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Introduction
Formation,	 growth	 and	 development	 of	 biofilms are decisively 
influenced	 by	 their	 adhesiveness	 because	 this	 parameter	 is	
essential	for	the	overall	stability	and	structure	of	biofilms.	This	is	
of	very	high	importance,	as	biofilms	provide	valuable	ecosystem	
services	on	the	landscape	scale,	e.g.	the	stabilization	of	riverine	
fine	sediments	acting	also	as	sinks	for	pollutants	and	contaminants	
[1-4].	On	the	other	hand,	in	several	cases	formation	of	biofilms	
is	 regarded	 adverse	 as	 it	 constitutes	 significant	 economic	 and	
health	hazards	e.g.	on	heat	exchangers,	hulks	or	implants	[5-7].	
This	ambivalence	of	biofilm	formation	is	a	reason	why	different	
modelling	approaches	which	allow	simulation	and	predictions	of	
expected	 biofilm	development,	 are	 currently	 receiving	 steadily	
increasing	scientific	attention	[8-10].	In	this	context,	a	variety	of	
impact	 factors	on	biofilm	development	and	stability	have	been	

studied	such	as	the	impact	of	different	biotic	or	abiotic	boundary	
conditions	or	the	effect	of	an	exposure	to	herbicides	or	antibiotics	
[11-14].

Nanoparticles	 in	 general	 and	 silver	 nanoparticles	 (AgNPs)	 in	
particular,	constitute	a	rather	new	class	of	emerging	substances	
whose	environmental	effects	are	 currently	 subject	of	 intensive	
research.	A	reason	for	this	current	scientific	 interest	 is	 the	fact	
that	 AgNPs	 contribute	 a	 major	 fraction	 to	 all	 produced	 nano-
particles	[15]	added	to	various	products	of	daily	life	due	to	their	
antimicrobial	effects	 [15].	Furthermore,	AgNPs	could	be	shown	
to	 impact	 benthic	 biofilms	 in	 various	 ways	 [16-18].	 However,	
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Abstract
The	 effect	 of	 citrate-coated	 silver	 nanoparticle	 (AgNPs)	 exposure	 on	 biofilm	
structure	and	adhesiveness	was	investigated	by	a	multiphasic	approach	comprising	
epifluorescence	microscopy,	 chemical	 analysis	 and	 enhanced	magnetic	 particle	
induction	(MagPI).	Mono-species	biofilms	of	the	ubiquitous	freshwater	bacterium	
Aquabacterium citratiphilum	were	treated	with	 two	different	concentrations	of	
AgNPs.	 Control	 experiments	 were	 performed	 with	 untreated	 Aquabacterium	
biofilms	and	with	biofilms	exposed	 to	 ionic	 silver	 (AgNO3)	and	copper	 sulphate	
(CuSO4).	 The	 biofilm	 structure	 was	 assessed	 using	 epifluorescence	microscopy	
and	 the	 composition	 of	 colloidal	 extracellular	 polymeric	 substances	 (EPS)	 was	
determined	 spectrophotometrically	 after	 extraction.	 The	 biofilm	 adhesiveness	
was	measured	 using	 an	 enhanced	MagPI	 system.	 The	 overall	 contents	 of	 EPS	
proteins	 and	 carbohydrates	 as	 well	 as	 the	 mean	 surface	 coverage	 by	 biofilm	
bacteria	were	significantly	reduced	in	all	treatments.	The	exposure	to	600	µg	l-1 
AgNPs	significantly	reduced	the	biofilm	adhesiveness	(p<0.0001,	n=50)	to	a	level	
equivalent	to	biofilms	treated	with	AgNO3	and	CuSO4. The results demonstrate the 
impact	of	an	exposure	to	environmentally	relevant	concentrations	of	engineered	
AgNPs	 on	 the	 Aquabacterium	 biofilm	 composition	 and	 structure	 and	 biofilm	
adhesiveness	 as	 a	physical	 trait.	 Enhanced	MagPI	 could	be	 successfully	 proven	
to	be	a	rapid	and	sensitive	technique	for	the	assessment	of	biofilm	adhesiveness	
as	an	essential	marker	for	biofilm	functionality	and	correlated	biofilm	ecosystem	
services	(e.g.	microbial	biostabilization).
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analyses	of	the	impact	of	AgNPs	on	the	structure	and	stability	of	
biofilms	such	as	the	one	presented	by	Grün	et	al.	are	rare	[19].	
In	 fact,	 the	presented	experiments	with	mono-species	biofilms	
of	 the	 model	 bacterium	 Aquabacterium citratiphilum	 process	
high	significance	for	natural	benthic	biofilm	systems.	 In	natural	
complex	biofilms,	 the	symbiosis	between	diatoms	and	bacteria	
was	 reported	 to	 be	 essential	 for	 biofilm	 stability.	 Lubarsky	 et	
al.	could	 indicate	the	crucial	 role	of	a	mixed-taxa	symbiosis	 for	
biostabilization	as	biofilm	assemblages	consisting	of	bacteria	as	
well	 as	 diatoms	 displayed	 higher	 stability	 than	 pure	 bacterial	
or	 axenic	 diatom	 biofilms	 [3].	 Furthermore,	 Aquabacterium 
citratiphilum	 was	 described	 as	 ubiquitous	 freshwater	 microbe	
with	a	specialized	metabolism	with	an	increased	capacity	to	utilize	
exudates	of	 diatoms	 [20,21].	 These	findings	 suggest	 a	possible	
role	of	this	species	in	a	symbiotic	relationship	with	diatoms.	The	
structural	relevance	of	this	symbiosis	between	diatoms	and	their	
associated	satellite	bacteria	was	further	described	by	Windler	et	
al.	[22].	As	a	reaction	of	the	activity	of	satellite	bacteria,	diatoms	
of	 the	 species	 Achnanthidium minutissimum	 modified	 their	
EPS	 production	 to	 form	 a	mucilage	 capsule	 and	 changed	 from	
a	planktonic	 state	 to	a	 lifestyle	attached	 to	 the	 substrate.	 This	
reaction	may	have	a	direct	impact	on	biostabilization	because	a	
permanent	attachment	of	microbes	to	sediment	grains	coupled	
with	high	 EPS	production	 can	 constitute	one	 important	 trigger	
for	 the	 stabilization	 of	 the	 colonized	 fine	 sediment.	 These	
observations	and	the	fact	that	Aquabacterium citratiphilum	was	
identified	as	a	dominant	bacterial	species	in	natural	lotic	biofilms	
(Schmidt	 et	 al.	 [12],	 unpublished)	 suggest	 its	 role	 as	 a	 diatom	
satellite	bacterium	with	potential	high	structural	importance	for	
the	overall	system	of	natural	complex	benthic	biofilms.

