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ABSTRACT Biofilm-associated infections caused by Acinetobacter baumannii are ex-
tremely recalcitrant to antibiotic treatment. We report that A. baumannii develops a
mature biofilm when grown in complement-free human serum (HS). We demon-
strate that 16 �M gallium nitrate (GaN) drastically reduces A. baumannii growth and
biofilm formation in HS, whereas 64 �M GaN causes massive disruption of pre-
formed A. baumannii biofilm. These findings pave the way to the repurposing of
GaN as an antibiofilm agent for A. baumannii.
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Acinetobacter baumannii is an important cause of nosocomial infection, especially
among critically ill patients in intensive care units (ICUs) (1). Three international

clonal lineages (ICLs) are responsible for the majority of A. baumannii infections
worldwide (2). Recent isolates belonging to these epidemic lineages invariably disclose
a multidrug-resistant (MDR) phenotype, which narrows the therapeutic options (3, 4),
resulting in higher mortality (5, 6).

In the search for new anti-infective agents against A. baumannii, we have recently
reported that gallium nitrate [Ga(NO3)3; GaN] inhibits A. baumannii growth in vitro and
in vivo by interfering with bacterial iron metabolism (7), paving the way for the
repurposing of Ganite (an FDA-approved formulation of GaN) for the treatment of
pan-resistant or otherwise untreatable A. baumannii infections (8).

Many bacterial pathogens, including A. baumannii, can grow either as dispersed
(planktonic) cells or as matrix-enclosed communities called biofilms. The ability to form
biofilm is shared among clinical A. baumannii isolates, likely because the biofilm mode
of growth contributes to the ecological success of this pathogen in the hospital (1, 9,
10). Biofilm promotes adhesion and facilitates long-term survival of A. baumannii on
both biotic and abiotic surfaces (11, 12). Cells encased in biofilms are characterized by
low metabolic activity and are protected by the extracellularly secreted matrix, which
makes them less susceptible to antibiotics and to components of the host innate
immunity (13). A. baumannii frequently causes biofilm-related infections, especially
ventilator-associated pneumonia and catheter-related infection, which can be ex-
tremely refractory to antibiotic treatment (1, 14).

We have recently shown that complement-free human serum (HS) supports the
planktonic growth of A. baumannii, likely reflecting the propensity of this species for
bacteremic spread (7). Since biofilm-related infections are primary sources for systemic
dissemination, in this work we investigate the ability of A. baumannii to form mature
biofilms also in HS. We also provide evidence that GaN treatment disrupts preformed
A. baumannii biofilms.

RESULTS
A. baumannii growth and biofilm formation in HS. The ability of A. baumannii to

generate biofilm was initially assessed in Mueller-Hinton (MH) broth at 37°C for 48 h by
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the use of a 96-well microtiter plate assay (15). Ten A. baumannii multidrug-resistant
(MDR) clinical isolates, representing the main ICLs, were selected for this purpose (Table
1). The A. baumannii type strains ATCC 19606T and the reference strain ATCC 17978
were also included in the screening panel (Table 1). All A. baumannii isolates showed
the ability to form biofilms in MH broth although to different extents (optical density
at 600 nm [OD600] range of 0.044 to 0.148) (Table 1). Then the ability of A. baumannii
to grow and form biofilm in HS was investigated. All isolates, except the type strain
ATCC 19606T, were able to grow in HS (Fig. 1), and fewer than half of them (C13-373,
ACICU, A60, A491, and A377) developed substantial biofilm levels (OD600 of �0.070)
(Fig. 1). Since HS is sensed by A. baumannii as an iron-poor medium (7), we tested the
effect of exogenously added iron on bacterial growth and biofilm formation. In nearly

