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Nontypeable Haemophilus influenzae (NTHi) commonly causes otitis media, chronic bronchitis in emphy-
sema, and early airway infections in cystic fibrosis. Long-term, low-dose azithromycin has been shown to
improve clinical outcomes in chronic lung diseases, although the mechanism of action remains unclear. The
inhibition of bacterial biofilms by azithromycin has been postulated to be one mechanism mediating these
effects. We hypothesized that subinhibitory concentrations of azithromycin would affect NTHi biofilm forma-
tion. Laboratory strains of NTHi expressing green fluorescent protein and azithromycin-resistant clinical
isolates were grown in flow-cell and static-culture biofilm models. Using a range of concentrations of azithro-
mycin and gentamicin, we measured the degree to which these antibiotics inhibited biofilm formation and
persistence. Large biofilms formed over 2 to 4 days in a flow cell, displaying complex structures, including
towers and channels. Subinhibitory concentrations of azithromycin significantly decreased biomass and max-
imal thickness in both forming and established NTHi biofilms. In contrast, subinhibitory concentrations of
gentamicin had no effect on biofilm formation. Furthermore, established NTHi biofilms became resistant to
gentamicin at concentrations far above the MIC. Biofilm formation of highly resistant clinical NTHi isolates
(azithromycin MIC of >64 �g/ml) was similarly decreased at subinhibitory azithromycin concentrations.
Clinically obtainable azithromycin concentrations inhibited biofilms in all but the most highly resistant
isolates. These data show that subinhibitory concentrations of azithromycin have antibiofilm properties,
provide mechanistic insights, and supply an additional rationale for the use of azithromycin in chronic biofilm
infections involving H. influenzae.

Nontypeable Haemophilus influenzae (NTHi) remains one of
the most common human bacterial respiratory pathogens. It
causes substantial morbidity and mortality and exerts an enor-
mous economic burden. In adults, chronic lower airway bacte-
rial infections are the fourth leading cause of mortality (21),
with an estimated cost of over 23 billion dollars per year (43).
NTHi is the bacterium most commonly isolated from patients
with chronic obstructive pulmonary disease (COPD) (40) and
is most commonly the first lower airway bacterial pathogen in
cystic fibrosis (CF) (36). Additionally, since the introduction of
heptavalent pneumococcal vaccination, H. influenzae has be-
come the most common pathogen in otitis media (2, 4). In
children, otitis media is second only to acute upper respiratory
illnesses for causing sick visits to physicians, resulting in 15
million office visits per year (39), with an economic burden in
excess of 5 billion dollars per year (10).

NTHi biofilm formation may enable it to survive and cause
chronic upper and lower respiratory tract infections despite
aggressive treatment with antibiotics. For example, H. influen-
zae persists in COPD (23, 26), CF (35), and middle ear infec-
tions (31, 32) despite intensive antibiotic therapies. Utilizing a

novel in vitro coculture model, we recently described NTHi
cells forming adherent, antibiotic-resistant biofilms on airway
epithelia (42). Additionally, lung lavage samples from very
young patients with CF displayed structures consistent with
those of NTHi biofilms (42). Communal bacteria in a biofilm
can survive antibiotic concentrations up to 1,000-fold higher
than the same bacteria in an individual, free-living, planktonic
state (17). Therefore, clinically attainable antibiotic concentra-
tions may not adequately clear infections, allowing the bacte-
rial population to recover, persist, and spread.

Long-term, low-dose azithromycin improves clinical out-
comes in CF (7, 37, 38, 45) and diffuse panbronchiolitis (20),
although its mechanism of action remains poorly understood.
Two prominent hypotheses are that azithromycin has benefi-
cial immunomodulatory properties (16, 19, 41) or that it inhib-
its bacterial biofilm formation (9, 12, 18). This study tested the
hypothesis that subinhibitory concentrations of azithromycin
affect NTHi biofilm formation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. NTHi strain 2019 is a clinical isolate
obtained from a patient with COPD (3). Strain 2019wecA is deficient in un-
decaprenyl-phosphate-N-acetylglucosaminyltransferase (13). Plasmid pRSM2211,
expressing GFPmut3, was kindly provided by Lauren Bakaletz (22) and was
electroporated into NTHi strain 2019 and NTHi strain 2019wecA by methods
described previously (24). Clinical azithromycin-resistant strains (S34, S43, S44,
S52, S53, S57, and S61) had identified ribosomal mutations conferring resistance
to azithromycin at �64 �g/ml (33). All strains were reconstituted from frozen
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glycerol stock cultures and propagated on brain heart infusion (BHI) agar or
broth (Difco, Detroit, MI) supplemented with 10 �g of hemin (Sigma Chemical
Co., St. Louis, MO) per ml and 10 �g of NAD (Sigma) per ml at 37°C. For
pRSM2211 selection, 20 �g/ml kanamycin (Sigma) was added to BHI broth or
agar.

