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ABSTRACT Biofilm-associated infections are a clinical challenge, in part because a
hydrated matrix protects the bacterial community from antibiotics. Herein, we evalu-
ated how different osmotic compounds (maltodextrin, sucrose, and polyethylene glycol
[PEG]) enhance antibiotic efficacy against Acinetobacter baumannii biofilm communities.
Established (24-h) test tube biofilms (strain ATCC 17978) were treated with osmotic com-
pounds in the presence or absence of 10� the MIC of different antibiotics (50 �g/ml to-
bramycin, 20 �g/ml ciprofloxacin, 300 �g/ml chloramphenicol, 30 �g/ml nalidixic acid,
or 100 �g/ml erythromycin). Combining antibiotics with hypertonic concentrations of
the osmotic compounds for 24 h reduced the number of biofilm bacteria by 5 to 7 log
(P � 0.05). Increasing concentrations of osmotic compounds improved the effect, but
there was a trade-off with increasing solution viscosity, whereby low-molecular-mass
compounds (sucrose, 400-Da PEG) worked better than higher-mass compounds (malto-
dextrin, 3,350-Da PEG). Ten other A. baumannii strains were similarly treated with 400-Da
PEG and tobramycin, resulting in a mean 2.7-log reduction in recoverable bacteria com-
pared with tobramycin treatment alone. Multivariate regression models with data from
different osmotic compounds and nine antibiotics demonstrated that the benefit from
combining hypertonic treatments with antibiotics is a function of antibiotic mass and li-
pophilicity (r2 � 0.82; P � 0.002), and the relationship was generalizable for biofilms
formed by A. baumannii and Escherichia coli K-12. Augmenting topical antibiotic thera-
pies with a low-mass hypertonic treatment may enhance the efficacy of antibiotics
against wound biofilms, particularly when using low-mass hydrophilic antibiotics.

IMPORTANCE Biofilms form a barrier that protects bacteria from environmental in-
sults, including exposure to antibiotics. We demonstrated that multiple osmotic
compounds can enhance antibiotic efficacy against Acinetobacter baumannii biofilm
communities, but viscosity is a limiting factor, and the most effective compounds
have lower molecular mass. The synergism between osmotic compounds and antibi-
otics is also dependent on the hydrophobicity and mass of the antibiotics. The sta-
tistical models presented herein provide a basis for predicting the optimal combina-
tion of osmotic compounds and antibiotics against surface biofilms communities.

KEYWORDS Acinetobacter baumannii, biofilm, osmotic agent, viscosity, biphasic
response, Acinetobacter, antibiotic resistance, antibiotic treatment, hypertonic,
infection

Bacterial biofilms consist of compact bacterial communities that are enclosed in a
polymeric matrix (1). Biofilms can adhere to inert or living surfaces, and the

bacterial communities within biofilms express phenotypes that are distinct from free-
floating cells, including increased tolerance to antibiotics (2–4). In fact, bacteria within
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biofilms can be up to 1,000 times more resistant to antimicrobial agents than those in
planktonic cultures (5). Acinetobacter baumannii has emerged as an important noso-
comial pathogen (6) that can cause urinary tract infections, secondary meningitis,
wound and burn infections, and pneumonia (7). A. baumannii is a prolific biofilm
producer, which partly explains its resistance to antibiotics, its survival in hospital
environments, and its disease potential. A. baumannii can form biofilms on both abiotic
(polystyrene and glass) and biotic (e.g., epithelial cells and fungal filaments) surfaces (8,
9). It has also been isolated from deep blast wound infections among military personnel
in combat zones (10–12). New strategies are needed to eliminate A. baumannii biofilms
from wound surfaces.

Standard antimicrobial treatments typically fail to eradicate biofilm infections, lead-
ing to chronic infections and the need for surgical removal of afflicted tissues. Several
studies suggest that combinations of different antibiotics may work more effectively
against biofilm-associated infections, but it is debatable if this is a prudent practice
(13–15). Other investigators have studied the effect of osmotic stress on biofilms as a
secondary means to attack these communities. In one study, 6 M NaCl reduced the
number of CFU of a dual-species biofilm consisting of Enterococcus faecalis and
Pseudomonas aeruginosa by 6 log after 72 h of exposure to the osmotic treatment (16).
In another study, 0.4 M NaCl reduced the biomass and changed the gene expression of
Streptococcus mutans biofilms (17). Combining maltodextrin with vancomycin im-
proved antibiotic efficacy against Staphylococcus aureus biofilms (18). Sultana et al. (19)
also demonstrated that a hydrogen peroxide-producing electrochemical scaffold was
more effective against biofilms when operated in the presence of a hypertonic con-
centration of maltodextrin.

