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The aim of this study was to determine the susceptibility of hospital and environmental Acinetobacter baumannii isolate
biofilms on ceramics and glass to common disinfectants benzalkonium chloride and chlorhexidine. For this purpose we
developed a new method for biofilm cultivation and quantification on ceramics. The biofilm bacteria were more resistant
to disinfectants than the planktonic populations, as more than 50 % of the biofilm population and none of the planktonic
population survived 5-minute exposure. Furthermore, biofilm populations on ceramic tiles were significantly more resistant
than those on glass coverslips, even though the amount of biofilm was practically the same on ceramics and glass. The
reason for reduced susceptibility of A. baumannii biofilms on ceramics may be related to surface/disinfection interactions.
Our findings suggest that biofilms on ceramic surfaces can be an important source of A. baumannii infection in hospital
environments.
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Acinetobacter baumannii has emerged as an increasingly
important pathogen worldwide. Over the last decade, this
bacterium has become one of the most prominent causes
of hospital infections (1–4). On 27 April 2017, the Web of
ScienceTM listed 5,881 scientific reports (articles, books,
reviews, and abstracts) published between 2010 and 2017
which had Acinetobacter baumannii in the title. They
covered the issues of antibiotic resistance, transmission,
biofilm formation, environmental emergence, susceptibility
to disinfectants, and so on.
A. baumannii infections owe their persistence to
multidrug resistance and the ability to form biofilms (2, 5),
which protect the bacteria from disinfectants and/or
desiccation on abiotic surfaces (6–10).
Reports have shown that commonly used disinfectants,
such as 70 % ethanol, chlorhexidine, sodium hypochlorite,
or quaternary ammonium compounds are 100 % effective
against A. baumannii isolates when used at concentrations
recommended by the manufacturer. When used diluted,
however, disinfectants are not as effective (11–13). In a
report by Lanjri et al. (12), chlorhexidine digluconate was
effective against all tested isolates (N=81) at the
concentration recommended by the manufacturer (0.5 %),
but six isolates showed resistance to 1:10 dilution and 47
to 1:100 dilution. All of these reports underline that the high
persistence of A. baumannii hospital infections is greatly
owed to non-compliance with manufacturer instructions.
Correspondence to: Tomislav Ivanković, University of Zagreb, Faculty of
Science, Department of BiologyRooseveltov trg 6, 10000 Zagreb
E-mail: tomislav.ivankovic@biol.pmf.hr

Another important reason for its increased resistance to
disinfection are biofilms on abiotic surfaces (2).
Babaei et al. (14) suggest that the reduced susceptibility
of A. baumannii to disinfectants correlates with its
multidrug resistance, as they found genes encoding
resistance to common disinfectants such as quaternary
ammonium compounds or chlorhexidine in A. baumannii
hospital isolates. Kawamura-Sato et al. (15) also found that
hospital Acinetobacter spp. isolates with reduced
susceptibility to disinfectants showed higher multidrug
resistance to ceftazidime, ciprofloxacin, and amikacin. A
similar finding was confirmed by an Egyptian group
examining A. baumannii isolates taken in an intensive care
unit (16). Some authors point to cross-resistance, while
others find no significant correlation or evidence thereof
(17, 18).
The aim of our study was to determine the susceptibility
of various A. baumannii isolates in planktonic and biofilm
form to the two most common hospital disinfectants and
compare it to their antibiotic susceptibility profiles. We
started from the hypothesis that biofilm would reduce
susceptibility but then also wanted to see what this would
mean in practice. To that end we compared biofilm
formation on ceramic tiles with that on standard laboratory
glass, assuming that ceramic tiles are a rather common
abiotic surface in hospitals. Our study design brings the
following novelties:
-the tested bacteria included the reference ATCC strain,
hospital isolates, and environmental isolates found outside
hospital settings in municipal wastewater. So far, the
susceptibility to disinfectants or the biofilm-forming
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capacity of A. baumannii environmental isolates has not
been reported;
-A. baumannii biofilm was quantified on commercial
bathroom ceramic tiles as potential reservoirs of A.
baumannii in hospitals. For this purpose we developed a
novel quantification procedure;
-the biofilm-forming capacity of the isolates was
quantified by counting viable cells instead of using the
gentian violet biofilm assay which does not distinguish dead
or non-viable from viable cells as they are counted.