The	aim	of	 this	 study	was	 to	expand	 the	work	with	 the	model	
bacterium Aquabacterium citratiphilum	 and	 perform	 an	 up	 to	
now	unique	comprehensive	analysis	of	the	impact	of	an	exposure	
to	AgNPs	on	biofilm	structure	and	stability.	A	treatment	with	an	
environmental	 relevant,	 low-dose	 concentration	of	AgNPs	 that	
was	 shown	 to	 impact	 the	 structure	and	mechanical	 stability	of	
freshwater	 bacterial	 biofilms	 was	 compared	 with	 untreated	
controls [19].	 Furthermore,	 three	 positive	 controls	 exposed	
to	 higher	 concentrations	 of	 AgNPs,	 ionic	 silver	 (AgNO3)	 and	
copper	 sulphate	 (CuSO4)	 with	 expected	 clear	 negative	 impact	
on	 the	 vitality	 of	 the	 bacteria	 and	 the	 stability	 of	 the	 biofilm	
system	were	included.	The	comprehensive	analysis	approach	of	
this	 study	 incorporates	 the	 investigation	of	 the	 composition	of	
extracellular	 polymeric	 substances	 (EPS),	 the	 biofilm	 structure	
(via	 epifluorescence	 microscopy)	 and	 the	 resulting	 overall	
functionality	 of	 the	 biofilm	 system	 (adhesiveness).	 For	 the	
assessment	 of	 biofilm	 adhesiveness,	 an	 enhanced	 magnetic	
particle	 induction	 (MagPI)	 device	was	utilized	 [23].	This study 
is	the	first	to	modify	this	device	that	was	originally	designed	for	
an	investigation	of	the	stability	of	intertidal	biofilms	to	assess	the	
adhesiveness	of	the	described	model	biofilms	[3]. 	By	a	series	of	
modification	and	optimization,	the	sensitivity	and	reproducibility	
of	this	method	could	be	significantly	enhanced	for	an	assessment	
of	 even	 small	 changes	 in	 biofilm	 adhesiveness.	 One	 focus	 of	
this	study	was	to	utilize	this	optimized	technique	to	investigate	
the	 impact	 of	 an	 exposure	 to	 citrate-coated	 AgNPs	 on	 model	
freshwater	biofilms.	 Thus,	 this	 study	 is	 the	first	 to	address	 the	

potential	 adverse	 effects	 of	 an	 exposure	 to	 AgNPs	 on	 biofilm	
adhesiveness	by	an	extended	series	of	MagPI	measurements.

Materials and Methods
Experimental design
Aquabacterium citratiphilum	 20	 (DSM	 11900,	 DSMZ,	 German	
Collection	 of	 Microorganisms	 and	 Cell	 Cultures,	 Germany)	
was	cultivated	 in	 the	modified	R2A	medium	 (DSMZ	830a)	with	
constant	 agitation	 for	 72	 h	 at	 21°C.	 100	ml	 of	 this	 preculture	
representing	 a	mean	 biomass	 of	 2.6	 ±	 0.3	 ×	 107	 cells/ml	were	
thoroughly	mixed	with	4	L	fresh	modified	R2A	medium.	For	biofilm	
growth,	aseptic	Petri	dishes	loaded	with	two	Poly-L-lysine	coated	
glass	slides	each	were	filled	with	100	ml	of	the	Aquabacterium	
cell	suspension	and	incubated	for	120	h	at	21°C.	Biofilm	samples	
were	divided	into	four	subsets	as	displayed	in	(C,	T1/T2,	T3,	T4)	
of	25	glass	slides	each.	Test	dispersions	of	AgNPs	and	solutions	of	
AgNO3	or	CuSO4	were	thoroughly	mixed	with	the	medium	up	to	
the	final	concentrations	of	600	µg	l-1 and 2.4 mg l-1	for	AgNPs,	2.4	
mgl-1	 for	AgNO3 and 125 mgl-1	 for	CuSO4.	MagPI	measurements	
were	performed	on	three	different	random	spots	on	each	single	
slide	after	24	h	exposure	and	on	the	control	biofilms	(Table 1).