Antimicrobial assays. Azithromycin and gentamicin MICs for NTHi strain
2019 containing pRSM2211 were determined using CLSI (formerly NCCLS)
methods by broth microdilution and Etest (AB Biodisk, Piscataway, NJ) by the
Clinical Microbiology Laboratory at the University of Iowa.

Growth curves. We performed growth curves on NTHi strain 2019 in 100%
medium using an initial 1 ml of a culture grown overnight that was diluted in 24
ml of BHI broth supplemented with NAD and hemin with an initial OD at 600
nm of �0.050. Medium containing antibiotic had azithromycin (Pfizer, New
York, NY), gentamicin (Celgro, Warren, NJ), or erythromycin (Hospira, Lake
Forest, IL) added at doses ranging from 0.03 �g/ml to 2 �g/ml. We then incu-
bated the bacteria in a shaker at 37°C and plotted growth curves from measure-
ments of absorbance at 600 nm performed hourly using a Biophotometer (Ep-
pendorf, Westbury, NY). Growth curves were additionally performed in flow-cell
medium (1% supplemented BHI broth in 150 mM NaCl) with and without the
addition of the same antibiotic concentrations describe above. Growth curves
measured in static-culture biofilm assays are described below.

Flow-cell biofilm assay. We utilized a flow-cell system where NTHi bacteria
expressing green fluorescent protein (GFP) attached to the underside of a glass
coverslip develop into a biofilm in slow-flowing medium (5). Flow-cell medium
consisted of 1% BHI broth supplemented with NAD and hemin (both at 1% final
concentrations) in 150 mM NaCl with a 0.08-ml/min flow rate. From preliminary
studies, we found that these conditions reproducibly produced NTHi biofilms.
Medium with antibiotic contained azithromycin (Pfizer), erythromycin (Hos-
pira), or gentamicin (Celgro) at the concentrations indicated. The entire appa-
ratus, including medium, pump, and flow cells, was incubated at 37°C. All
confocal microscopy experiments used NTHi strain 2019 or 2019wecA containing
pRSM2211 expressing GFPmut3 imaged on a Bio-Rad 1024 confocal micro-
scope. Kanamycin was used for plasmid selection pressure prior to flow-cell
inoculation. In separate experiments, we found that pRSM2211 was highly stable
in NTHi strain 2019 and showed no decrease in fluorescence until passaged 10 to
15 times without antibiotic selection. Staining of dead cells with propidium
iodide (44) and biofilm quantification using COMSTAT software (15) were
performed as previously described.

Static-culture biofilm assay. We assayed the biofilm formation of NTHi iso-
lates in 96-well culture microplates as previously described (13, 29, 42), except
that we utilized flat-bottom polystyrene 96-well tissue culture plates to allow
bacterial OD measurements during the biofilm formation process. Mid-log-
phase bacteria were incubated in supplemented BHI broth with the addition of
azithromycin (Pfizer) ranging from 0.06 to 64 �g/ml. Over the initial 7 h, bacterial
growth curves were plotted from hourly measurements of absorbance at 490 nm
using a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA) (n �
4). Biofilm formation was measured at 24 h. We measured both growth over the
initial 7 h and biofilm formation after crystal violet staining at 24 h from the same
wells. This was possible because biomass forms on the side walls of the polysty-

rene well at the air-liquid interface for H. influenzae (data not shown) in a fashion
similar to that seen with other bacteria (29), and planktonic growth is measured
by the OD from the center of the well. This ensured that both growth and biofilm
data came from the same conditions.

