious	virions	than	the	
control	 for	 abraded	 and	 washed	 conditions,	 respectively.	
The	 absolute	 deviation	 of	 HAdv4	 virion	 repellency	 from	
pristine	 conditions	 is	 0.2	±	0.1%	after	 extensive	 abrasion	
and	0.2	±	0.1%	after	washing.	For	Hadv7a,	 treated	 textile	
shows	86.7	±	11.2%,	and	98.3	±	1.6%	less	infectious	virions	
than	 the	 control	 for	 abraded	 and	 washed	 conditions,	 re-
spectively.	The	absolute	deviation	of	HAdv7a	virion	repel-
lency	from	pristine	conditions	is	1.1	±	0.6%	after	extensive	
abrasion	and	0.2	±	0.1%	after	washing.	Changes	in	overall	
percent	(%)	PFU	are	attributed	to	deviations	 in	virion	at-
tachment	 for	 control	 samples	 after	 durability	 testing,	 not	
the	repellency	performance	of	the	coating.	We	conclude	the	
anti-virofouling	 performance	 of	 the	 treatment	 does	 not	
change	after	extensive	abrasion	or	washing.		
All	in	all,	treated	samples	show	durable	repellency	to	FBS	

proteins	 and	both	 types	 of	 adenovirus	 after	mechanically	
abraded	and	ultrasonically	washed	 conditions.	The	 repel-
lency	robustness	is	attributed	to	the	stability	of	the	Cassie-
Baxter	state	after	mechanical	abrasion	and	washing.	A	sta-
ble	Cassie-Baxter	

Figure	5.	 Protein	 and	virus	 repellency	durability	 results.	 (a)	
Concentrations	 (mg	 mL−1)	 of	 FBS	 protein	 attachment	 on	
treated	 and	 control	 samples	 in	 mechanically	 abraded	 and	
washed	conditions,	respectively.	(b)	Percent	PFU	from	adeno-
virus	HAdv4	 attached	 to	 treated	 and	 control	 samples	 in	me-
chanically	 abraded	 and	 washed	 conditions,	 respectively.	 (c)	
Percent	PFU	from	adenovirus	Hadv7a	attached	to	treated	and	
control	 samples	 in	mechanically	 abraded	 and	washed	 condi-
tions,	respectively.		

wetting	 state	 is	 obtained	 using	 solely	 low	 surface	 energy	
materials	 combined	 with	 permanent,	 multi-length	 scale	
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texturing	for	durable,	blood	fluid,	protein	and	virus	repel-
lency.	 The	 extent	 of	 protein	 repellency	 is	 comparable	 to	
other	works15,31,32;	 however,	 our	 treated	 textiles	maintain	
repellency	after	extensive	abrasion	and	washing.	Addition-
ally,	the	superhemophobic	textiles	are	anti-virofouling,	re-
ducing	 the	accumulation	of	virus	particles	on	 the	surface.	
This	work	represents	the	first	demonstration	of	treated	tex-
tiles	with	reduced	attachment	of	 infectious	nonenveloped	
virions	by	over	1.5	orders	of	magnitude,	extending	textile	
repellency	for	relevant	biohazards	that	can	spread	disease	
through	air	and	contaminated	surfaces.58		
3.	Conclusion	
In	summary,	a	simple,	two-step	PTFE	nanoparticle	treat-

ment	on	nonwoven	microfiber	PP	textile	can	effectively	re-
pel	various	liquids	including	water	and	FBS.	The	treatment	
can	 significantly	 reduce	 the	 attachment	 of	 serum	 protein	
and	infectious	non-enveloped	virions	to	the	surface	by	sim-
ultaneous	low	surface	energy	and	multi-length	scale	rough-
ness.	The	repellency	of	test	liquids,	serum	proteins,	and	ad-
enovirus	virions	is	maintained	after	significant	mechanical	
abrasion	and	ultrasonic	washing	cycles	to	the	fabric,	which	
has	 yet	 to	 be	 reported.	 Treated	 fabrics	 may	 be	 used	 in	
healthcare,	laboratory	and	industrial	settings	to	proactively	
reduce	the	surface	attachment	of	infectious	biohazards.	The	
treatment	is	simple,	durable	and	uses	commercially	availa-
ble	 materials,	 showing	 promise	 for	 blood-repellent	 and	
smart	healthcare	textile	applications.		
4.	Experimental	Section		
Materials:	Kimberly-Clark	Professional	nonwoven,	 ther-