For the present study, we evaluated the efficacies of different antibiotics and
osmotic compounds (maltodextrin, sucrose, and polyethylene glycol [PEG]) against A.
baumannii biofilm communities. Sucrose and maltodextrin are nontoxic carbohydrates
that are considered safe for general use and thus may be suitable for clinical applica-
tions (20). PEG is commonly used for different clinical purposes, including for derma-
tological preparations (21). Biofilms were cultured for 24 h before treatment, and the
effects were evaluated by comparing the number of recoverable bacteria from un-
treated and treated biofilms. We found that the most effective treatments against A.
baumannii biofilms combined hypertonic concentrations of lower-mass osmotic com-
pounds with lower-mass hydrophilic antibiotics.

RESULTS
Effect of osmotic compounds on A. baumannii culture. To assess the potential of

osmotic compounds to alter bacterial growth, we determined if the optical density of
A. baumannii culture (ATCC 17978) differed in the presence of these compounds. The
least-squares mean difference in optical density at 600 nm (OD600) for culture alone
compared with culture and osmotic compound was significantly higher for 20 mM
maltodextrin (OD600, 0.299) than for sucrose (OD600, 0.055), PEG 3350 (OD600, �0.046),
and PEG 400 (OD600, �0.031). These results are consistent with A. baumannii using
maltodextrin as a carbon source, and this could be a confounding factor in our analysis
and in clinical applications.

Maltodextrin restores antibiotic efficacy against A. baumannii preformed bio-
films. We next determined if a combinatorial treatment of maltodextrin (20, 40, or 60
mM) and tobramycin (50 �g/ml) would reduce the viability of A. baumannii biofilms
more than treatment with antibiotic alone. Maltodextrin alone at all concentrations had
no measurable effect on the A. baumannii biofilm population compared to the un-
treated control (Fig. 1A, P � 0.05). Treatment with tobramycin alone reduced cell
recovery by 2.2 log (P � 0.05), but the combination of tobramycin with 20 mM
maltodextrin reduced cell counts by �5.5 log. At higher maltodextrin concentrations
(40 and 60 mM), the effect was reversed (Fig. 1A). Relative to individual antibiotic
treatment alone, the enhanced efficacy was also evident for 20 mM maltodextrin
combined with chloramphenicol and ciprofloxacin (P � 0.05) but not for nalidixic acid
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and erythromycin (P � 0.13) (Fig. 2A). The enhanced antibiotic effect was lost between
tobramycin and higher concentrations of maltodextrin, consistent with either con-
founded results from compensatory growth in higher concentrations of maltodextrin or
reduced antibiotic diffusion with increasing viscosity of the solution. Consistent with
the latter supposition, room temperature measurements indicated a �2-fold increase
in viscosity between 20 and 60 mM maltodextrin (Table 1).

Sucrose combined with antibiotics. Because viscosity may be a limiting factor, we
next determined if a lower-mass osmotic compound (sucrose, 342 Da) would alleviate
the viscosity interference that we observed with maltodextrin (2,555 Da). The addition
of 20 mM sucrose (0.48 atm) with 50 �g/ml tobramycin produced a significant
reduction in the number of A. baumannii bacteria (�3 log) that improved as the
concentration was increased to 80 mM (�5 log) (Fig. 1B). We subsequently treated
biofilms with 80 mM sucrose and observed increased efficacies for all antibiotics that
were tested (Fig. 2B). Further increased concentrations of sucrose, as expected, even-
tually resulted in decreasing effectiveness that is likely attributable to increasing
viscosity (Fig. 3A and Table 1). Thus, the biphasic response observed with maltodextrin
(Fig. 1A) was evident with sucrose (Fig. 1B and 3A), but the dynamic range of synergy
with antibiotic efficacy encompassed a larger concentration range for sucrose.