Silver nanoparticles (AgNPs)
The	citrate-coated	AgNPs	applied	in	this	study	were	synthesized	
and	 characterized	 as	 previously	 described	 by	 Metreveli	 et	 al.	
[24].	 A	 modified	 citrate	 reduction	 method	 [25]	 was	 used	 to	
synthesize	the	applied	AgNPs	with	a	diameter	of	30	nm	[25].	For	
this	 purpose,	 5	 mmol	 of	 Na3C6H5O7	 (Sigma-Aldrich,	 Germany)	
and 1 mmol AgNO3	 (AgNO3,	≥	99.9%,	p.a.,	Carl	Roth,	Germany)	
were	 dissolved	 in	 950	ml	 and	 50	ml	 deionized	 (Milli-Q)	 water	
respectively.	 After	 adjustment	 of	 pH	 11	 using	 1	 mol	 l-1 NaOH 
(Carl	Roth,	Germany),	the	trisodium	citrate	solution	was	boiled	
under	permanent	stirring	 (RCT	basic,	 IKA	Labortechnik).	Within	
5	min,	 the	 silver	 nitrate	 solution	was	 added	 drop	wise	 to	 the	
boiling	 trisodium	 citrate	 solution	 and	 continuously	 stirred	
and	 boiled	 for	 20	 min	 until	 no	 changes	 in	 the	 color	 could	 be	
detected.	Subsequently,	the	nanoparticle	dispersion	was	cooled	
to	room	temperature,	and	filled	up	to	1	L	with	deionized	water	
to	 compensate	 evaporation	 losses.	 The	 final	 pH	 value	 in	 the	
dispersion	was	8.9.	The	synthesized	AgNP	stock	dispersion	was	
stored	in	the	dark	at	4°C.

The	 hydrodynamic	 diameter	 of	 the	 AgNPs	was	 determined	 by	
dynamic	light	scattering	(DLS)	with	a	scattering	angle	of	165°.	The	

Set Phase 1
Measurement 

(after 24 h 
incubation)

Phase 2 
Measurement 

(after 24 h 
incubation)

C - MagPI,	EPS - MagPI,	EPS

T1* 600	µg/l	
AgNP MagPI,	EPS - -

T2* - - 2.4 mg/l AgNP MagPI,	EPS
T3 - - 2.4 mg/l AgNO3 MagPI,	EPS
T4 - - 125	mg/l	CuSO4 MagPI,	EPS

Table 1	Experimental	proceeding.		

*Treatments	were	performed	subsequently	on	the	same	glass	slides	in	
the	same	petri	dishes
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zeta	 potential	was	measured	 utilizing	 the	 electrophoretic	 light	
scattering	 technique	 followed	 be	 subsequent	 calculation	 using	
the	Smoluchowski	equation	(both	using	Delsa	Nano	C,	Beckman	
Coulter).	For	the	DLS	and	zeta	potential	measurements	the	stock	
dispersion	 of	 AgNPs	 was	 diluted	 with	 demineralized	 (Milli-Q)	
water	by	a	factor	of	1:3.

Adhesiveness of the biofilm surface
The	 adhesiveness	 of	 the	 biofilms	 was	 determined	 on	 three	
different,	 randomly	 selected	 spots	 on	 25	biofilm	 covered	 glass	
slides	 per	 treatment	 and	 control,	 resulting	 in	 25	 biological	
replicates.	For	this	purpose,	a	MagPI	(magnetic	particle	induction)	
system	was	used	that	was	enhanced	in	a	series	of	modifications	
[23].	 The	 fundamental	 principle	 of	 this	 technique	 is	 that	
ferromagnetic	 iron	 particles	 (Partrac,	 UK)	 were	 spread	 on	 the	
biofilm	surface	and	afterwards	attracted	by	an	electromagnetic	
inductor	positioned	in	a	defined	distance	(4	mm)	to	the	biofilm	
surface	 (see	 a	 schematic	 image	 below).	 The	 adhesion	 force	 of	
the	 biofilm	 surface	 is	 regarded	 as	 equivalent	 to	 the	 strength	
of	 the	magnetic	 field	 required	 to	 retrieve	 these	 ferromagnetic	
particles	and	can	be	deduced	from	the	applied	electric	current	
(amperage	[mA]).	Thus,	the	measured	amperage	can	be	used	as	
a	reliable	first	qualitative	proxy	for	the	biofilm	stability	hereafter	
denoted	 as	 “adhesiveness”.	 The	 determination	 of	 the	 biofilm	
adhesiveness	 described	 by	 Larson	 et	 al.	 uses	 four	 different	
thresholds	to	describe	the	varying	behavior	of	the	ferromagnetic	
particles	during	increasing	current	[23]. In this study a threshold 
was	chosen	which	represents	the	level	of	amperage	where	half	
of	the	particles	are	attracted.	Furthermore,	the	gradient	of	the	
magnetic	field	 [mT	mm-1]	could	be	derived	 from	the	amperage	
after	 calibration	 of	 the	 electromagnet	 with	 a	 magnetometer	
(PCE-G28,	 PCE	 Instruments,	 Germany),	 and	 is	 able	 to	 describe	
the	actual	characteristics	of	the	magnetic	field	that	is	responsible	
for	the	particle	attraction.	Thus,	results	of	the	determination	of	
biofilm	adhesiveness	are	sown	as	current	[mA]	as	well	as	gradient	
of	the	magnetic	field	[mT	mm-1] (Table 2 and Figure 1).