MATERIALS AND METHODS

Germany). Then we added 800 mg L-1 of BAC or CH to
the first tube and halved the BAC or CH concentrations for
each following tube until the final concentration of
3.125 mg L-1. After 1, 5, and 10 min of contact, we
inoculated 10 µL from each vial on nutrient agar plates
containing Tween 20 as a neutralisation agent (1 g L-1, the
Tween 20 was added to cooled nutrient agar after
autoclaving). The plates were set for incubation at 42 °C
for 24 h, examined, and the lowest BAC or CH concentration
with no growth was marked as MBC. The procedure for
MBC determination was done in duplicate.
Biofilm formation on glass coverslips

Bacteria
Eight isolates of Acinetobacter baumannii were used
in the experiments: the ATCC strain 19606, four hospital,
and three environmental isolates (Table 1). All were stored
in a Microbank TM culture storage system (Pro-Lab
Diagnostics, Toronto, Canada) at -80 °C. Before each
experiment the bacteria were grown on nutrient agar plates
(Biolife Italiana, Milano, Italy) containing deionised water,
3 g L-1 of beef extract, 5 g L-1 of peptone, and 20 g L-1 of
agar at 42 °C for 16 h.
The environmental isolates were collected from influent
and effluent wastewater of a Zagreb treatment plant in 2014
as described in detail by Hrenović et al. (19). Hospital
isolates were collected from clinical specimens and stored
at the University Hospital Centre Split as described earlier
by Goić-Barišić et al. (20).

To quantify biofilm formation of A. baumannii isolates
and test the efficiency of BAC and CH against the biofilm
bacteria we used the following procedure (Figure 1):
Step 1
Sterilised (110 °C/6 h) glass cover slips (20×20 mm,
Vitrognost, Zagreb, Croatia) were immersed in 20 mL of
nutrient broth in large, 50 mL polypropylene Falcon tubes
(LLG International, Meckenheim, Germany). One millilitre
of bacterial suspension (108 CFU mL-1) was added to the
tube and incubated in an orbital shaker (150 rpm, Biosan,
Latvia) at 30 °C for 72 h. The tubes were capped but not
tightly sealed to allow aerobic conditions. After 72 h, the
slides were taken out and gently washed with 10 mL of
sterile saline (0.3 % NaCl) to remove loose biomass. Two
glass cover slips were tested in parallel for each experiment.

Determination of minimal bactericidal concentration

Step 2

The minimal bactericidal concentrations (MBC) of
benzalkonium chloride (BAC, Sigma-Aldrich, Taufkirchen,
Germany) and chlorhexidine digluconate (CH, SigmaAldrich, Taufkirchen, Germany) were determined for all
eight isolates using a slightly modified dilution-neutralisation
method (21, 22). For each isolate we prepared a bacterial
suspension of 105 CFU mL-1 (using 1:10 serial dilutions) in
nutrient broth (Biolife Italiana, Milano, Italy) and
distributed 0.5 mL of the suspension to a series of sterilised
Eppendorf tubes (LLG International, Meckenheim,

The glass cover slips with formed biofilm were
completely immersed in 10 mL of nutrient broth in Falcon
tubes for 5 min. Nutrient broth contained the previously
determined MBC concentration for each isolate and
disinfectant. For example, the MBC of BAC for isolate EU1
was 25 mg L-1, so the glass slip with the EU1 biofilm was
immersed in nutrient broth containing 25 mg L-1 of BAC.
The idea was to test whether the bacteria in biofilm would
survive the MBC that had killed 100 % of its planktonic
population.