TABLE 1 Characteristics of A. baumannii strains used in this study

Strain
Country of
origin Year(s) Source ICL (ST)a Resistanceb

GaN IC90

(�M)c

Biofilm
(OD600)d Reference

ATCC 19606T USA 1948 Urine Non-ICL (931) Susceptible ND 0.108 � 0.007 36
ATCC 17978 France 1951 Blood Non-ICL (959) Susceptible 3.8 � 0.0 0.044 � 0.011 37
AYE France 2001 Urine 1 (231) MDR 10.7 � 1.3 0.069 � 0.011 38
A458 Estonia 2001–2004 Clinical (ARPAC project) 1 (NA) MDR 21.2 � 1.7 0.104 � 0.012 39
A472 Poland 2001–2004 Clinical (ARPAC project) 1 (245) MDR 7.5 � 0.4 0.120 � 0.016 39
C13-373 Italy 2007 Blood 1 (95) MDR 31.0 � 3.2 0.142 � 0.018 40
C6-397 Italy 2007 Blood 1 (196) MDR 28.9 � 0.2 0.133 � 0.019 40
ACICU Italy 2005 Cerebrospinal fluid 2 (437) MDR 14.0 � 2.1 0.134 � 0.012 16
A60 Argentina 2001–2004 Clinical (ARPAC project) 2 (241) MDR 7.7 � 0.1 0.148 � 0.022 40
A491 India 2001–2004 Clinical (ARPAC project) 2 (NA) MDR 14.0 � 2.3 0.085 � 0.020 40
LUH5875 The Netherlands 1997 Blood 3 (NA)e MDR 14.5 � 5.2 0.104 � 0.020 41
A377 Germany 2001–2004 Clinical (ARPAC project) 3 (187) MDR 4.0 � 0.0 0.120 � 0.015 40
aICL, international clonal lineage; ST, sequence type according to the multilocus sequence typing (MLST) Oxford scheme (http://pubmlst.org/abaumannii/); NA, not
assigned.

bMDR, multidrug resistant.
cThe IC90 in HS was determined as described by Antunes et al. (7);.ND, not determined due to poor growth.
dBiofilm formation was determined after 48-h growth in MH broth.
eST3 according to the MLST Pasteur scheme (http://pubmlst.org/abaumannii/).

FIG 1 Growth and biofilm formation in HS by clinical A. baumannii isolates. A. baumannii growth (circles)
and biofilm (bars) in HS and in HS supplemented with 100 �M FeCl3 were determined. Growth was
measured spectrophotometrically (OD600), and biofilm formation was determined after a 72-h incubation
at 37°C using a CV assay. Values represent the means (� standard deviations) of three independent
assays. Asterisks denote statistically significant growth differences (*, P � 0.05; **, P � 0.005; Student’s
t test).
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all isolates, the addition of 100 �M FeCl3 to HS significantly stimulated bacterial growth.
However, iron availability influenced A. baumannii biofilm formation in a strain-
dependent manner, stimulating or reducing biofilm formation or having no effect (Fig.
1). Indeed, a good correlation (rs � 0.72, P � 0.05) between growth yields and biofilm
levels was observed for HS (see Fig. S1A in the supplemental material) but not for
iron-supplemented HS (Fig. S1B).

To gain more insight into the dynamics of A. baumannii biofilm formation in HS, the
invasive MDR clinical isolate ACICU (ICL-2, sequence type 437 [ST437]) (16) was initially
chosen as a model organism since it produces elevated biofilm levels. Tridimensional
biofilm development in HS was investigated by confocal microscopy using eight-well
glass chamber slides incubated at 37°C for up to 96 h (17). Under these conditions,
patches of A. baumannii cell aggregates became visible at 24 h postinoculum in HS,
progressively expanding to attain a thick and confluent layer after 72 h and then
starting dispersion at 96 h (Fig. 2A). Biofilm architecture analysis indicated that biomass
progressively developed for up to 72 h, reaching a maximum of 13 �m3/�m2, con-
comitant with an increase of thickness and surface area (14 �m and 4.0 � 106 �m2,
respectively) (Fig. 2B). The decrease of all biofilm spatial characteristics observed after
96 h is likely due to nutrient exhaustion and consequent dispersal of the mature
biofilm, consistent with the overall dynamics revealed by confocal microscopy obser-
vations (Fig. 2A). ACICU biofilm formation was stimulated by the addition of 100 �M
FeCl3 to HS, with an increase in all spatial characteristics at 72 h (Fig. 2A and B).