PEG combined with antibiotics. We selected 3,350-Da PEG (PEG 3350) as an alter-
native osmotic compound because it has a mass similar to that of maltodextrin but is not
metabolized. For comparative purposes, we used 6.6 mM PEG 3350 because it should
produce an osmotic pressure equivalent to 20 mM maltodextrin (Table 1). PEG 3350 alone

FIG 1 Effects of osmotic compounds maltodextrin (MD) (A) and sucrose (S) (B) with or without the
antibiotic tobramycin (Tob) against Acinetobacter baumannii preformed biofilms. Error bars represent the
standard errors of the means (SEM) calculated from three biological replicates. Statistical significance was
calculated using a one-way ANOVA and Tukey’s test for tobramycin with or without the osmotic
compound (*, P � 0.05).
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had no effect on cell recovery from the A. baumannii biofilm, but in combination with
antibiotics, there was a clear synergistic effect (P � 0.05; Fig. 2C). Increasing the concen-
tration of PEG 3350 to 52.8 mM was sufficient to demonstrate decreasing antibiotic efficacy
(similar to maltodextrin), presumably due to increasing viscosity (Table 1).

FIG 2 Acinetobacter baumannii biofilm treated with antibiotics alone or in combination with maltodex-
trin (MD, 20 mM) (A), sucrose (80 mM) (B), 3,350-Da PEG (6.6 mM) (C), or 400-Da PEG (26.6 mM).
Antibiotics included tobramycin (Tob; 50 �g/ml), chloramphenicol (Chlor; 300 �g/ml), ciprofloxacin (Cip;
20 �g/ml), nalidixic acid (Nal; 30 �g/ml), and erythromycin (Ery; 100 �g/ml). Error bars represent the
standard errors of the means calculated from three biological replicates. Statistical significance was
calculated using one-way ANOVA with paired comparisons (Tukey’s test) for individual antibiotics with
or without osmotic agent (*, P � 0.05; ns, not significant).

TABLE 1 Osmotic agents used in this study

Osmotic agent
Mass
(Da; g/mol)

Concn
Viscosity
(cP)a

Osmotic
pressure (atm)bmM mg/ml

Maltodextrin 2,555 20.0 51.1 3 0.48
40.0 102.2 ND 0.97
60.0 153.3 7 1.46

Sucrose 342 20.0 6.84 ND 0.48
40.0 13.68 ND 0.97
60.0 20.52 ND 1.46
80.0 27.36 2 1.95
260.0 889.2 3 6.35

PEG 3350 3,350 6.6 22.11 1 0.48
52.8 176.88 5 3.87

PEG 400 400 26.6 10.64 2 1.95
345.8 1,383.2 3 24.9

acP, centipoise, a unit of viscosity. ND, not determined.
batm, atmosphere, a unit of osmotic pressure.
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We also characterized the effect of PEG 400 because of the similarity in mass with
342-Da sucrose. Because 80 mM sucrose was effective with different antibiotics, we
used 26.6 mM PEG 400 to normalize osmotic pressure for comparative purposes (Table
1). As with other osmotic agents, antibiotic efficacy was enhanced significantly in the
presence of PEG 400 (P � 0.05; Fig. 2D). Like sucrose, further increases in PEG 400
concentration eventually resulted in a diminishing benefit (Fig. 3B), but the dynamic
range of effective concentrations was much greater than that of maltodextrin (Fig. 1A).
To determine if these findings were applicable to a diversity of A. baumannii strains, we
applied the PEG 400 and 50 �g/ml tobramycin treatment to 10 additional strains (Table
2). Log reductions were evident for all strains, with a mean reduction of 2.72 log
compared with tobramycin treatment alone (paired t test, P � 0.0001). Three of the
strains were positive for pellicle formation, as defined by Nait Chabane et al. (22), but
there was no significant difference in log reduction between pellicle-forming (n � 3)
and non-pellicle-forming (n � 7) strains (t test, P � 0.18) (Table 2).