Statistical analyses. All statistical analyses were performed with paired two-
tailed Student’s t tests using Microsoft Excel. P values of �0.05 were considered
to be statistically significant. Because of regional variations in the flow cell, five
stacked images were obtained for each condition. Averaged biomass and maxi-
mal thickness values from different flow-cell experiments were used for statistical
analyses. To avoid selection bias, the following imaging protocol was used:
imaging was initiated at the middle of the flow-cell channel starting at �3 mm
from the inflow port; the remaining stacked images were obtained from four
successive, adjacent, and distal optical fields.

RESULTS

Establishing a flow-cell model for NTHi. We optimized
flow-cell culturing conditions to ensure biofilm formation that
was neither too permissive nor too restrictive. Conditions that
are too permissive may allow strains that form biofilms poorly
to appear to be more robust. For example, too slow a flow rate
may not apply enough shear stress to detach weakly formed
biofilms. Conditions that are too restrictive may not allow even
good biofilm-forming strains to form robust biofilms. Wild-
type NTHi strain 2019 formed large biofilm structures with
typical tower and channel structures over 2 days in the flow cell
(Fig. 1A). Strain 2019wecA lacks undecaprenyl-phosphate-N-
acetylglucosaminyltransferase and cannot make the secreted
exopolysaccharide comprising NTHi’s biofilm matrix. We used
2019wecA as a negative control to validate flow-cell conditions
because it produces little or no biofilm in other models (13,
42). This strain formed biofilms poorly in the flow cell (Fig. 1B)
and produced significantly diminished biomass and maximal
thickness as determined by COMSTAT image analysis soft-
ware (Fig. 1C and D). Maximal thickness represents the tallest
bacterial structures, whereas biomass represents the average
bacterial volume of the towers and channels. These data vali-
dated the conditions used in this model.

Determination of subinhibitory concentrations of azithro-
mycin and gentamicin. Based on liquid culture growth curves,
we selected working azithromycin (0.125 �g/ml) and gentami-
cin (0.25 �g/ml) concentrations for flow-cell experiments (Fig.
2A and B). The rationale for the selected concentrations of

FIG. 1. NTHi 2019 forms robust biofilms, and 2019wecA poorly forms biofilms. NTHi strain 2019wecA was used as a negative control because
it is deficient in the ability to form the exopolysaccharide composing NTHi’s biofilm and makes biofilms poorly (13, 42) (see the text).
GFP-expressing NTHi 2019 (A) and 2019-wecA (B) were grown in a flow cell for 2 days. Bacterial biofilms were measured by confocal laser
microscopy. Biofilm mass (C) (P � 0.05) and maximal thickness (D) (P � 0.01) were significantly decreased in the 2019wecA mutant. Repre-
sentative top-down views (top) and side views (bottom) are shown. Each grid represents 10 �m, and scale bars represent 30 �m (n � 3).
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both azithromycin and gentamicin was that both were the high-
est concentrations that allowed near-maximal bacterial density
by the 24-h time point (Fig. 2A and B). Maximal doubling
times were 44, 51, and 63 min for the no-antibiotic control,
azithromycin at 0.125 �g/ml, and gentamicin at 0.25 �g/ml,
respectively. Thus, the selected concentrations of both antibi-
otics showed some growth inhibition, with gentamicin being
more severely delayed. We additionally performed growth
curves in flow-cell medium (1% medium in isotonic NaCl).
However, static cultures of NTHi grew poorly in this medium
even without antibiotics, attaining a maximum OD at 600 nm
of �0.150. Despite the poor growth, bacteria under conditions
of 0.125 �g/ml azithromycin showed some growth at one-third
the increase in the OD seen without antibiotic. However, bac-
teria under conditions of 0.25 �g/ml gentamicin showed no
growth (data not shown). MICs for NTHi strain 2019 were 0.5
�g/ml for azithromycin and 2 �g/ml for gentamicin as deter-
mined by broth microdilution and Edisk, respectively. Thus,
the selected antibiotic concentrations were 0.25 times the MIC
for azithromycin and 0.125 times the MIC for gentamicin. It
should be noted, however, that these growth curve and MIC
data are not in a continuous-flow system and therefore are best
approximations of relevant antibiotic concentrations in the
flow-cell model.