Table 1 A. baumannii isolates used in the experiments

Designation
ATCC
EU1
EU2
ST4
ST10
IN12
IN21
EF4

Origin
ATCC 19606 strain
Hospital isolate, UHCS, 2004
Hospital isolate, UHCS, 2009
Hospital isolate, UHC, 2009
Hospital isolate, UHC, 2009
Environmental isolate, WWTP of Zagreb, 2014, influent
Environmental isolate, WWTP of Zagreb, 2014, influent
Environmental isolate, WWTP of Zagreb, 2014, effluent

UHCS - University Hospital Centre Split, Croatia; WWTP Zagreb – Central wastewater treatment plant of the city of Zagreb, Croatia
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Figure 1 Schematic of the experiment to test the efficiency of disinfectants against A. baumannii biofilms formed on glass cover slips
or ceramic tiles; BAC – benzalkonium chloride; CH – chlorhexidine digluconate

Step 3
After 5 min, the slip was transferred to another Falcon
tube containing 10 mL of sterile saline. The tube was tightly
sealed and shaken in a vortex shaker (40 Hz) for 3 min to
detach the bacteria from the cover slips and let them float
as planktonic cells in the solution. One millilitre of sample
was taken, diluted serially, and 0.1 mL was inoculated on
nutrient agar plates. After incubation at 42 °C for 24 h, the
colonies were counted and the number of bacteria was
reported as CFU per cm2.
The above procedure for biofilm detachment and
enumeration (Step 3) was validated by determining the
number of the bacteria that remained attached to the cover
slips, as follows: the slip from which the biofilm was
detached was gently washed with sterile saline, transferred
to a Falcon tube containing 10 mL of sterile saline, vortexed
again for 3 min, and the number of the remaining bacteria
counted in the solution. Validation was made for the isolates
ATCC, ST10, and EF4 (two glass slips for each). Seeing
that the number of the remaining bacteria ranged from 1.4
to 7.3×102 CFU cm-2, and that the count of all tested isolates
detached from the cover slips in the first pass was in the
105–107 CFU cm-2 range, we considered the number of the
remaining bacteria insignificant and the counting procedure
valid.
The biofilm-forming potential of the rest of the isolates
was determined using the same procedure as described
above, but Step 2 was skipped.
Biofilm formation on ceramic tiles
For the experiment we purchased one randomly chosen
bathroom mosaic ceramic tile that consists of many

miniature, 2x2 cm tiles. We separated the miniature tiles
and thoroughly washed with soap and water. Tile dimensions
corresponded to the glass cover slips in length and width,
but not in thickness. To grow biofilm on the upper surface
alone, we developed the following procedure: the tiles were
first sterilised by dry heat at 110 °C for 6 h. Then we poured
50 mL of agar solution (BactoAgar, Biolife Italiana, Milano,
Italy; 20 g L-1, autoclaved at 121 °C for 20 min) into a
150 mm plastic petri dish (Anicrin, Scorze, Italy) and
immersed the tiles top up in the agar while it was still fluid,
making sure that it does not cover the upper, ceramic
surface. When the agar solidified, only the upper surface
of the tile was exposed while the bottom and the sides were
immersed in the agar. One petri dish can accommodate
about 10 tiles. Then we inoculated 70 mL of nutrient broth
with an A. baumannii isolate (107 CFU mL-1) and poured
the whole volume in the petri dish to cover the exposed
ceramic surface (Figure 2). The dish content was then
incubated on an orbital shaker (OS-10, Biosan, Riga, Latvia)
to ensure very gentle mixing (50 rpm) at 30 °C for 72 h.
After the incubation, each miniature tile was gently removed
from the agar with sterile tweezers and washed with 10 mL
of sterile saline. Afterward, the tiles were treated in the same
way as glass cover slips. The experiment was done in
duplicate.
Susceptibility of biofilms to disinfectants
Biofilm susceptibility to BAC and CH was calculated
by dividing the bacterial counts after exposure to
disinfectants with the baseline bacterial counts before
exposure (log CFU cm-2) and is expressed as the percentage
of survival.
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Figure 2 Experimental setup for growing biofilm on ceramic tiles (courtesy of R. Horvat)