FIG 2 Time course of A. baumannii ACICU biofilm formation in HS. (A) Representative confocal micro-
scope images of biofilms (x-y plane and side view) stained with acridine orange. (B) Quantification of
biofilm spatial characteristics determined by analysis with COMSTAT, version 2.1. Five image stacks were
analyzed per condition. Scale bar, 50 �m. �Fe(III), HS supplemented with 100 �M FeCl3.
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GaN inhibits planktonic growth of A. baumannii ACICU without preventing
biofilm formation in HS. A microtiter plate assay (15) was used to investigate the
inhibitory effect of GaN on A. baumannii ACICU planktonic growth and biofilm forma-
tion. We observed that 16 �M GaN strongly inhibited both planktonic and biofilm
growth of A. baumannii ACICU in HS (Fig. 3). Notably, planktonic growth was inhibited
by 72% in the presence of 8 �M GaN, whereas only a 20% biofilm reduction was
observed at this GaN concentration.

GaN disrupts preformed A. baumannii biofilms in HS. For a preliminary assess-
ment of the biofilm-disrupting activity of GaN, A. baumannii ACICU mature biofilms
were developed for 72 h in HS in eight-well chamber slides and then challenged with
increasing GaN concentrations (16, 32, and 64 �M in HS) for 48 and 72 h prior to
analysis by confocal microscopy (Fig. 4A). GaN caused evident disruption of preformed

FIG 3 Effect of GaN on A. baumannii biofilm formation in HS. A. baumannii ACICU growth (circles) and
biofilm formation (bars) in the presence of increasing concentrations of GaN (0 to 16 �M) were
determined. Growth was measured spectrophotometrically (OD600), and biofilm formation was deter-
mined using a CV assay after a 48-h incubation at 37°C. Values represent the means (� standard
deviations) of three independent assays.

FIG 4 Effect of GaN on A. baumannii biofilm disruption in HS. (A) Representative confocal microscope images of
A. baumannii biofilm developed for 72 h in HS at 37°C and then treated with the indicated GaN concentration (16
to 64 �M) for 48 h and 72 h at 37°C. (B) Quantification of biofilm spatial characteristics determined by analysis with
COMSTAT, version 2.1. Five image stacks were analyzed per condition. Scale bar, 50 �m.
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ACICU biofilms in a concentration-dependent manner (Fig. 4A), consistent with a
reduction in biofilm biomass, average thickness, and surface area (Fig. 4B). Notably,
treatment with 64 �M GaN resulted in nearly complete removal of glass-attached
structures after 72 h (Fig. 4A), whereas GaN had no biofilm-disrupting effect in HS
supplemented with 100 �M FeCl3 (Fig. S2).

The biofilm-disrupting activity of GaN was further investigated using a selection of
MDR clinical isolates belonging to ICL-1 (C13-373), ICL-2 (A60), and ICL-3 (A377). These
isolates formed substantial biofilm levels in HS (OD600 of �0.070) (Fig. 1) and were
characterized by different 90% inhibitory concentrations (IC90s) of GaN (4.0 to 31.0 �M)
(Table 1). Based on the results obtained with strain ACICU, bacteria were grown in HS
for 72 h in eight-well chamber slides to allow the development of mature biofilms, as
confirmed by confocal microscopy analysis (Fig. 5A). Then preformed biofilms were
challenged with 64 �M GaN in HS for 72 h. Similar to what was observed with the
prototypic strain ACICU, 64 �M GaN caused massive biofilm disruption, resulting in a
strong reduction in biofilm mass, thickness, and surface area for all three MDR isolates
tested (Fig. 5B). It should be noted that biofilm formed by isolate C13-373 in HS was
almost completely disrupted by a GaN concentration approximately twice the IC90.

DISCUSSION

To our knowledge, this study provides the first demonstration that epidemic MDR A.
baumannii isolates can adopt a biofilm mode of growth when exposed to HS. This
finding has relevant clinical implications, given that indwelling medical devices are
primary colonization sites for A. baumannii and represent a major source for systemic
dissemination (18).