Optimization of the MagPI system
As	mentioned	above,	a	broad	range	of	modifications	of	the	original	
MagPI	system	as	described	by	Larson	et	al.	was	performed	in	order	
to	 increase	 the	 sensitivity	 and	 reproducibility	 of	 the	 gathered	
results	[23].	One	major	modification	was	the	use	of	a	customized	
electromagnet	 with	 a	 highly	 magnetisable	 µ	 metal	 core	 that	
displayed	 exceptionally	 lower	 remanence.	 High	 remanence	 as	
found	in	different	metals	may	lead	to	residual	magnetism	in	the	
electromagnet	when	the	current	is	already	turned	off	and	might	
thus	bias	 the	accuracy	of	 subsequent	MagPI	measurements.	 In	
addition,	 to	 ensure	 the	 measurement	 of	 biofilm	 adhesiveness	

on	 a	 comparable	 surface	 area,	 the	 size	 distribution	 of	 the	
provided	ferromagnetic	particles	was	optimized	by	sequentially	
sieving	resulting	in	particle	diameters	between	200	and	350	µm.	
This	 facilitated	 the	 application	 of	 a	 most	 comparable	 number	
of	 particles	 by	 transferring	 a	 defined	 volume	 of	 the	 particles,	
and	 thus	 ensuring	 a	 highly	 reproducible	 coated	 area.	 Finally,	
the	 reproducibility	 of	 the	MagPI	 device	 could	 be	 improved	 by	
the	 implementation	 of	 an	 open	 source	 microcontroller	 unit	
(Arduino	Board	Model	Leonardo	R3,	Conrad,	Germany)	allowing	
the	precise	trigger	of	the	electromagnet	in	a	series	of	gradually	
increasing	 steps	 lasting	 6	 s	 each	 [26,27].	 In	 the	 present	 study,	
range	 finding	 experiments	were	 performed	 prior	 to	 the	 actual	
experiments	in	order	to	ensure	the	most	appropriate	sensitivity	
of	 the	 MagPI	 system.	 Whereas	 natural	 freshwater	 biofilms	
were	 shown	 to	 potentially	 possess	 a	 very	 high	 adhesiveness,	
the	preliminary	assessment	in	this	study	showed	that	the	value	
of	 adhesiveness	 of	 mono-species	 bacterial	 biofilms	 can	 be	 up	
to	 one	 order	 of	magnitude	 lower	 [12].	 To	 further	 validate	 the	
trigger	levels	given	by	the	microcontroller	unit,	a	high-precision	
ammeter	 (Voltcraft	 VC	 950,	 Conrad,	 Germany)	 was	 integrated	
enabling	the	continuous	control	of	the	actual	electric	current.	

EPS compounds and structure of the biofilms 
Prior	 to	 EPS	 extraction,	 biofilms	 were	 sampled	 from	 the	 glass	
slide	surface.	In	total,	the	complete	surface	of	nine	slides	of	each	
treatment	and	18	of	the	control	originated	from	different	petri	
dishes	(nine	slides	during	Phase	1,	and	nine	slides	during	Phase	
2, Table 1)	were	carefully	scraped	off	using	a	sterile	spatula.	The	
colloidal	 (water-extractable)	 EPS	 compounds	 were	 extracted	
from	 biofilm	 samples	 as	 described	 by	 Gerbersdorf	 et	 al.	 [28].	
Subsequently,	 the	 contents	 of	 EPS	 carbohydrates	 and	 protein	
were	 determined	 using	 phenol	 assays	 and	 a	 modified	 Lowry	

Sample Current [mA] Gradient [mT mm-1]
C 227.4	±	24.0 0.9	±	0.3

T1 194.2	±	17.1 0.5	±	0.2
T2 186.9	±	24.5 0.4	±	0.3
T3 184.5	±	14.6 0.4	±	0.2
T4 187.8	±	15.8 0.5	±	0.2

Table 2	Biofilm	adhesiveness	displayed	as	measured	current	[mA]	and	
derived	gradient	of	the	magnetic	field	[mT	mm-1]. 

Figure 1 Schematic	 image	 of	 the	MagPI	 system	modified	 after	
Larson	et	al.	[23]:	By	increasing	the	current	at	the	power	
source,	the	magnetic	field	emitted	by	the	electromagnet	
can	be	increased	until	the	ferromagnetic	particles	(shown	
in	 red)	 are	 attracted.	 In	 this	 study,	 the	 adhesiveness	
of	 the	assessed	biofilm	surface	 is	defined	as	 the	point	
where	half	of	the	particles	have	been	attracted.	
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protocol,	 respectively	 [29-31].	 To	 assess	 the	 biofilm	 structure,	
six	biofilm	covered	glass	slides	of	each	treatment,	and	twelve	of	
the	control	(six	slides	during	phase	1,	and	six	slides	during	phase	
2, Table 1)	were	stained	with	DAPI	(final	concentration	5	µg	l-1)	
for	15	min,	washed	with	deionized	water	 for	10	min	and	were	
finally	 examined	 under	 418	 nm	 excitation	 wavelength	 using	
an	 Axioscop	 fluorescence	microscope	 (Carl	 Zeiss,	 Oberkochen,	
Germany).	Images	were	taken	using	an	Axiocam	MRc	5	(Carl	Zeiss,	
Oberkochen,	 Germany)	 and	 image	 processing	 was	 performed	
using	 ImageJ	 (version	 1.6.0_24)	 to	 calculate	 the	mean	 rate	 of	
covered	surface	by	the	bacterial	cells	[32].	