Factors affecting antibiotic efficacy under hypertonic conditions. To determine
if there are characteristics of individual antibiotics that affect the magnitude of the

FIG 3 Acinetobacter baumannii biofilms treated with tobramycin (Tob; 50 �g/ml) and increasing con-
centrations of sucrose (A) or 400-Da PEG (B). Log10 CFU for untreated biofilm or biofilm treated with
tobramycin are depicted as horizontal lines. The other lines depict concentration effects for sucrose (A)
or PEG 400 (B) alone or with tobramycin. Error bars represent the standard errors of the means calculated
from three independent replicates.
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synergy with osmotic compounds, we evaluated the difference in log reduction for
antibiotic alone compared with that under antibiotic and hypertonic conditions (20 mM
maltodextrin or 26.6 mM PEG 400). A variety of chemical properties were collated for
different antibiotics, including mass, charge, complexity, and lipophilicity (partial coef-
ficient, log P). The difference in log reduction could not be explained by any single
variable (P � 0.05), but a multivariate regression model with mass and log P (Table 3)
produced a statistically significant fit for the maltodextrin (r2 � 0.85, P � 0.001; Fig. 4A)
and PEG 400 conditions (r2 � 0.84, P � 0.001; Fig. 4B). As an independent assessment
of the robustness of this relationship, we used the same methods to assess the impact
of PEG 400 and antibiotic efficacy against E. coli K-12 biofilms and found a similar robust
relationship between efficacy and mass and log P (r2 � 0.82, P � 0.002; Fig. 4C). The
interaction terms were not significant for these models (and were excluded). All three
multivariate regression models had remarkably similar regression coefficients for these
experiments (Fig. 4A to C).

TABLE 2 Acinetobacter baumannii strains used in this study

Strain IDa

BEI
designationb Isolate informationc

Log10 CFUd

DifferenceeUntreated
Tobramycin
only

Tobramycin and
PEG 400

ATCC 17978 NA NA 7.53 � 0.13 5.24 � 0.30 1.15 � 0.26 4.09
ATCC 19606 NA Urine isolate, 1948 8.19 � 0.12 5.70 � 0.12 1.92 � 0.17 3.78
Isolate 9 NR-13382 Blood isolate 2008 8.10 � 0.14 6.17 � 0.18 3.05 � 0.12 3.12
3-137 (OIFC137) NR-17777 Catheter isolate, 2003 8.02 � 0.13 5.89 � 0.20 2.95 � 0.36 2.94
5-032 (OIFC132)f NR-17778 Wound isolate, 2003 8.04 � 0.22 5.46 � 0.14 3.64 � 0.15 1.82
5-143 (OIFC134)f NR-17781 Wound isolate, 2003 8.09 � 0.06 6.65 � 0.18 3.80 � 0.13 2.85
H72721 NR-9667 Sputum isolate, 2006 7.83 � 0.10 5.46 � 0.14 1.77 � 0.09 3.69
5-189 (OIFC189) NR-17782 Human isolate, no yr 7.94 � 0.08 6.17 � 0.11 4.50 � 0.17 1.67
BC-5 NR-17783 Nosocomial isolate, 2007 8.20 � 0.18 5.76 � 0.15 2.11 � 0.08 3.65
Naval-18f NR-17785 Wound isolate, 2006 7.97 � 0.12 5.81 � 0.17 3.80 � 0.25 2.01
IS-123 NR-17787 Wound isolate, 2009 8.11 � 0.09 6.15 � 0.19 4.46 � 0.19 1.69
aATCC strains were obtained from the American Type Culture Collection (www.atcc.org). All others were obtained from BEI Resources, NIAID, NIH (www.beiresources
.org). ID, identification. All strains were resistant to ampicillin and sensitive to tobramycin in broth culture.

bStrain designation from BEI Resources.
cBasic information about strains as supplied by vendors.
dLog10 CFU expresses the log10-transformed average number of CFU (� standard error of the mean) recovered from untreated biofilms and those treated with 50 �g/
ml tobramycin or 50 �g/ml tobramycin and PEG 400 (26.6 mM).

eDifference is the log10 CFU for biofilms treated only with tobramycin minus the log10 CFU for biofilms treated with tobramycin and PEG 400 (mean, 2.72 log10 CFU),
which was significantly greater than zero (t � 10.027, df � 9, P � 0.0001). The difference for ATCC 17978 was not used for statistical comparisons.

fStrains that form a pellicle according to the methods of Nait Chabane et al. (22). The treatment effect was not different between pellicle-forming (n � 3; mean, 2.23
log10 CFU difference) and non-pellicle-forming (n � 7; mean, 2.9 log10 CFU) strains (t � �1.83, df � 6.5, P � 0.18).