Previous experiments have demonstrated that HS is sensed by A. baumannii as an
iron-poor environment (7). Thus, the ability of epidemic MDR A. baumannii isolates to

FIG 5 GaN disrupts the biofilm formed in HS by clinical A. baumannii isolates. (A) Representative confocal microscope
images of A. baumannii A60, A377, and C13-373 biofilms developed for 72 h in HS at 37°C (left panels) and then treated
with 64 �M GaN for 72 h at 37°C (right panels). (B) Quantification of biofilm spatial characteristics determined by analysis
with COMSTAT, version 2.1. Five image stacks were analyzed per condition. Scale bar, 50 �m.
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multiply in HS implies that this organism can overcome the nutritional stress imposed
by the host’s iron-withholding defenses (19). Another important observation is that
some epidemic MDR A. baumannii isolates can form a biofilm during growth in HS. For
most isolates, biofilm levels in HS were lower than in those MH broth (Table 1 and Fig.
1), whereas isolates C13-373 (ICL-1), ACICU, and A60 (ICL-2) generated comparably high
biofilm levels under both conditions. In this context, it must be pointed out that biofilm
testing in HS should provide a more realistic view of the biofilm-generating potential
of individual strains in vivo than observations made using laboratory media. While iron
supplementation had an overall stimulating effect on A. baumannii growth in HS, it was
not perceived as a biofilm-inducing signal by nearly half of the strains tested. This is
consistent with the previously reported variability in the response of A. baumannii
biofilms to iron (9).

Bacterial biofilms are known for being extremely refractory to antibiotic treatments,
thereby posing a serious challenge to the clinical management of biofilm-associated
infections (13, 20). Thus, an important added value of any antimicrobial drug resides in
its ability to prevent biofilm formation and/or eradicate a preformed biofilm. Given the
importance of iron in host-pathogen interactions, drugs interfering with microbial iron
metabolism represent viable candidates for the development of new antibacterials (21).
In this work, we provide evidence that gallium, which behaves as an iron-mimetic metal
(22), is endowed with potent antibiofilm properties in addition to its previously
reported ability to inhibit A. baumannii planktonic growth (7, 23). The antimicrobial
activity of GaN is dependent on the growth medium as this activity is invariably
abrogated in an iron-rich medium, such as MH broth (7, 8, 22). This reinforces the
rationale of testing the antibiofilm properties of GaN in HS. While GaN was effective in
inhibiting A. baumannii planktonic growth in HS at concentrations ranging from 3.8 to
31 �M (IC90 values are given in Table 1), it had no biofilm-preventing activity on the
prototypic strain ACICU upon challenge with subinhibitory GaN concentrations (Fig. 3).
Intriguingly, a moderate shift toward the biofilm mode of growth was observed under
this condition, plausibly as the result of GaN-induced cellular stress. However, a
remarkable (ca. 3.5-fold) reduction of preformed ACICU biofilm was observed after a
72-h exposure to 32 �M GaN, i.e., close to the peak concentration of gallium achievable
in serum of patients undergoing Ganite treatment for cancer-related hypercalcemia
(24). From an in vivo perspective, it is also tempting to speculate that the complement-
dependent bactericidal activity of naive serum could synergize with gallium, thus
potentiating its antibacterial and antibiofilm effects.

The biofilm-disrupting properties of GaN were strengthened by investigations on
representative A. baumannii isolates selected from among those producing high biofilm
levels in HS (Fig. 1). Following GaN exposure, a strong decrease in all biofilm spatial
characteristics was observed for all isolates tested (C13-373, ACICU, A60, and A377),
irrespective of their belonging to different ICLs (Fig. 4 and 5) and having different GaN
IC90s (Table 1).

The inherent ability of A. baumannii epidemic strains to form biofilm in HS repre-
sents a serious concern for clinicians, given that the use of invasive procedures in ICUs
(e.g., intravascular and urinary catheters and drainage and mechanical ventilation
tubes) has been listed as a major risk factor for A. baumannii infection (25, 26). The
antimicrobial properties of metals have been exploited to generate metal-doped
matrixes for the coating of medical devices, and controlled release of antibacterial
metals from implantable materials has been shown to reduce bacterial colonization (27,
28). We believe that the potent antibacterial and antibiofilm properties of gallium,
combined with its good biocompatibility, make this iron-mimetic metal a suitable
candidate for the coating of biomaterials and indwelling medical devices. In support of
this possibility, a number of recent reports have highlighted the efficacy of gallium-
doped materials in counteracting surface proliferation of some pathogenic bacteria,
including A. baumannii (29–32).