Statistical Analyse
The	datasets	of	biofilm	adhesiveness,	EPS	contents	and	surface	
coverage	were	checked	for	normal	distribution	using	a	Shapiro-
Wilk	 test	 (confidence	 interval	 95%).	 Homoscedasticity	 of	 data	
originated	from	different	groups/treatments	was	evaluated	with	a	
Brown-Frosythe	test	(confidence	interval	95%).	One-way	ANOVA	
(confidence	 interval	 95%,	 chi-square	 approximation,	 Tukey	
error	 protection)	 was	 performed	 for	 comparison	 of	 normally	
distributed	 datasets.	 As	 only	 the	 dataset	 for	 surface	 coverage	
displayed	normal	distribution,	 the	Kruskal-Wallis	 test	 (with	chi-
square	approximation	and	Bonferroni	error	protection)	was	used	
to	compare	the	different	treatments	for	biofilm	adhesiveness	and	
EPS	 contents:	Mean	 adhesiveness	was	 compared	between	 the	
control	and	the	treatments.	Subsequently,	each	treatment	was	
compared	with	the	control	and	the	treatments	were	compared	
pairwise:	 As	 T1	 and	 T2	 were	 considered	 as	 non-independent	
samples,	 the	 comparison	 of	 these	 two	 treatments	 used	 a	
Friedman	test	(with	Bonferroni	error	protection),	while	all	other	
comparisons	(C-T1,	C-T2,	C-T3,	C-T4,	T1-T3,	T1-T4,	T2-T3,	T3-T4)	
used	 a	 Kruskal-Wallis	 test	 (with	 chi-square	 approximation	 and	
Bonferroni	error	protection).	Mean	surface	coverage	by	biofilm	
cells	 was	 compared	 between	 control	 and	 the	 treatment	 with	
600	µgl-1	AgNPs	(T1)	by	means	of	a	one-way	ANOVA.	In	addition,	
mean	EPS	carbohydrate	as	well	as	protein	contents	were	pairwise	
compared	 between	 the	 control	 and	 T1.	 Correlation	 between	
biofilm	adhesiveness	and	EPS	contents	was	tested	by	calculating	
Spearman's	 rank	 correlation	 coefficients	 after	 pooling	 control	
and	T1	datasets	 (correlation	between	all	adhesiveness	and	EPS	
carbohydrate	values	of	the	control	and	T1	were	evaluated;	in	a	
separate	 approach,	 correlations	 between	 all	 adhesiveness	 and	
EPS	protein	values	of	the	control	and	T1	were	checked).

Results
Characterization of AgNPs
The	 mean	 hydrodynamic	 diameter	 (z-average)	 of	 citrate-
coated	 AgNPs	was	 34.5	 ±	 1.2	 nm	 as	 determined	 by	means	 of	
DLS	 measurements.	 High	 polydispersity	 index	 of	 0.37	 ±	 0.03	
indicated	 a	 broad	 particle	 size	 distribution.	 The	major	 fraction	
(80%)	of	AgNPs	used	in	this	study	was	spherical.	Residual	fraction	
contained	 predominantly	 rod	 shaped	 particles	 and	 only	 small	
amount	of	triangles.	Further	detailed	information	on	the	particle	
size	distribution	and	shape	of	the	AgNPs	are	given	in	Metreveli	
et	al.	[33,34].	The	citrate-coated	Ag	NPs	were	negatively	charged	

displaying	a	zeta	potential	of	-59	±	2	mV	that	underlines	the	high	
stability	of	the	AgNPs	in	the	original	dispersions	(Figure 2).

Effects of AgNPs on structural biofilm 
parameters
Biofilm adhesiveness
The	 exposure	 to	 the	 different	 antimicrobial	 agents	 (T1-T4)	
resulted	 in	 a	 significant	 decrease	 in	 biofilm	 adhesiveness.	 The	
mean	 adhesiveness	 of	 the	 untreated	 biofilms	was	 71.5	 ±	 24.1	
mA,	while	the	mean	value	for	biofilms	after	exposure	to	600	µg	
l-1	AgNPs	(T1)	was	38.3	±	17.1	mA.	The	positive	controls	treated	
with	2.4	mg	 l-1	 AgNPs	 (T2),	 2.4	mg	 l-1 AgNO3	 (T3)	or	125	mg	 l-1 
CuSO4	(T4)	displayed	very	similar	mean	adhesiveness	as	T1	(T2:	
31.5	±	23.8	mA,	T3:	28.8	±	14.4	mA;	T4:	32.1	±	15.7	mA).	This	
observed	 difference	 between	 the	 untreated	 control	 and	 each	
treatment	was	highly	significant	(Kruskal-Wallis,	p<0.0001,	n=25).	
This	result	is	of	particular	interest,	because	600	µg	l-1 is close to 
the	 predicted	 environmentally	 relevant	 concentration	 range	
of	 AgNPs	 causing	 sub-lethal	 impact	 reported	 during	 previous	
experiments	 [35,36].	 In	addition,	 the	 concentrations	applied	 in	
positive	controls	(2.4	mg	l-1 AgNPs, 2.4 mg l-1 AgNO3, 125 mg l-1 
CuSO4)	were	reported	to	have	a	lethal	effect	on	different	types	of	
cells	and	biofilms	[37-39].	As	no	significant	difference	in	biofilm	
adhesiveness	 between	 the	 four	 different	 treatments	 could	 be	
detected,	 the	 effect	 of	 AgNPs	 was	 apparently	 concentration	
independent.	Thus,	the	following	presentation	of	the	results	will	
focus	on	the	comparison	between	the	untreated	control	and	the	
biofilm	 treated	with	 the	 concentration	of	 600µg	 l-1	 AgNPs	 (T1)	
(Table 2 and Figure 3).