TABLE 3 Antibiotics used in this studyc

Antibiotic Class

Log10 CFUa

Mass (g/mol) Log Pb

Maltodextrin PEG 400

Untreated Treated Untreated Treated

Tobramycin Aminoglycoside 8.14 � 0.18 2.56 � 0.14 7.53 � 0.13 1.15 � 0.26 565 �6.2
Gentamicin Aminoglycoside 8.07 � 0.12 1.4 � 0.15 8.31 � 0.16 1.5 � 0.04 477 �4.1
Kanamycin Aminoglycoside 8.17 � 0.12 1.25 � 0.34 8.21 � 0.13 1.1 � 0.24 582 �6.9
Ciprofloxacin Fluoroquinolone 8.27 � 0.16 2.73 � 0.16 7.24 � 0.2 1.14 � 0.05 331 �1.1
Chloramphenicol Amphenicol 7.8 � 0.09 3.04 � 0.19 7.5 � 0.03 2.34 � 0.18 323 1.1
Ceftiofur Cephalosporin 7.92 � 0.16 4.2 � 0.05 7.89 � 0.08 3.35 � 0.26 523 0.2
Nalidixic acid Quinolone 8.27 � 0.19 4.75 � 0.01 7.65 � 0.01 3.62 � 0.03 232 1.4
Streptomycin Aminoglycoside 8.22 � 0.2 5.46 � 0.03 7.96 � 0.03 4.51 � 0.23 1,457 �8
Erythromycin Macrolide 8.21 � 0.16 7.18 � 0.14 8.18 � 0.19 5.3 � 0.13 733 2.7
Ampicillin Beta-lactam ND ND 7.79 � 0.15 4.44 � 0.17 371 �1.1
Trimethoprim Miscellaneous ND ND 7.61 � 0.16 4.11 � 0.32 290 0.9
aLog10 CFU expresses the log10-transformed average number of cells recovered (� standard error of the mean) from untreated biofilms and number of cells
recovered from biofilms that were treated with antibiotic and maltodextrin (20 mM) or PEG 400 (26.6 mM).

bLog P is the partial coefficient between n-octanol and water. A high log P value indicates greater lipophilicity, whereas a low value indicates greater hydrophilicity.
cLog P and mass values were obtained from PubChem Compound (https://www.ncbi.nlm.nih.gov/pccompound/). ND, not determined.
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FIG 4 The log reduction in recoverable CFU from A. baumannii and E. coli K-12 biofilms can be predicted
from a linear model with antibiotic mass (lower number) and log P (upper number). A very similar linear
relationship was evident for 20 mM maltodextrin (A) and 26.6 mM 400-Da PEG (B) and 26.6 mM 400-Da
PEG (C) used for E. coli K-12 biofilm. Antibiotics included tobramycin (Tob; 50 �g/ml), chloramphenicol
(Chlor; 300 �g/ml), ciprofloxacin (Cip; 20 �g/ml), nalidixic acid (Nal; 30 �g/ml), erythromycin (Ery; 100

(Continued on next page)
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The trade-off between hydrophilicity (negative log P) and lipophilicity (positive log
P) could influence how an antibiotic penetrates into a biofilm or how it interacts with
bacterial membranes. To assess how it interacts with bacterial membranes, we com-
pared the effect of two antibiotics having different log P values (kanamycin, log P �

�6.9, hydrophilic; erythromycin, log P � 2.7, lipophilic). When A. baumannii was
cultured in the presence of 0.5� the MIC of antibiotic (1.9 �g/ml kanamycin or 6.3
�g/ml erythromycin) with or without the addition of 26.6 mM PEG 400, there was no
significant difference in the OD600 at 24 h (paired t test, t � 1.018, df � 3, P � 0.42, and
t � 2.53, df � 2, P � 0.13, respectively). That is, under hyperosmotic conditions, the
benefit of more hydrophilic antibiotics (Fig. 4) is likely due to better penetration of
these antibiotics into the extracellular polymeric substance (EPS) matrix of biofilms
rather than how these antibiotics interact with the bacteria per se.