Susceptibility to antibiotics
The susceptibility of A. baumannii isolates to
carbapenems (meropenem and imipenem), fluoroquinolones
(ciprofloxacin and levofloxacin), aminoglycosides
(tobramycin, gentamicin, and amikacin), folate pathway
inhibitors (trimethoprim and sulfamethoxazole), and a
polymyxin (colistin) was determined from minimal
inhibitory concentrations (MIC) obtained on Vitek2ASTXN05 and AST-N233 testing cards (bioMerieux, Marcyl’Étoile, France). Colistin resistance was confirmed with
the gradient dilution E-test (AB Biodisk, bioMerieux,
Marcy-l’Étoile, France). The tested antibiotic categories
and obtained MICs were chosen and interpreted according
to the criteria set by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) (23).
Statistical analysis
The count of the colony-forming units (CFUs) was
logarithmically transformed to normalise distribution and
equalise variances. For statistical analysis we used the
Statistica v. 12 (StatSoft, Tulsa, OK, USA). The samples
were compared using one-way analysis of variance
(ANOVA) with post hoc Duncan’s new multiple range test
and correlation analysis. Statistical significance was set at
p<0.05.

RESULTS
Susceptibility of planktonic bacteria to disinfectants
The efficiencies of the tested disinfectants were the same
regardless of the contact time, with some exceptions. The
exceptions, where MBC was lower after 5 min than after

1 min of contact, were (isolate/disinfectant): ST10/CH,
IN12/CH, IN21/BAC, and EF4/BAC (Figure 3). Only the
ST4/BAC combination achieved maximum efficiency after
10 min of contact.
EU2 and ST4 showed the highest resistance to both
disinfectants, while EF4 showed the highest resistance to
CH.
BAC was more effective than CH against five isolates
(ATCC, EU1, IN12, IN21, EF4) and CH against one isolate
(ST10).
There was no significant correlation (R=-0.25, p>0.05)
between the efficiency of disinfectants and the origin of A.
baumannii isolates (hospital or environmental).
Susceptibility of biofilms to disinfectants (glass)
The ST4 and ST10 isolates stood out with their biofilmforming capacity (Figure 4) compared to other isolates
(p<0.05).
As expected, the bacteria in biofilms were less
susceptible to disinfectants. While the planktonic
populations were completely inactivated by MBCs, in
biofilms more than 50 % of the population survived
5-minute exposure to disinfectants (Figure 5). The
exceptions were the EU2/BAC, EU2/CH, and EF4/BAC
isolate/disinfectant combinations, where bacteria were
completely inactivated even in the biofilm. These results
were not included in the statistical analysis, as they were
considered extremes.
Statistically, the survival of the bacteria in biofilm
correlated significantly (r=0.66) with the biofilm-forming
capacity in the experiments with BAC but not with CH. In
other words, the bacteria that formed more biofilm were
more resistant to BAC but not to CH.
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Figure 3 Minimal bactericidal concentrations of benzalkonium chloride (BAC) and chlorhexidine digluconate (CH) against
environmental and hospital isolates of A. baumannii after 1, 5, and 10 min of contact

The resistance of the isolates in biofilms correlated
significantly with the respective MBCs in the experiments
with BAC, but this correlation was inverse with CH. In
other words, isolates that were more resistant to BAC as
planktonic were also more resistant in biofilm, but isolates
that were more resistant to CH as planktonic were less
resistant in biofilm.
Susceptibility of biofilms to disinfectants (ceramics)
Our hypothesis was that the bacteria grown on ceramic
tiles would be more resistant to disinfectants than the ones
grown on glass. This is why we selected the two most
susceptible isolates from the glass experiment to test our
hypothesis, namely EU2 and EF4 (both exposed to BAC),

whose biofilms were destroyed by the disinfectant. We
assumed that the results obtained for the most susceptible
isolates would hold true for all of the remaining isolates.
The number of unexposed viable bacteria of the EU2
and EF4 isolates in the biofilm grown on ceramic tiles was
almost identical to glass (see Figure 4, EU2cr and EF4cr).
However, when exposed to BAC, their survival on ceramic
tiles was dramatically higher. From glass, where it was zero,
it rose to 70 % (EU2) and 81 % (EF4) on ceramics (Figure
6). Furthermore, the EU2 biofilm survival was the same
even when exposed to 200 mg L-1 of BAC (Figure 6), and
EF4 survived even at 500 mg L-1, which is 10 times its
MBC.