Finally, while gallium activity can be potentiated by complexation with suitable
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carriers (23), a potential advantage of GaN is that Ganite (the FDA-approved formula-
tion) could readily be repositioned for off-label treatment of A. baumannii infection.

MATERIALS AND METHODS
Bacterial strains and growth media. A. baumannii strains used in this study are listed in Table 1.

Bacteria were grown in Mueller-Hinton (MH) broth, Chelex 100-treated Trypticase soy broth dialysate
(TSBD) medium (33), or complement-free human serum (HS). Human serum was obtained from 125
healthy donors, following illustration, approval, and subscription of an informed consent. The serum
sampling protocol was approved by the review board of Policlinico Umberto I, Sapienza University,
Rome. Serum samples were pooled, complement was inactivated by incubation at 56°C for 30 min, and
the bulk of HS was sterilized by filtration, as previously described (7), and then stored at �4°C until used.
Bulk HS chemistry was as follows: total serum proteins, 80 mg/ml; total iron, 0.70 �g/ml; ferritin, 0.243
�g/ml; transferrin (Tf), 2.63 mg/ml; total iron binding capacity, 4.27 mg/ml (20% Tf saturation). Iron
chloride (FeCl3) and GaN were added when indicated in Fig. 1 and 2 (FeCl3), Fig. 3 to 5 (GaN), and Fig.
S2 (FeCl3 and GaN).

Growth, biofilm formation, and GaN susceptibility tests. Bacterial cultures grown for �16 h in MH
broth or TSBD were diluted to an OD600 of 0.01 in 100 �l of MH or HS, respectively, and grown for 48
and/or 72 h at 37°C in 96-well microtiter plates, with gentle shaking (110 rpm). Growth was monitored
spectrophotometrically (OD600), and biofilm formation was quantified by a microtiter plate assay (15).
Briefly, planktonic cells were removed, and the attached cells were gently washed with sterile saline
solution, air dried, and stained for 30 min with 150 �l of 0.1% crystal violet (CV) in water. Wells were then
gently washed twice with water, and the surface-associated dye was dissolved in 200 �l of 96% ethanol
for 20 min at 4°C to prevent ethanol evaporation. The OD600 of the CV eluate was measured in a Wallac
1420 Victor 3V multilabel plate reader (PerkinElmer).

To determine the effect of GaN on A. baumannii planktonic growth and biofilm formation, strain
ACICU was grown in 96-well microtiter plates containing 100 �l of HS supplemented with increasing GaN
concentrations (0 to 16 �M) and incubated for 48 h and 72 h at 37°C.

The GaN concentration that inhibited growth by 90% (IC90) in HS was determined as previously
described (7). When indicated in Fig. 1 and 2 and Fig. S2, cultures were supplemented with 100 �M FeCl3.

Confocal microscopy analyses of biofilm formation and disruption. Bacteria were inoculated at
an OD600 of 0.01 in 200 �l of HS in an eight-well chamber slide (Thermo Fisher Scientific) (17) and
incubated at 37°C under static conditions. To visualize biofilm structures, after biofilm was stained with
acridine orange, each well was filled with saline solution, and the coverslip was sealed to the slide.
Biofilms were observed with a Leica TCS SP5 confocal microscope, and biofilm spatial characteristics were
quantified using COMSTAT, version 2.1 (34, 35), by analyzing at least five image stacks per condition.

For quantification of biofilm disruption in HS, bacteria were inoculated at an OD600 of 0.01 in 200 �l
of HS, incubated at 37°C for 72 h to allow biofilm formation, and then challenged with HS supplemented
with GaN (16 �M, 32 �M and 64 �M) and 100 �M FeCl3, as indicated in Fig. 4 and 5 and Fig. S2.
Microscopy analyses were performed after 48 h and 72 h of treatment, depending on the A. baumannii
strains tested, as described above.

Statistical analysis. A Student t test was used to determine the significance of differences in A.
baumannii growth levels. Spearman’s coefficient (rs) was used to determine the correlation between
growth and biofilm levels. Statistical analyses were performed using GraphPad Prism software.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01563-16.

TEXT S1, PDF file, 1.1 MB.
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