EPS compounds and structure of the biofilms
The	 performed	 microscopic	 characterization	 and	 image	
processing	 displayed	 major	 structural	 differences	 between	
exposed	 and	 untreated	 biofilms	 which	 demonstrated	 the	
response	of	 the	biofilm	structure	 to	 the	exposure	of	AgNPs:	 In	
the	presence	of	AgNPs,	cells	of	the	homogeneous	plain	biofilm	

Figure 2 Particle	size	distribution	determined	by	DLS.	The	mean	
hydrodynamic	diameter	(z-average)	was	34.5	±	1.2	nm	
and	the	mean	polydispersity	index	0.37	±	0.03.	The	stock	
dispersion	 of	 AgNPs	 was	 diluted	 with	 demineralized	
(Milli-Q)	water	by	a	factor	of	1:3.
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cluster	 changed	 into	 EPS	 coated	bulky	 aggregates	 and	 thereby	
leaving	a	significant	 fraction	of	 the	surface	as	virtually	cell	 free	
interspaces.	 In	 doing	 so,	 the	 mean	 surface	 coverage	 of	 70.3	
±	11.5%	of	 the	untreated	biofilm	was	reduced	to	41.6	±	19.1%	
after	the	exposure	to	600µg	 l-1	AgNPs	which	 indicated	a	visible	
statistical	trend	(ANOVA,	p=0.049,	n=12).	This	observation	may	
also	 explain	 the	 differences	 in	 the	 mean	 adhesiveness.	 While	
the	 surface	 of	 the	 untreated	 control	 was	 covered	 to	 a	 higher	
extend	with	bacterial	cells	embedded	in	sticky	EPS,	the	biofilms	
in	T1	displayed	large	interspaces	free	of	bacterial	cells	within	the	
biofilm.	 These	areas	with	 low	adhesion	 reduced	 the	measured	
overall	mean	adhesiveness	of	the	corresponding	surface	patches	
(Figure 4). 

The	 contents	 of	 colloidal	 EPS	 compounds	 displayed	 clear	
differences	 between	 the	 untreated	 control	 and	 biofilms	 after	
the	 exposure	 to	 AgNPs	 (600	 µg	 l-1):	 While	 the	 mean	 colloidal	
content	of	EPS	carbohydrates	in	the	untreated	control	was	4.67	
±	2.13	µg	l-1,	the	treated	biofilms	(T1)	displayed	a	mean	value	of	
2.37	±	0.79	µg	l-1.	Parallel	to	this,	the	mean	colloidal	EPS	protein	
content	determined	in	the	untreated	control	was	4.56	±	1.93	µg	
l-1,	whereas	the	treated	biofilms	(T1)	displayed	a	mean	value	of	
2.56	±	0.32	µg	l-1.	In	both	cases	a	significant	difference	could	be	
shown	between	the	untreated	control	and	T1	(Kruskal-Wallis,	for	
carbohydrates	 p=0.0020,	 for	 proteins	 p=0.0040,	 for	 both	 n=18).	
As	a	result,	EPS	contents	and	biofilm	adhesiveness	displayed	high	
correlations	(Spearman,	for	carbohydrates-adhesiveness	p=0.0027,	
r=0.4900,	for	proteins-adhesiveness	p=0.0166,	r=0.4000)	(Figure 5). 

Discussion
Among	 other	 engineered	 inorganic	 nanoparticles,	 AgNPs	 are	
most	widely	 used	 in	 two	 different	ways:	 either	 as	 an	 addition	
to	various	products,	e.g.	 textiles,	 cosmetics	and	pharmaceutics	
[40]	 or	 as	 coatings,	 e.g.	 in	 implants	 [41,42].	 Xiu	 et	 al.	 [43]	
suggested	that	 the	antimicrobial	activity	of	AgNPs	 is	caused	by	
the	 release	 of	 Ag+	 ions	 and	 the	 destabilizing	 effect	 of	 Ag+ ions 
on	 the	 biofilm	 matrix	 could	 be	 demonstrated	 by	 Chaw	 et	 al.	
[44].	However,	the	characterization	of	the	AgNPs	utilized	in	this	
study	 demonstrated	only	 a	 very	 small	 release	of	 the	 dissolved	
silver	 from	 nanoparticles.	 As	 observed	 in	 our	 earlier	 study	 34,	
one	 day	 after	 dispersion	 of	 the	 similarly	 synthesized	 citrate-
coated	 AgNPs	 in	 the	 R2A	 medium,	 only	 0.1%	 of	 the	 initially	
spiked	2	mg	 l−1	 total	Ag	was	 released	 in	 the	 solution,	 resulting	
in	a	 concentration	of	3.9	±	2.2	μg	 l−1.	According	 to	 the	 species	
calculation,	the	released	silver	was	predominantly	present	as	Ag+ 

Figure 3 Biofilm	 adhesiveness	 (n=25)	 of	 the	 untreated	 control	
(C),	after	exposure	to	600	μg	 l-1	AgNPs	(T1),	2.4	mg	 l-1 
AgNPs	(T2),	2.4	mg	l-1 AgNO3	(T3)	and	125	mg	l-1	CuSO4 
(T4).

Figure 4 Alteration	 of	 biofilm	 structure	 by	 AgNP	 exposure	
visualized	 by	 epifluorescence	 microscopy	 and	
DAPI	 staining	 of	 individual	 cells	 of	 Aquabacterium 
citratiphilum:	 Left:	 Untreated	 control,	 right:	 Biofilm	
exposed	to	600	μg	l-1	AgNP,	bars	represent	25	μm.