mally	 bonded	 PP	 textiles,	 acetone	 (99.5%),	 methanol	
(99.9%)	and	isopropyl	alcohol	(99.5%)	were	bought	from	
VWR.	 PTFE	 nanopowder,	 tetradecafluorohexane	 (95%),	
hexadecane	(98%),	ethylene	glycol	(98%),	PBS,	FBS	and	di-
iodomethane	(99%)	were	bought	 from	Sigma-Aldrich.	Ex-
tran	MN	01	powdered	detergent	was	purchased	from	Milli-
poreSigma.	Deionized	water	was	used	from	a	Millipore	Ac-
ademic	A10	system	with	total	organic	carbon	below	40	ppb.	
Adenovirus	type	4	and	adenovirus	type	7a	were	obtained	
from	the	American	Type	Culture	Collection	(ATCC),	Manas-
sas,	VA.	Adenovirus	stocks	in	PBS	were	prepared	with	A549	
human	lung	carcinoma	cells	and	were	cesium	chloride	cen-
trifugation	purified	to	remove	any	cellular	and	FBS	proteins.	
The	virus	stocks	were	diluted	in	sterile	PBS	to	the	experi-
mental	titers	used.	
Sample	Preparation:	0.5	in.	by	0.5	in.	square	samples	were	

cut	from	Kimtech	PP	textiles.	All	samples	were	rinsed	with	
acetone,	methanol	and	isopropyl	alcohol	and	dried	with	ni-
trogen	to	eliminate	possible	contaminants.	Coating	solution	
was	obtained	by	mixing	PTFE	nanoparticles	(10	mg	mL−1)	
in	 tetradecafluorohexane	 solvent	 and	 sonicating	 for	 30	
minutes	to	form	a	stable,	homogeneous	dispersion	prior	to	
coating.	Treated	samples	were	heated	and	soaked	in	etha-
nol	prior	to	drop	casting	to	improve	nanoparticle	dispersion	
and	deposition.	Then,	the	nanoparticle	solution	was	added	
dropwise	onto	both	 sides	of	 the	wetted	 substrate	 to	 fully	
cover	the	textile,	followed	by	a	thermal	casting	treatment	on	
both	sides	at	130°C	for	30	minutes	on	a	hot	plate.	Lastly,	un-
adhered	PTFE	particles	were	washed	off	with	ethanol	and	
the	samples	were	dried	with	nitrogen.		

Sample	 Characterization:	 The	 physical	 morphologies	 of	
PP	 surfaces	were	 characterized	 by	 scanning	 electron	mi-
croscopy	(SEM,	Zeiss	Sigma	500	VP)	at	5kV.	For	SEM	imag-
ing,	all	samples	were	sputter	coated	with	10	nm	gold/palla-
dium	(80:20)	using	a	sputter	coater	(Denton).	The	chemical	
compositions	of	PP	samples	were	characterized	by	Fourier	
transform	 infrared	 spectroscopy	 (FTIR,	 Bruker	 Vertex-
70LS)	between	600	and	3200	cm−1	wavelengths.	Untreated	
PP	samples	had	peaks	at	2955	cm−1	and	2873	cm−1	to	attrib-
ute	 to	 asymmetric	 and	 symmetric	CH3	 groups,	 2922	 cm−1	
and	 2843	 cm−1	 due	 to	 asymmetric	 and	 symmetric	 CH2	
groups,	 1460	 cm−1	 and	 1378	 cm−1	 from	 scissor	 or	 defor-
mation	 CH3	 vibrating	 bands,	 and	multiple	 peaks	 between	
1200-750	cm−1	from	C-H	wagging,	C-C	asymmetric	and	sym-
metric	 groups	 and	 CH3	 asymmetric	 rocking.	 The	 infrared	
spectra	 of	 treated	 PP	 textile	was	 dominated	 by	 vibrating	
bands	CF3	at	1213	cm−1,	CF2	at	1155	cm−1	and	639	cm−1	from	
the	coverage	of	PTFE	particles.	
Static,	 advancing	 and	 receding	 contact	 angle	 measure-