Azithromycin inhibits biofilm formation and also targets
established biofilms. Using these sub-MIC concentrations of
azithromycin and gentamicin, we next tested if they inhibited
biofilm formation or affected established biofilms in a flow cell.
In the absence of azithromycin, NTHi formed biofilms by 2
days of growth (Fig. 3A). The addition of subinhibitory con-
centrations of azithromycin substantially decreased biofilm for-
mation (Fig. 3B). Compared to the antibiotic-free control,
azithromycin significantly decreased biomass (Fig. 3G) and
maximal thickness (Fig. 3H). These data show that azithromy-
cin inhibits NTHi biofilm formation. We hypothesized that
subinhibitory concentrations of azithromycin would only de-
crease biofilm formation and not affect established NTHi bio-
films, as previously shown with Pseudomonas aeruginosa (11).
To test whether azithromycin affected established biofilms, we
continued these 2-day flow-cell experiments for an additional 2
days in either the presence or absence of azithromycin (Fig. 3C
to F). Contrary to our hypothesis, azithromycin also signifi-
cantly reduced the biomasses and maximum thicknesses of

established NTHi biofilms (Fig. 3D, G, and H). Control bio-
films in the absence of antibiotic from days 0 to 4 continued to
increase in size over days 2 to 4 (Fig. 3C). After inhibiting
NTHi biofilm formation with azithromycin over days 0 to 2
(Fig. 3B), the removal of azithromycin on days 2 to 4 allowed
subsequent biofilm formation (Fig. 3E), with significant in-
creases in both biomass and maximal thickness (Fig. 3G and
H). Continuous azithromycin exposure from days 0 to 4 re-
sulted in minimal biofilm formation over days 2 to 4 (Fig. 3B
and F). These data show that subinhibitory concentrations of
azithromycin not only decrease NTHi biofilm formation but
also diminish established biofilms.

Other antibiotics do not affect NTHi biofilms at subinhibi-
tory concentrations. To test the specificity of azithromycin’s
biofilm inhibition, we investigated if other antibiotics with sim-
ilar mechanisms of action exhibited similar properties. We
chose gentamicin to test the specificity of the antibiofilm effects
of azithromycin because it also inhibits protein synthesis by
ribosomal binding and is commonly used in clinical practice.
Despite a more profound delay on the growth curve (Fig. 2A
and B), subinhibitory concentrations of gentamicin (0.25 �g/
ml) showed no inhibition of biofilm formation over 2 days (Fig.
4B). In contrast to azithromycin, once NTHi biofilms formed
under antibiotic-free conditions over 2 days, they became
much more resistant to subsequent exposure to gentamicin.
Sustained concentrations four times the MIC (8 �g/ml) were
required to significantly decrease NTHi biofilms (Fig. 4G).
Furthermore, concentrations 8 times the MIC (16 �g/ml) were
required to decrease biomass and thickness, similar to those
under conditions of 0.125 �g/ml azithromycin, at 0.25 times the
MIC (Fig. 3B versus 4H). Therefore, in contrast to azithromy-
cin, NTHi showed the more typical pattern of increased resis-
tance to gentamicin once the bacteria formed a biofilm. We
additionally tested another macrolide antibiotic, erythromycin,
to see if it possessed antibiofilm properties similar to those
displayed by azithromycin. Erythromycin concentrations (0.25
�g/ml) resulting in growth curves similar to those of azithro-
mycin or gentamicin showed only a modest effect and did not
significantly inhibit NTHi biofilms (data not shown). Thus, two
related antibiotics did not exhibit azithromycin’s antibiofilm
properties at subinhibitory concentrations.