DISCUSSION

Antibiotic treatment alone is often inadequate to overcome biofilm infections (23,
24). Treatment with hypertonic concentrations of osmotic compounds is a potential
alternative therapy with and without antibiotics (16, 17, 25), although the mechanism
of effect remains speculative, and the effect is rarely evaluated in combination with
different antibiotics. We tested hypertonic concentrations of four osmotic compounds,
and while we observed no benefit using the osmotic compounds alone, in all cases, we
observed a significant reduction in recoverable biofilm cell counts when an “optimal”
concentration of osmotic compound was combined with antibiotics. A validation
experiment (10 A. baumannii strains) that combined PEG 400 and tobramycin demon-
strated reductions in total CFU that were 45- to 6,000-fold (1.67 to 3.78 log) more
effective than when using tobramycin alone (Table 2).

Our findings showed that the increased efficacy from combining hypertonic treat-
ment with antibiotics was dependent on the mass of the osmotic compound and the
mass and lipophilicity of the antibiotic that was used. Larger-mass osmotic compounds
(maltodextrin and PEG 3350) exhibited a sharp decrease in synergistic effect with
relatively small increases in concentration of these compounds (i.e., a “U”-shaped
response). This concentration-dependent effect is likely due to the increasing viscosity
of the solution. Higher viscosity reduces diffusivity of antibiotics within the treatment
solution and therefore might reduce antibiotic penetration into biofilms. This is con-
sistent with the findings of a previous study (18) confirming decreased diffusivity at
higher concentrations of a high-mass compound, such as maltodextrin. This also
suggests that larger-mass osmotic compounds may be less effective when treating
wounds, because changing fluid characteristics in wound beds over time (26) will make
it difficult to control the concentration of the osmotic compounds in proximity to the
wound surface. Lower-mass osmotic compounds (e.g., PEG 400 and sucrose) appear to
be inherently less sensitive to this problem. For example, in the presence of 50 �g/ml
tobramycin, increasing the concentration of maltodextrin from 20 mM to 40 mM
resulted in a much higher CFU count (	3 log; Fig. 1A), whereas increasing the
concentration of PEG 400 by 212 mM resulted in a 	1-log increase (Fig. 3B).

While viscosity is the most likely explanation for the U-shaped response observed in
Fig. 1A, maltodextrin can be used as a carbon source by A. baumannii, and this may be
a confounding factor in our analysis. For example, this might allow compensatory
growth of A. baumannii, which in turn could diminish the efficacy of maltodextrin at
higher concentrations (Fig. 1A). If this effect occurs, it is probably minimal relative to
viscosity, because we observed a similar U-shaped response for high-molecular-mass
PEG (which is not metabolized). It is also possible that a subpopulation of biofilm

FIG 4 Legend (Continued)
�g/ml), streptomycin (Strep; 140 �g/ml), kanamycin (Kan; 30 �g/ml), gentamicin (Gent; 160 �g/ml), and
ceftiofur (Cef; 100 �g/ml). The same antibiotics were used to treat E. coli K-12 biofilms, except nalidixic
acid was replaced with trimethoprim (Tri; 40 �g/ml) and tobramycin was replaced with ampicillin (Amp;
160 �g/ml).
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bacteria becomes quiescent in biofilms, and the introduction of maltodextrin might
enhance metabolic activity, making the cells more susceptible to antibiotics (27, 28). In
our system, however, this is unlikely to be the case, because the relationship between
cell reduction and antibiotic properties was nearly identical for maltodextrin and the
nonnutrient osmotic compound PEG 400 when tested with multiple classes of antibi-
otics (Fig. 4A to C).

PEG is commonly used as a component of pharmaceutical products because it can
enhance drug uptake in vivo (21). For example, Du et al. (29) conjugated PEG (5,000 Da)
to tobramycin and reported increased efficacy against in vivo Pseudomonas aeruginosa
biofilm. Another study showed that ciprofloxacin could be conjugated to PEG (2,000
Da), and this enhanced antibiotic efficacy against both Gram-negative and -positive
bacteria (30). Our experiments did not involve conjugation between the osmotic agents
and antibiotics, although this is probably requisite for successful applications in vivo.
While it is also probable that the mechanisms underlying our findings and those
reported for PEG-conjugated antibiotics are different, the work on PEG-conjugated
antibiotics highlights the fact that PEG is compatible with antibiotic applications and
likely preferable to using maltodextrin, or even sucrose.