Figure 4 Viable bacteria counts (mean±SD of duplicates) in biofilms grown for 72 h on glass cover slips or ceramic tiles (EU2cr and
EF4cr); a – significantly different from b and c; b – significantly different from c (p<0.05)
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Figure 5 Survival (mean±SD of duplicates) of bacteria in biofilms grown on glass cover slips after 5 min of exposure to benzalkonium
chloride (BAC) and chlorhexidine digluconate (CH) at their respective MBC concentrations; a – significantly different from BAC
(p<0.05)

DISCUSSION

Susceptibility of A. baumannii isolates to antibiotics
According to the criteria for describing resistance
profiles, adopted from Magiorakos et al. (24), three isolates
were classified as sensitive (susceptible to all or ≥3
antimicrobial categories) and five isolates were classified
as extensively drug-resistant (not susceptible to at least one
agent in all but two or fewer antimicrobial categories) (Table
2). We found no significant differences in MBCs between
these two groups (sensitive and extensively drug-resistant)
regardless of the disinfectant (Figure 7) nor did we find
significant differences in their biofilm-forming capacity.

Planktonic bacteria
At concentrations intended for commercial use
(>10,000 mg L-1) both tested disinfectants were completely
effective to all A. baumannii isolates (tested, but data not
shown).
A. baumannii spp. showed high intra-species variability
in susceptibility to disinfectants. The differences in MBCs
were up to fourfold between the isolates, and similar
findings for A. baumannii and other bacteria have already

Table 2 Minimum inhibitory concentrations (MIC) of antibiotics for A. baumannii isolates
MIC mg L-1)
Carbapenems

Fluoroquinolones

MEM

IPM

CIP

LVX

TOB

GEN

AMK

Folate
pathway
inhibitors
SXT

0.125

0.25

0.25

0.12

0.5

0.5

0.25

20

0.064

S

EU1

8I

2

4R

8R

2

8R

32 R

16

0.5

XDR

EU2

128

32

16

8

R

2

32

64

16

0.19

XDR

ST4

1

0.5

2

1

I

1

8

2

16

0.5

S

ST10

64R

32R

8R

4R

2

16 R

32 R

8

0.19

XDR

IN12

>16R

>16R

4R

>8R

8R

>16R

4

16

0.5

XDR

IN21

0.25

0.25

0.25

0.12

1

1

2

20

0.5

S

Isolate

ATCC
19606

R

R

R

R

Aminoglycosides

R

R

R

Polymyxins

Antimicrobial
resistance
profile

CST

EF4
>32
>32
4
>8
>16
>16
16
32
0.75
XDR
MEM – meropenem; IMI – imipenem, CIP – ciprofloxacin; LVX – levofloxacin; TOB – tobramycin; GEN – gentamicin; AMK – amikacin;
SXT – trimethoprim/sulfamethoxazole; CST – colistin
R – resistant, I – intermediate (based on the EUCAST criteria) (23)
S – sensitive; XDR – extensively drug-resistant (based on Magiorakos et al.) (24)
R

R

R

R

R

R

I
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Figure 6 Survival (mean±SD of duplicates) of bacteria in biofilms grown on ceramic tiles after 5 min of exposure to benzalkonium
chloride (BAC) at various concentrations; a – significantly different from EF4 (p<0.05)

been reported elsewhere (15, 25). Our findings, however,
suggest that this variability does not depend on the origin
of the isolate (hospital or environmental) but is probably
intrinsic to the strain.
Biofilm
The A. baumannii isolates in the biofilm were less
susceptible to disinfectants than the planktonic bacteria.
However, in our experiments more biofilm did not
necessarily mean greater resistance to disinfectants, as this
proved true only for BAC but not for CH. Considering the
relatively small number of isolates tested in our study, this
correlation can only be considered indicative. Just to
compare, no correlation was found between the capacity to
produce biofilm and the MICs of quaternary ammonium
compounds when E. coli was tested (22).
However, it is beyond doubt that biofilms did provide
protection against disinfectants; at concentrations that
eradicated the planktonic populations, the bacterial survival
in biofilms formed on glass was over 50 % even after 5 min
of contact. The glass used in this study is probably the least
suitable substrate for biofilm formation; it is hydrophilic,
inert, and negatively charged, all of the properties that
disfavour biofilm formation. For illustration, hospital
isolates of A. baumannii produced significantly more
biofilm on polycarbonate and polypropylene than on glass
(26).
On ceramics, however, biofilm formation was no greater
than on glass, much to our surprise, as ceramic tiles are not
as abiotic, smooth, and inert as glass. Yet, the survival of
the EU2 and EF4 isolates improved dramatically. Biofilms
grown on ceramics were up to 10 times more resilient to
BAC than the ones grown on glass. This raises the question
how is the material on which biofilm is formed related to
the efficiency of a disinfectant. Egington et al. (27) found