Figure 5 Contents	 of	 colloidal	 EPS	 compounds	 of	 the	 biofilms	
(n=18).	Carbohydrate	content	and	protein	contents	of	
the	untreated	control	(CC,	CP)	and	after	the	exposure	
to	600	μgl-1	AgNPs	(TC,	TP).
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ions	 (99.4%)	[34].	Nevertheless,	a	clear	effect	of	 the	treatment	
with	 AgNPs	 could	 be	 detected	 regarding	 biofilm	 EPS	 contents,	
biofilm	 structure	 and	 adhesiveness.	 Thus,	 it	 can	 be	 assumed	
that	the	effect	of	silver	nanoparticles	upon	biofilm	functionality	
and	organisation	was	not	exclusively	due	to	the	release	of	silver	
ions.	 Although	 current	 studies	 suggest	 the	 release	 of	 radical	
anions	 in	the	presence	of	AgNPs	which	potentially	damage	cell	
membranes,	the	exact	mechanisms	of	operation	of	AgNPs	is	still	
not	 fully	 unraveled	 [45,46].	 Furthermore,	 the	 colloidal	 stability	
of	the	nanoparticles	in	the	biological	test	media	should	be	also	
considered.	As	observed	in	our	earlier	study,	the	zeta	potential	
of	similar	citrate-coated	AgNPs	after	dispersion	in	R2A	medium	
was	less	negative	(-27	±	1	mV)	than	in	original	dispersion	(-59	±	
2	mV)	due	to	the	compression	of	electrical	double	layer	at	high	
ionic	strength	of	the	medium	(8.75	mmol	 l-1)	 [34].	Despite	this,	
as	 shown	 in	 our	 earlier	 study,	 dispersion	 of	 AgNPs	 in	 the	 R2A	
medium	 leads	 only	 to	 limited	 aggregation	 [34].	 The	 z-average	
hydrodynamic	diameter	of	AgNPs	 increases	 rapidly	only	within	
the	first	 few	seconds	and	 then	 remains	constant	at	 ca.	65	nm.	
The	 R2A	medium	 contains	 surfactant	 Tween	 80	 which	 is	 able	
to	 stabilize	 nanoparticles	 [47].	 The	 R2A	medium	 contains	 also	
proteins	 and	 protein	 fragments	 which	 can	 also	 interact	 with	
nanoparticles,	 form	 a	 protein	 corona	 and	 affect	 their	 stability.	
The	 formation	of	protein	 corona	on	 the	 surface	of	AgNPs	may	
protect	the	nanoparticles	against	dissolution	[48].	

In	addition,	up	 to	now	there	 is	no	clear	and	conclusive	picture	
about	 the	 effects	 of	 a	 treatment	 with	 AgNPs	 upon	 different	
biofilms	and	results	of	some	studies	are	even	contradictive.	On	
the	one	hand,	different	studies	described	the	antibacterial	effect	
of	AgNPs	especially	on	mono-species	biofilms	of	clinical	relevant	
bacteria	and	there	are	indications	that	other	cells	and	organisms	
can	also	be	impacted	[49-53].	Furthermore,	the	possibility	of	AgNP	
treatment	 to	 affect	 the	 community	 composition	 of	 beneficial	
biofilms	e.g.	in	activated	sludge	of	wastewater	treatment	plants	
was	described	[54,55].	On	the	other	hand,	Kroll	et	al.	[16]	stated	
that in contrast to Ag+	 ions,	 AgNPs	 apparently	 have	 no	 direct	
impacts	on	biomass	or	diversity,	but	on	EPS	production	and	the	
three	dimensional	structure	of	benthic	biofilms	[16].	In	general,	
the	formation	of	a	mucilage	layer	composed	of	EPS	constitutes	
an	essential	step	during	the	development	of	a	biofilm	and	the	EPS	
matrix	 has	 various	 different	 ecological	 functions	 including	 the	
provision	of	a	nutrient	reservoir	and	the	formation	of	a	protective	
layer	against	desiccation	and	potentially	harmful	substances	[56]. 
Furthermore,	the	importance	of	EPS	proteins	and	carbohydrates	
for	the	bacterial	attachment	to	different	surfaces	was	repeatedly	
reported	[57-59].	Further	studies	emphasized	that	extracellular	
carbohydrates	 constitute	 a	 driving	 factor	 for	 biofilm	 formation	
and	 stability	 [60-62].	 This	 reported	 high	 correlation	 between	
biofilm	 stability	 and	 EPS	 carbohydrate	 content	 was	 recently	
confirmed	by	Schmidt	et	al.	[12].	However,	in	the	mentioned	study	
the	stability	of	the	biofilm	was	demonstrated	to	be	dependent	on	
extracellular	proteins,	too.	These	findings	are	in	good	correlation	
to	the	results	reported	here:	a	significant	decrease	in	the	content	
of	EPS	compounds	is	directly	proportionate	to	a	highly	significant	
reduction	 in	 the	 adhesiveness	 of	 the	 biofilm.	 This	 gives	 first	
insight	into	the	highly	complex	effects	caused	by	an	exposure	to	

sub-lethal	concentrations	of	AgNPs.	Even	if	an	exposure	to	600	
µg	l-1	AgNPs	can	be	assumed	as	non-lethal	for	individual	biofilm	
cells,	their	cellular	metabolism	and	the	resulting	functionality	of	
the	EPS	matrix	may	be	significantly	affected,	which	influences	the	
overall	biofilm	morphology	and	stability.	These	observations	and	
results	 of	 previous	 experiments	with	mono-species	 biofilms	 of	
Aquabacterium citratiphilum	may	be	correlated	to	a	process	 in	
biofilms	described	by	Kang	et	al.	[63]	where	Ag+	ions	are	detoxified	
by	 reduction	 to	 AgNPs	 via	 the	 EPS	 matrix	 which	 apparently	
grants	a	high	capability	to	detoxify	silver	to	natural	phototrophic	
biofilms	as	suggested	by	Gonzalez	et	al.	[18].	In	addition,	Choi	et	
al.	[64]	could	demonstrate	that	planktonic	bacterial	cells	can	be	
much	more	susceptible	 to	AgNPs	 than	matured	biofilms	of	 the	
same	 species	 of	 bacteria	 suggesting	 the	 protective	 role	 of	 the	
extracellular	mucilage.	