We included a diversity of antibiotics in this study as a means to identify charac-
teristics suitable for predicting how the efficacy of antibiotics might change under
hypertonic conditions. For the concentrations of osmotic compounds reported in Fig.
4, the magnitude of cell reduction was reliably predicted (r2 � 0.84) as a linear function
of antibiotic mass and log P (Fig. 4). Several investigators (25, 31) have surmised that
hypertonic treatments increase diffusivity by damaging the biofilm structure and
reducing the distance that antibiotics must diffuse to reach the bulk of the biofilm cells
that are typically located near the bottom of the biofilm. All things being equal, mass
is directly related to diffusivity (32), and thus, larger-mass antibiotics may not reach
biofilm cells as quickly or in sufficient concentration relative to lower-mass antibiotics.
This is somewhat evident by the limited reduction in cell count for large-mass antibi-
otics, such as streptomycin (1,457 Da) and erythromycin (733 Da), but this mass-only
relationship was a poor predictor for other antibiotics, including nalidixic acid (232 Da)
and kanamycin (582 Da) (Fig. 4).

Lipophilicity is an important property for crossing cell membranes (33), but by itself,
this parameter was a poor predictor of cell recovery after treatment. All of the
antibiotics that we tested must pass through or interact with the bacterial cell mem-
brane, and thus, lipophilicity might influence how well these antibiotics function once
they reach cells within the biofilms. Our planktonic culture data, however, indicated
that the addition of PEG 400 had no effect on bacterial growth when combined with
either a hydrophilic (kanamycin, at 0.5� the MIC) or lipophilic (erythromycin, at 0.5�

the MIC) antibiotic. That is, in the presence of a hypertonic solution, the hydrophilicity
of the antibiotic is important for penetration into biofilms rather than for penetration
of the bacterial cells themselves.

The utility of the multivariate models presented in Fig. 4 can be illustrated when
considering how polymyxin treatment might be improved when combined with os-
motic compounds. Polymyxin is frequently used as an antibiotic against A. baumannii
infections (34). This antibiotic has a relatively high mass (1,203 Da) and low lipophilicity
(log P � �2.5), suggesting that combining polymyxin with a low-mass osmotic
compound will improve performance, although the benefit will be less than that with
other antibiotics (estimated 2.8-log reduction, based on Fig. 4B). Importantly, given that
the composition and potentially the degree of hydrophobicity of biofilms may vary
between species (35), the relationship that we found may vary depending on the
pathogen of interest. As a means to partially address this limitation, we included an
analysis of PEG 400 synergy with antibiotics against E. coli K-12 biofilms (Fig. 4C) and
found a relationship very similar to that in our findings with A. baumannii (Fig. 4A and
B). Empirical evaluation of other bacteria is still needed, but the E. coli findings are
consistent with the possibility that the findings from this work can be generalized to
other Gram-negative bacteria.
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We were able to demonstrate a clear synergy between hypertonic treatment with
osmotic compounds and antibiotics. The effective concentration was limited for large-
mass compounds (e.g., maltodextrin), but small-mass compounds provide a much
greater range of effective concentrations. Given the advantages of small-mass com-
pounds and because PEG is already commonly used in pharmaceutical products, we
surmise that a combination of PEG 400 and hydrophilic antibiotics shows considerable
promise for more effective removal of A. baumannii biofilms, particularly as a topolog-
ical application against A. baumannii biofilms in infected wound beds. This relationship
may hold for other biofilm infections, but additional testing is warranted.

MATERIALS AND METHODS
Bacterial strain and reagents. Eleven Acinetobacter baumannii strains were used in this study (Table