a correlation between the two, as Staphylococcus
epidermidis biofilms were more resistant to disinfectants
when grown on stainless steel than on glass. Lehtola et al.
(28) reported that chlorine was far less effective against
bacterial biofilms in copper than in polyethylene pipes. No
one so far, however, has run experiments to elucidate why
BAC is less effective when used on ceramics than on glass.
Experiments that would determine surface roughness,
specific area, or contact angle would surely help to explain
our findings. What is evident, for now, is that ceramics could
be an important reservoir of viable A. baumannii in hospital
environments. Hospital showers have already been
proposed as possible habitats of A. baumannii (29, 30), and
our findings shed some light on the possible reasons why.
They also point to the need to review and improve
disinfection of ceramic surfaces.
Antibiotic susceptibility and resistance to disinfectants
The isolates used in this study were grouped as sensitive
(three isolates) and extensively drug-resistant (XRD, six
isolates). The sensitive ones were the ATCC strain, one
hospital and one environmental isolate. As the sensitive
group did not differ in MBCs of either disinfectant from
the XRD group, there was no evidence that multidrugresistant (MDR) A. baumannii strains were also more
resistant to the tested disinfectants. Literature about
antibiotic/disinfectant cross-resistance is inconclusive;
some studies showed no apparent connection between
resistance to antibiotics and resistance to disinfectants (17,
18, 31), while some found a significant correlation (14, 22),
some found correlations with certain types of antibiotic but
not with others (16), and some concluded that crossresistance was possible (32). We opted for grouping the A.
baumannii isolates into sensitive and resistant and for
comparing their mean values rather than comparing the
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Figure 7 Comparison of minimal bactericidal concentrations (MBCs) of benzalkonium chloride (BAC) and chlorhexidine digluconate
(CH) between sensitive and extensively drug-resistant (XDR) A. baumannii isolates; Curly brackets mark the compared pairs tested
with Student’s t-test

MICs of specific antibiotics with the MICs of specific
disinfectants, as we believe that such generalisation best
represents real-life conditions, since the A. baumannii
isolates described here were either multidrug-resistant or
sensitive.
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Smanjena osjetljivost na dezinficijense bakterije Acinetobacter baumannii u obliku biofilma na staklu i keramici
Vrsta Acinetobacter baumannii prepoznata je kao trenutačno vodeći uzročnik bolničkih infekcija sa smrtnim ishodom.
Trajna prisutnost A. baumannii u bolnicama posljedica je ponajviše otpornosti na antibiotike te sposobnosti ove bakterije
da stvara biofilm. U radu je testirana osjetljivost biofilma kliničkih i okolišnih izolata vrste A. baumannii na najčešće
korištene dezinficijense, benzalkonijev klorid i klorheksidin. Predložena je nova metoda za uzgoj biofilma na keramičkim
pločicama te su rezultati uspoređeni s biofilmom koji je nastao na staklu. Bakterije unutar biofilma bile su otporne na
dezinficijense; pri koncentraciji dezinficijensa koja je potpuno uništila planktonske bakterije, unutar biofilma preživjelo
je više od 50 % populacije, čak i nakon petominutnog izlaganja dezinficijensima. Značajno je opažanje da su bakterije u
obliku biofilma na keramici znatno otpornije na dezinficijense od bakterija u obliku biofilma na staklu, iako je brojnost
bakterija bila podjednaka. Navedeni rezultati upućuju na zaključak da je međudjelovanje materijala i dezinficijensa važan
čimbenik koji određuje učinkovitost dezinfekcije. Sposobnost stvaranja biofilma na keramičkim površinama moguće je
ishodište i značajno stanište bakterija A. baumannii u bolničkom okružju.
KLJUČNE RIJEČI: bolničke infekcije; dezinfekcija; otpornost na antibiotike; surfaktanti

