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Abstract

This	study	 investigates	the	antibacterial	action	of	chitosan-	based	nanofibers	 (CNFs)	
obtained	by	the	electrospinning	process	on	the	permeability	of	bacterial	membranes.	
The	 bactericidal	 efficiency	 of	 CNFs	 was	 first	 determined	 against	 Gram-	negative	
Escherichia coli	and	Salmonella	Typhimurium,	and	Gram-	positive	Staphylococcus aureus 

and	 Listeria innocua	 bacteria	 as	 a	 baseline.	 The	 results	 strongly	 suggest	 that	 CNFs	
	interact	with	the	negatively	charged	bacterial	cell	wall	causing	membrane	rupture	and	
inducing	 leakage	 of	 intracellular	 components	 among	which	 are	 proteins	 and	DNA.	
Results	clearly	indicate	that	the	release	of	such	components	after	contact	with	CNFs	
is	an	indication	of	membrane	permeabilization	and	perforation,	as	pore	formation	was	
observed	in	transmission	electron	microscopy	(TEM).	This	work	suggests	a	plausible	
antibacterial	mechanism	of	action	of	CNFs	and	also	provides	clear	evidence	in	favor	of	
chitosan	as	a	bacterial	membrane	disruptor	and	perforator.	As	a	result,	CNFs	can	find	
promising	applications	as	bioactive	food	packaging	materials	capable	to	extend	shelf	
life	 of	 food	 products	while	 inhibiting	 the	 spread	 of	 alteration	 flora	 and	 foodborne	
pathogens.

K E Y W O R D S

antibacterial,	electrospun	chitosan-based	nanofibers,	membrane	perforation,	membrane	
permeability

1  | INTRODUCTION

Electrospinning	of	chitosan,	with	the	aim	of	producing	nanofibers	with	
diameters	ranging	from	few	tens	of	nanometers	to	micrometers,	has	
been	the	subject	of	several	recent	studies	(Desai,	Kit,	Li,	&	Zivanovic,	
2008;	Doğan,	Özyıldız,	Başal,	&	Uzel,	2013;	Elsabee,	Naguib,	&	Morsi,	
2012;	Geng,	 Kwon,	&	 Jang,	 2005;	Homayoni,	 Ravandi,	 &	Valizadeh,	
2009;	 Kriegel,	 Kit,	 McClements,	 &	Weiss,	 2009;	 Pakravan,	 Heuzey,	
&	Ajji,	2011;	Rieger,	Birch,	&	Schiffman,	2016;	Ziani	et	al.,	2011).	The	
	resulting	 chitosan	 nanofiber	 (CNF)	 mats	 exhibit	 a	 remarkably	 high	
porosity	 (in	 the	 range	of	 80%–90%)	 and	 surface	 area	 per	 unit	mass	
(between	10	and	500	m2/g)	and	display	good	biocompatibility	and	bio-

functionality	(Ardila	et	al.,	2016;	Greiner	&	Wendorff,	2007).	Therefore,	

CNFs	 may	 have	 promising	 applications	 in	 biomedical	 (cell	 culture,	
wound	healing,	 tissue	engineering)	 (Ignatova,	Manolova,	Markova,	&	
Rashkov,	 2009),	 pharmaceutics	 (controlled	 drug	 release,	 gene	 ther-
apy)	 (Jayakumar,	 Prabaharan,	Nair,	 &	Tamura,	 2010),	water	 filtration	
(chelation	 of	metal	 ions)	 (Haider	&	Park,	 2009),	 and	 food	 packaging	
(Martínez-	Camacho	 et	al.,	 2011),	 among	 others.	However,	 achieving	
high	yield	and	quality	fiber	formation	from	neat	chitosan	solutions	is	
a	challenging	task.	This	is	mainly	due	to	the	very	rigid	structure	of	chi-
tosan	chains,	which	does	not	promote	entanglements	that	are	required	
for	 the	 formation	of	 the	Taylor	 cone,	which	 in	 turn	generates	nano-