ments	were	taken	in	ambient	air	at	22–25°C	and	20–30%	
relative	humidity	using	an	optical	 tensiometer	(Attension,	
811	Theta).	5	μL	droplets	at	25°C	for	all	 test	 liquids	were	
used	for	all	wetting	measurements.	The	hysteresis	was	tab-
ulated	 for	 each	 treatment	 after	measuring	 the	 advancing	
and	receding	contact	angles	during	syringe-controlled	wa-
ter	dispersion	and	withdrawal,	respectively.		
For	treated	textiles,	the	fractional	surface	area,	𝑓(*	 ,	was	

estimated	by	measuring	static	contact	angles	of	4	different	
liquids	 with	 different	 surface	 tensions:	 water	 (72.1	 mN	
m−1),	FBS	(55.6	mN	m−1),	ethylene	glycol	(47.1	mN	m−1)	and	
hexadecane	(27.3	mN	m−1).	Apparent	contact	angles	were	
measured	on	the	PTFE	nanoparticle	treated	PP	textile.	Equi-
librium	contact	angles	were	measured	on	a	flat	PTFE	sur-
face,	assuming	the	PP	microfibers	are	fully	covered	by	PTFE	
nanoparticles.	The	apparent	contact	angle	and	equilibrium	
contact	angles	were	plotted	and	compared	to	a	Cassie-Bax-
ter	model.	𝑓(*	is	used	as	a	fitting	parameter,	and	the	curve	
fit	is	shown	for	𝑓(*=	0.14	±	0.06	in	Figure	S1.	
Fowkes	method	was	 used	 to	 estimate	 the	 total	 surface	

free	energy	of	the	treated	PP	textile	with	water	and	a	purely	
dispersive	liquid,	diiodomethane.	The	independent	disper-
sion	and	polar	surface	energy	components	for	each	sample	
group	were	calculated	using	Young's	and	Dupre's	definition	
of	adhesion	equations.59	The	apparent	contact	angles	of	the	
two	test	liquids	were	used	to	quantify	the	Young’s	contact	
angles	using	the	fitted	𝑓(*	and	roughness	parameter	of	2.0	
from	ImageJ	analysis.		Then,	the	Young’s	angles	were	used	
to	calculate	the	polar	and	dispersive	surface	energy	compo-
nents.	These	quantities	were	summed	 for	 the	overall	 sur-
face	free	energy.	Important	values	from	these	calculations	
are	shown	in	Table	S1.		
Breakthrough	pressure	was	measured	by	observing	the	

contact	angle	and	volume	while	a	water	droplet	evaporates,	
as	 shown	 in	 Figure	 S2.60	 When	 the	 droplet	 transitioned	
from	 Cassie-Baxter	 to	 Wenzel	 state	 the	 diameter	 of	 the	
droplet	was	tabulated	to	calculate	the	breakthrough	pres-
sure.			
For	control	 textiles,	specific	surface	area	was	measured	

using	methylene	blue	absorption.52	6	samples	of	2	g	PP	tex-
tiles	were	cut,	cleaned	with	organic	alcohol	and	immersed	
in	0.0002	mol	L−1	methylene	blue/deionized	water	 for	24	
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hours.	Methylene	blue	absorption	was	measured	at	660	nm	
using	a	spectrophotometer	(PerkinElmer,	Lambda	750)	to	
observe	an	absorption	isotherm.	The	specific	surface	area	is	
calculated	 once	 a	 monolayer	 is	 absorbed	 on	 the	 fibers.	
Measurements	 from	 the	 specific	 surface	 area	 calculations	
are	shown	in	Table	S2.	
Serum	 Protein	 and	 Adenovirus	 Assay:	 Textile	 samples	