2), although strain ATCC 17978 was used for most experiments. Escherichia coli K-12 (ATCC 29947) was
used for comparative purposes. Luria-Bertani (LB; Becton Dickinson and Company, Sparks, MD) agar and
broth were used for bacterial culture. Ampicillin, tobramycin, chloramphenicol, ciprofloxacin, nalidixic
acid, erythromycin, kanamycin, gentamicin, ceftiofur, streptomycin, trimethoprim, maltodextrin, sucrose,
3,350-Da PEG, and 400-Da PEG were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Biofilm assay. We used a test tube biofilm assay that was described previously, with minor
modifications (36, 37). LB broth (15 ml) supplemented with 100 �g of ampicillin was added into 50-ml
conical tubes. Cultures were seeded with bacteria from one colony of each A. baumannii strain that was
grown separately on an LB agar plate. After overnight incubation (37°C with shaking at 200 rpm), cultures
at �1 � 108 CFU/ml were diluted 1:100 in fresh LB medium. An aliquot (3 ml) of each diluted culture was
distributed into 16-ml polystyrene tubes and incubated at 37°C for 24 h without shaking. This procedure
allowed A. baumannii to attach to the plastic and form a biofilm on the sides of the tube that was visually
evident by a ring formed on the internal surface of the tube near the liquid-air interface (36). The culture
supernatant from each tube was then decanted, and the adherent biofilm was washed three times with
sterile phosphate-buffered saline (PBS) (pH 7.2) to remove detached cells. Biofilms were then considered
ready for treatment. After treatment, the number of CFU was estimated. Biofilms were first harvested by
adding LB broth (3 ml) with �10 sterilized glass beads, and then the tube was vortexed for 3 min to
dislodge the biofilm and associated bacteria. CFU counts were then determined by serially diluting the
cell suspension (1:10) in LB broth, and a 6 by 6 drop-plate protocol was used to enumerate bacteria (38).
The exact same procedures were used to prepare E. coli K-12 biofilms and to enumerate the biofilm-
associated bacteria. We followed the methods of Sampson et al. (34) to assess pellicle formation by A.
baumannii strains.

Biofilm treatment. We first determined the MIC of A. baumannii planktonic culture for different
antibiotics, as described elsewhere (39). We subsequently selected a concentration of each antibiotic that
was 10� the MIC when challenging biofilm communities. Biofilms were treated independently with a
hyperosmotic compound (maltodextrin, sucrose, or PEG) or an antibiotic, and with a combination of
osmotic compound and antibiotic. LB broth was used to dissolve or dilute osmotic compounds. Briefly,
test tube biofilm models were treated by adding 4 ml of each test solution into tubes with ring biofilms,
followed by incubation for 18 h at 37°C. Biofilms were then rinsed three times with autoclaved PBS and
harvested for CFU enumeration, as described above. The same methods were used to estimate the MIC
for E. coli K-12 culture and to assess the efficacy of different antibiotics in the presence of PEG 400. All
treatments were evaluated by using three biological replicates.

Culture growth. To determine if the osmotic compounds used in this study had any obvious effect
on growth, we cultured A. baumannii overnight (37°C with shaking at 200 rpm) and then inoculated
culture (1:100) into different dilutions of LB medium (1�, 0.5�, and 0.25�) that were supplemented with
one of the osmotic compounds (20 mM maltodextrin, 80 mM sucrose, 6.6 mM PEG 3350 [3,350 Da], or
26.6 mM PEG 400). These concentrations were selected because they represented concentrations that
appeared to enhance antibiotic efficacy (see Results). Growth curves were measured by optical density
at 600 nm (OD600) for 24 h at 37°C.

Osmotic pressure and viscosity. We estimated the osmotic pressure for different concentrations of
the osmotic compounds by using a published equation to calculating osmotic pressure (40). A Couette
rotational viscometer (Fann model 35; Fann Instrument Company, Houston, TX, USA) was used as
described by the manufacturer to measure the viscosity (in centipoise units) of different solutions of
osmotic compounds. Osmotic compounds were dissolved in LB broth, and viscosity was quantified by
measuring the shear stress of the liquid.

Statistical analysis. To compare the 24-h optical densities of A. baumannii cultures in the presence
of different osmotic compounds, replicates (n � 3) were analyzed by using a two-factor analysis of
variance (ANOVA) (compound, fixed; LB concentration, random) with a Tukey multiple-comparison test
(� � 0.05). Least-squares mean values were reported for the difference between optical density with and
without each osmotic compound. All bacterial counts (in CFU per milliliter) were log transformed prior
to analysis, and every replicate (n � 3 per combination of compound � LB concentration) included an
independent negative control (LB only) for comparison. ANOVA was used to analyze CFU data, and a
Tukey test was used for post hoc pairwise comparisons (Sigma Plot, version 11.0). To assess the relative
efficacies of different antibiotics in the presence of a fixed concentration of osmotic compound, the CFU
(log transformed) from the osmotic compound-antibiotic treatment was subtracted from the osmotic
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compound-only-treated biofilm. This difference was then modeled as a function of antibiotic character-
istics (e.g., mass, charge, etc.) by using multivariate regression [lm()function, R version 3.3.1].
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