fibers.	 For	 example,	 some	 authors	 reported	 the	 preparation	 of	 neat	
CNFs	using	trifluoroacetic	acid	(TFA)	as	a	solvent	or	its	mixtures	with	
dichloromethane	 (DCM)	 (Gu	et	al.,	2013;	Lee	et	al.,	2014).	However,	
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contact	time	with	CNFs,	as	pointed	by	the	blue	arrows	(Figure	7d).	
This	 detachment	 of	 the	 plasma	membrane	 was	 due	 to	 desorption	
of	 the	 cytosol,	 subsequent	 to	 	leakage	 of	 intracellular	 compounds	
(Figure	7c),	 making	 cells	 look	 transparent	 and	 empty	 (Figure	7d).	
After	30	min	contact	time,	the		cytoplasmic	membrane	of	E. coli	col-
lapsed	(Figure	7d)	and	S. aureus	cells	were	completely	disintegrated	
(Figure	7h).	Adsorption	of	 	molecules	 to	bacterial	 cell	walls,	of	both	
E. coli	and	S. aureus	was	also	observed	and	was	proportional	to	con-

tact	time	(Figure	7b,	7c	and	7d).	This	might	be	due	to	(1)	the	release	
of	 intracellular	 components	 that	 can	 attach	 to	 the	 surface	 of	 bac-
teria,	 reflecting	 local	 cell	 rupture,	 or	 (2)	 to	 small	 soluble	CS	 chains	
surrounding	 the	 bacterial	 cells	 via	 electrostatic	 and	 hydrophobic	
interactions,	 or	 (3)	 both	 possibilities.	 A	 simple	 visual	 inspection	 of	
the	CS/PEO	nanofiber	mats,	before	and	after	the	antibacterial	tests	
indicated	that	the	fibers	were	stable	after	48	hr	at	37°C,	pH	5.8	 in	
PBS.	This	suggests	that	resolubilization	was	only	partial,	as	the	mats	
remained	intact.	However,	as	nanofibers	contain	PEO,	which	is	solu-

ble	in	water,	a	certain	solubility	of	PEO	is	expected.	In	addition,	due	
to	 the	pH	of	 the	medium	 (5.8),	 chitosan	may	solubilize	partially,	as	
verified	by	Ardila,	daigle,	Heuzey,	and	Ajji	(2017).	Consequently,	both	
the	released	chitosan	in	the	medium	and	the	one	remaining	in	the	na-
nofiber	mats	may	contribute	to	the	antibacterial	effect	of	the	CNFs.	
The	 second	 conjuncture	 coincides	 with	 the	 findings	 of	 other	 au-

thors	 (Chung	et	al.,	2004;	Helander,	Nurmiaho-	Lassila,	Ahvenainen,	
Rhoades,	&	Roller,	2001),	who	studied	the	adsorptive	characteristics	
of	bacterial	cells	to	chitosan	solutions.	This	suggests	that	the	mecha-
nism	of	action	of	CNFs	may	be	also	due	to	partial	resolubilization	of	
CS	 in	 the	media,	even	 though	visually	 the	mats	 looked	 intact	after	
48	hr	in	PBS	or	LB.	Short	CS	chains	might,	thereby,	penetrate	the	cell	
wall	and	perforate	the	plasma	membrane,	while	longer	chains	could	
enclose	bacteria	and	prevent	cell	exchange	with	the	extracellular	me-

dium.	 Accordingly,	 Figure	7b,	 c,	 d,	 and	 f,	 show	 that	 CS	 formed	 an	
impermeable	envelope	surrounding	 the	bacteria	which	might	block	
the	absorption	of	essential	elements	into	the	cells	(Choi	et	al.,	2001;	
Eaton,	Fernandes,	Pereira,	Pintado,	&	Malcata,	2008).	Ultimately,	 it	
can	be	inferred	that	the	bactericidal	effect	of	CNFs	may	be	the	result	
of	membrane	perforation.	Our	 results	are	 in	agreement	with	 those	
of	other	authors	(Tao	et	al.,	2011;	Xing	et	al.,	2009a),	who	observed	
membrane	perforation	of	E. coli	caused	by	CS	solutions	and	particles,	
respectively.	However,	our	experiments	conducted	on	CNF-	treated	
E. coli	 (Gram-	negative)	 and	S. aureus	 (Gram-	positive),	 revealed	 vari-
ous	surface	characteristics	and	cell	stages	in	response	to	treatment	
with	CNFs.	This	suggests	that	the	mechanism	of	action	of	CNFs	is	a	
complex	combination	of	different	bactericidal	effects	that	can	occur	
at	different	stages:	 (1)	CNFs	inhibit	bacterial	growth	through	mem-