were	completely	submerged	in	0.4	mL	of	FBS	or	adenovi-
rus/PBS	in	Eppendorf	tubes	with	moderate	shaking	for	30	
minutes	(Stoval	Belly	Dancer,	level	5)	at	room	temperature.	
Adenovirus/PBS	inoculum	titers	were	averaged	as	1.6x105	
and	1.4x104	PFU	mL−1	 for	 types	4	and	7a	viruses,	 respec-
tively.	After	shaking,	samples	were	gingerly	rinsed	twice	in	
sterile	PBS	and	submerged	in	Eppendorf	tubes	with	0.3	mL	
of	PBS.	Then,	serum	proteins	or	virions	attached	on	the	sur-
face	were	removed	from	the	samples	into	PBS	by	sonication	
at	power	8	for	10	seconds	(Qsonica,	Model	Q55)	within	the	
tubes.	Then,	protein	concentrations	(mg	mL−1)	were	meas-
ured	by	UV	absorbance	at	280	nm	wavelengths	with	a	spec-
trophotometer	(Nanodrop,	model	2000)	from	2	µL	droplets	
of	the	PBS	following	sonication.	Samples	submerged	in	PBS	
only	were	used	to	identify	potential	UV	absorbance	interfer-
ence	or	background,	as	shown	in	Figure	S3.		
Adenovirus	 titers	 (PFU	 mL−1)	 were	 determined	 using	

standard	 plaque	 assay	with	 A549	 human	 lung	 carcinoma	
cells	prepared	in	24-well	tissue	culture	plates.44,45	After	6-7	
days	incubation	at	37°C	in	5%	CO2,	the	cells	were	fixed	and	
stained	with	gentian	violet	prepared	in	formalin,	the	num-
ber	of	plaques	per	well	were	counted	under	a	dissecting	mi-
croscope,	and	viral	plaque	 forming	unit	 titers	were	calcu-
lated.44,45	 Percent	 (%)	PFU	was	 calculated	using	averaged	
adenovirus	 titers	 (PFU	 mL−1).	 Finally,	 right-tailed	 Mann-
Whitney	U-tests	rejected	the	null	hypothesis	at	p	values	<	
0.05	for	all	comparisons	between	control	and	treated	sam-
ples.			
Durability	 Testing:	Mechanical	 abrasion	 tests	were	 per-

formed	 using	 Taber	 Linear	 Abrader	 (Model	 5750)	 under	
Ford	 Laboratory	 Test	Method	 standards	 for	 resistance	 to	
abrasion	of	textile	treatments	(BN	108-02).	A	Scotch-Brite	
scrub	attachment	was	applied	under	30kPa	of	pressure	at	a	
constant	speed	of	60	cycles	per	minute.	Samples	were	fixed	
on	a	stage	and	subject	to	abrasion	cycles.	Additional	repre-
sentative	SEM	images	of	samples	after	abrasion	are	shown	
in	Figure	S4.	
Washing	cycles	were	performed	using	a	Powersonic	P230	

Ultrasonic	Cleaner	(Crest)	under	ASTM	G131-96	standards	
for	washing	materials	by	ultrasonic	techniques.	200	mL	of	
H20	and	0.5	g	of	Extran	MN	01	powdered	detergent	were	
mixed	in	a	500	mL	beaker	to	create	a	highly	efficient	wash-
ing	solution.	Samples	were	submerged	by	2	mL	of	solution	
in	Eppendorf	tubes	and	ultrasonicated	for	40	minutes	at	80	
W	and	49°C	to	complete	one	wash	cycle.	Afterwards,	sam-
ples	were	dried	in	ambient	temperature	before	testing.			
Supplementary	Videos:	All	 videos	were	 carried	out	on	a	

stage	 fixed	at	 a	5°	 tilt	 angle.	Hysteresis	 of	water	 and	FBS	
from	 0.5	 mL	 droplets	 on	 pristine	 treated	 textiles	 was	
demonstrated	in	Video	S1.	Video	S2	showed	the	durability	
of	 test	 liquid	hysteresis	after	aggressive	scratching	with	a	
razor	blade	across	the	surface.	Video	S3	showed	the	dura-
bility	 of	 test	 liquid	 hysteresis	 after	 diagonal	 razor	 blade	
cross	slicing	along	the	surface.		
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