Sub-MIC concentrations of azithromycin inhibit biofilm
formation by resistant clinical NTHi strains. We next investi-

FIG. 2. Azithromycin and gentamicin growth curves. NTHi strain 2019 expressing GFP was grown with various concentrations of azithromycin
(A) and gentamicin (B) as indicated. The azithromycin (0.125 �g/ml) and gentamicin (0.25 �g/ml) concentrations (black circles) were chosen for
further studies, because these were the highest concentrations of antibiotic in which the growth reached near that of the nonantibiotic control over
time (24-h time point). Both of these concentrations caused delayed growth, with gentamicin being more profoundly altered.
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gated if sub-MIC concentrations of azithromycin inhibited bio-
film formation by highly resistant clinical strains of NTHi.
These studies also gave insights into azithromycin’s antibiofilm
mechanism of action. All clinical isolates used in these studies
had identified ribosomal mutations decreasing antibiotic bind-
ing and conferring resistance to azithromycin at �64 �g/ml
(33). Using PCR for capsular typing, we verified all clinical
strains as being NTHi (data not shown) (8). If biofilm inhibi-
tion occurred only at concentrations that impacted growth, this
would suggest that the inhibition of biofilms occurred primarily
through growth inhibition. In contrast, if azithromycin concen-
trations that did not affect growth inhibited biofilms, this would
support growth-independent mechanisms. Isolates S34, S43,
S44, and S61 formed biofilms poorly in this model but were
resistant to azithromycin at �64 �g/ml (data not shown). Iso-

lates S52, S53, and S57 formed biofilms. Azithromycin inhib-
ited biofilm formation at concentrations that clearly allowed
growth, at 0.25, 8, 16, and 64 �g/ml for strains 2019-GFP, S52,
S53, and S57, respectively (Fig. 5). This result shows a second
model where azithromycin inhibits biofilm formation at con-
centrations that allow the growth of NTHi. These data show
that the finding that azithromycin affects biofilm formation at
subinhibitory concentrations is a common phenomenon, even
in highly resistant clinical isolates. Notably, inhibition did not
appear to exhibit a dose response; rather, it had an “on-off”
appearance once concentrations exceeded an inhibitory
threshold for the isolate (Fig. 6). It also suggests that slower
rates of growth may be associated with azithromycin’s inhibi-
tion of biofilms. However, it does not exclude the possibility of
a growth-independent mechanism(s).

FIG. 3. Azithromycin at sub-MIC concentrations inhibits biofilm formation and decreases established NTHi biofilms. Representative top-down
view (upper) and side view (lower) confocal images of NTHi biofilms in flow cells from a single experiment are shown. NTHi forms robust biofilms
in the absence of antibiotics over 2 days (A) and 4 days (C). After establishing biofilms from days 0 to 2, azithromycin (0.125 �g/ml) added to the
medium for days 2 to 4 decreased both biofilm volume and thickness (D). From the time of inoculation, azithromycin (0.125 �g/ml) inhibited NTHi
biofilm formation over 2 days (B) and 4 days (F). When azithromycin was removed starting at day 2, biofilms began to form on days 2 to 4 (E).
Total biomass and maximum thickness of NTHi were quantified utilizing MatLab and COMSTAT on days 2 and 4. Gray lines indicate no
antibiotic, and black lines indicate azithromycin (0.125 �g/ml). No Abx-No Abx, no antibiotic from days 0 to 4; No Abx-AZM, no antibiotic from
days 0 to 2 and azithromycin from days 2 to 4; AZM-No Abx, azithromycin from days 0 to 2 and no antibiotic from days 2 to 4; AZM-AZM,
azithromycin from days 0 to 4. *, P � 0.05 versus no antibiotics at day 2; **, P � 0.05 versus azithromycin at day 2; †, P � 0.01 versus no antibiotics
at day 2; ††, P � 0.01 versus azithromycin at day 2 (n � 5). Squares indicate 12 �m, and scales bars represent 24 �m.
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Concentrations of azithromycin that inhibit biofilms do not
kill NTHi. Additionally, we verified that the concentrations of
azithromycin that affect both biofilm formation and established
biofilms were submicrobicidal and did not kill NTHi in the flow
cell. Because the data from the growth curves in both 100%
and 1% flow-cell media came from static-culture ODs, these
results may not adequately reflect the conditions present in a
continuous-flow system like the flow cell. Therefore, we per-
formed propidium iodine staining of dead NTHi cells in the
flow cell to verify bacterial viability. Live NTHi cells express
GFP, and only dead bacteria take up propidium iodide. There-
fore, live bacteria will fluoresce green and dead cells will flu-
oresce red in this model. The vast majority of bacteria in both
the nonantibiotic control and azithromycin-treated groups re-
mained alive in the flow cell (Fig. 7). The viability of the
bacteria was further evidenced by the growth of the bacteria
from days 2 to 4 after the removal of azithromycin in the
crossover studies (Fig. 3E). Additionally, the growth curves
from azithromycin-resistant clinical isolates clearly showed

biofilm inhibition at concentrations that permit bacterial
growth (Fig. 5A to D).