brane	 pervasion	 and	 perforation,	 (2)	 partly	 resolubilized	 CS	 chains	
can	 kill	 bacteria	 by	 causing	membrane	 rupture	 and/or	 suppressing	
cell	exchange	and	nutrient	uptake,	(3)	CS	nanofibers	and/or	solutions	
can	cause	osmotic	stress	by	chelating	trace	elements	such	as	metallic	
ions,	 essential	 to	 bacterial	 growth.	 However,	 the	 common	mecha-
nism	behind	these	different	modes	of	action	is	undeniably	due	to	the	
protonated	functional	groups	of	CS.	The	results	clearly	demonstrate	
that	CNFs’	bactericidal	effect	 involves	permeabilization	of	bacterial	

membrane	with	pore	formation,	contrary	to	what	has	been	reported	
so	far.	However,	no	evidence	of	penetration	of	the	membrane	can	be	
inferred,	even	though	pore	formation	assuredly	occurred.	The	next	
challenge	should	aim	at	clarifying	the	molecular	mechanisms	behind	
the	bactericidal	activity	of	CNFs	and	identifying	the	membrane	ele-

ments	and	metabolic	pathways	involved	in	the	internalization	of	chi-
tosan	into	the	bacterial	cell	wall.	These	further	studies	will	not	only	
be	critical	for	the	application	of	such	materials	in	food	packaging,	but	
also	for	the	prevention	of	outbreak	of	resistance	phenomena	toward	
chitosan.

4  | CONCLUSIONS

The	results	of	 this	study	show	that	the	antibacterial	activity	of	chi-
tosan	nanofibers	 (CNFs)	 can	be	 attributed	 to	membrane	disruption	
and	perforation.	Consequently,	this	resulted	in	the	leakage	of	intra-
cellular	components	such	as	proteins	and	nucleotides.	The	bioavail-
ability	 of	NH

3
+	 functional	 groups	 on	CNFs	 favored	 and	maximized	

cell	adhesion	and	attachment	to	the	surface	of	the	mats.	The	model	
established	here,	regarding	CNFs’	mode	of	action	suggests	that	bac-
teria	migrate	 to	 the	 surface	of	 the	nanofibers	 and	not	 the	 reverse.	
Since	bacteria	use	adhesion	and	attachment	surfaces	to	better	grow	
and	multiply,	CNFs	showed	the	ability	to	efficiently	attract	and	trap	
bacteria	through	electrostatic	interactions,	on	account	of	their	large	
surface-	to-	mass	ratio	and	high	porosity.	Our	results	also	suggest	that	
adsorption	 of	CS	 to	 the	 bacterial	 surface	 is	 the	 first	 step	 in	CNFs’	
mechanism	 of	 action,	 followed	 by	 membrane	 perforation,	 leak-
age	of	cytosolic	compounds,	and	finally	cell	 lysis	and	disintegration.	
Nevertheless,	it	is	not	excluded	that	part	of	the	antibacterial	activity	
might	be	due	to	partial	dissolution	of	the	nanofibers,	making	chitosan	
available	in	solution.	As	promising	practical	application,	CNFs	can	be	
used	as	part	of	active	food	packaging	in	order	to	extend	the	shelf	life	
of	food	products	along	with	preventing	spoilage	by	bacteria	such	as	
E. coli,	and	foodborne	diseases	caused	by	Listeria,	Staphylococcus	and	
Salmonella.
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