As	 stated	above,	 the	AgNPs	 concentration	used	 in	 the	present	
study	may	be	considered	as	non-lethal	due	to	results	of	previous	
experiments	[19].	However,	the	effects	on	biofilm	adhesiveness	
are	comparable	to	the	reported	decrease	in	biofilm	stability	after	
a	treatment	with	Triclosan	which	is	another	widely	used	antibiotic	
even	when	low	concentrations	of	the	antibiotic	were	used	[14].	
This	 is	 of	 particular	 interest,	 as	 this	 particular	 investigation	 is	
one	of	 just	 a	 few	assessments	of	 the	 impact	of	 anthropogenic	
influences	on	microbial	biostabilization.	Results	of	this	mentioned	
study	suggest	a	correlation	between	bacterial	biomass	as	well	as	
the	diversity	of	the	bacterial	community	and	the	stability	of	the	
biofilm	system.	However,	the	differences	in	EPS	contents	between	
untreated	 control	 and	 the	 different	 treatments	 appeared	 less	
distinct	than	in	the	present	investigation.	A	possible	explanation	
may	be	found	in	the	fact	that	in	contrast	to	our	study	examining	
mono-species	Aquabacterium	biofilms,	natural	complex	bacterial	
assemblages	 were	 used.	 Thus,	 functional	 redundancies	 within	
different	 species	 of	 the	 natural	 bacterial	 community	 appear	
plausible	 that	were	not	present	 in	 the	Aquabacterium	biofilms	
and	resulted	in	a	clearer	decrease	in	EPS	contents.	Nevertheless,	
results	suggest	that	even	if	the	mode	of	operation	differs	between	
non-lethal	AgNPs	and	antibacterial	Triclosan,	the	effects	on	the	
overall	functionality	of	biofilm	system	can	be	very	similar.	

These	various	findings	demonstrate	the	complexity	of	the	various	
possible	effects	of	a	treatment	or	coating	of	a	surface	with	AgNPs.	
However,	 it	 is	 important	 to	note	 that	higher	 concentrations	of	
AgNPs-compared	to	the	used	concentrations	in	our	study-could	be	
demonstrated	to	impact	different	non-target	organisms	[65-68].	
As	prolonged	accumulation	of	nanoparticles	in	the	environment	
may	result	in	these	higher	concentrations	in	the	future,	methods	
to	 determine	 AgNPs	 concentration	 in	 environmental	 samples	
have	been	developed	and	optimized	in	the	 last	years	[69].	This	
optimizations	of	analytics	allow	insights	in	the	current	status	quo	
e.g.	 if	 accumulation	 in	 the	biosphere	occurs	 and	 if	 this	 can	be	
linked	 to	 adverse	 effects	 on	 a	 range	 of	 different	 organisms	 as	
well	as	ecosystem	services	including	microbial	biostabilization	of	
contaminated	fine	lotic	sediments.	Thus,	it	is	essential	to	possess	
suitable	 analytic	 tools	 to	 monitor	 the	 biofilm	 and	 sediment	
stability	 of	 affected	 sites	 in	 the	 environment.	 The	 presented	
optimized	 MagPI	 system	 constitutes	 a	 cost-effective,	 fast	 and	
reliable	 method	 to	 determine	 the	 adhesiveness	 of	 surfaces	
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and	 its	 non-destructive	measurement	 principle	 facilitates	 data	
generation	in	very	high	temporal	and	spatial	resolution.	Due	to	
the	high	sensitivity,	 it	can	be	seen	as	an	essential	 link	between	
biological	 and	 engineering,	 industrial	 or	 medical	 approaches	
e.g.	 aiming	 to	 incorporate	 the	 impact	 of	 biofilms	 in	 sediment	
dynamics	 or	 investigating	 the	 effects	 of	 various	 substances	 on	
biofilm	stability,	adhesives	and	the	resulting	ecosystem	functions	
such	as	microbial	biostabilization	[70].

Conclusion
This	study	could	provide	essential	insights	into	the	impact	of	an	
exposure	of	biofilms	to	a	 low-dose,	sub-lethal,	environmentally	
and	 ecologically	 relevant	 concentration	 of	 AgNPs:	 Although	
previous	studies	strongly	suggested	no	lethal	impact	on	the	level	
of	individual	bacterial	cells	in	the	biofilm	system,	a	clear	structural	
and	 functional	 response	 of	 the	 biofilm	 network	 became	 clear:	
The	 production	 and	 composition	 of	 biofilm	 EPS,	 the	 structure	
of	 the	 biofilm	 as	 well	 as	 the	 overall	 biofilm	 adhesiveness	 was	
significantly	impacted	in	by	the	presence	of	AgNPs.	Especially	the	
fact	that	the	decrease	in	biofilm	adhesiveness	apparently	was	not	

dependent	 on	 the	 concentration	 of	 this	 putative	 antimicrobial	
agent	 demonstrated	 the	 complexity	 of	 the	 biofilm	 system	and	
the	 interaction	 mechanisms	 of	 AgNPs.	 Thus,	 this	 study	 could	
demonstrate	 the	 importance	 of	 a	 thorough	 determination	 of	
the	adhesiveness	of	a	biofilm	system	to	gather	 further	 insights	
into	 fundamental	 biofilm	 processes:	 While	 the	 determined	
biofilm	adhesiveness	constitutes	an	important	marker	for	biofilm	
stability,	more	information	about	the	biofilm	functionality	could	
be	derived	from	this	parameter.	Examples	are	the	nutritional	or	
physiological	state	of	the	microbes	in	the	biofilm	and	the	capability	
of	the	biofilm	to	attract	and	bind	flocs,	particles	or	pollutants	or	
to	 colonize	and	 stabilize	new	surfaces	of	fine	 sediments.	Thus,	
the	MagPI	based	determination	of	biofilm	adhesiveness	could	be	
an	essential	tool	to	perform	a	more	process	orientated,	systemic	
analysis	of	any	kind	of	biofilm	formation.
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