DISCUSSION

This report demonstrates that azithromycin both decreases
biofilm formation and diminishes established NTHi biofilms at
subinhibitory concentrations. Gentamicin and erythromycin,
which have similar mechanisms of antimicrobial action, did not
exhibit similar effects. The concentrations of azithromycin that
inhibited biofilm formation allowed bacterial growth, and the
bacteria remained viable after azithromycin exposure. Subin-
hibitory concentrations of azithromycin that affected NTHi
biofilms delayed growth, suggesting that ribosomally mediated
growth inhibition may be one mechanism of its antibiofilm
properties. However, the biofilm and growth curve data sug-
gest that azithromycin’s inhibition of biofilms may not simply
be a growth inhibition phenomenon. These studies also vali-

FIG. 4. Established NTHi biofilms display gentamicin resistance. Representative top-down confocal images of NTHi biofilms in flow cells from
a single experiment are shown. The gentamicin (Gent) (0.25 �g/ml) condition did not significantly reduce biomass or maximal thickness on days
2 (A versus B) or 4 (C versus D). After establishing NTHi biofilms under antibiotic-free conditions from days 0 to 2, biofilms were exposed 1 to
16 �g/ml of gentamicin as indicated (E to H). Biomass was decreased in a dose-dependent manner; however, biofilm structures persisted in all but
the 16-�g/ml condition. Total biomass and maximum thickness of NTHi biofilms grown under the indicated conditions were quantified utilizing
MatLab and COMSTAT on days 2 and 4. No Abx-No Abx, no antibiotic from days 0 to 4; Gent 0.25-Gent 0.25, 0.25 �g/ml gentamicin from days
0 to 4; No Abx-Gent, no antibiotic from days 0 to 2 and 1, 4, 8, or 16 �g/ml gentamicin from days 2 to 4 (n � 3). Scale bars indicate 30 �m. *,
P � 0.05 versus the no-antibiotic condition at day 2.

VOL. 52, 2008 AZITHROMYCIN INHIBITS NTHi BIOFILMS 141



dated the flow-cell model for use with H. influenzae biofilms,
and this model may be useful for future NTHi biofilm studies.

Although we hypothesized that subinhibitory concentrations
of azithromycin would decrease biofilm formation only, they
also decreased the volume and height of established biofilms.
This differs from data for P. aeruginosa, where azithromycin
inhibited biofilm formation only and had no affect once bio-
films became established (11). The ability to decrease estab-
lished biofilms makes these results more clinically relevant,
since many patients would likely have established biofilms by
the time treatment with azithromycin would be initiated.

Although having a mechanism of action similar to that of
azithromycin, gentamicin did not posses antibiofilm properties
at subinhibitory concentrations. With the biofilm models used
in these studies, we demonstrated that gentamicin and eryth-
romycin do not show antibiofilm properties at subinhibitory
concentrations (Fig. 4). We hypothesize that azithromycin’s
inhibition of NTHi biofilms at subinhibitory concentrations is a
specific property not shared by other antibiotics with similar
structures or mechanisms of action. Studies of other bacteria
have shown that azithromycin possesses unique antibiofilm
properties. Of 21 commonly used antibiotics, azithromycin
and, to a lesser degree, clarithromycin were the only antibiotics

shown to affect P. aeruginosa biofilms at subinhibitory concen-
trations (25).

Diminishing established NTHi biofilms required a much
higher dose of gentamicin. The concentrations of gentamicin
that diminished established NTHi biofilms approached the
high end or exceeded clinically attainable concentrations. The
standard dosing of gentamicin of three times a day has target
peak serum levels of 5 to 10 �g/ml, and once-a-day dosing
rarely exceeds 15 �g/ml (30). Furthermore, gentamicin levels
in airway secretions are roughly threefold lower than serum
levels, so bacteria in the airway would be unlikely to encounter
gentamicin concentrations much above 4 �g/ml (30). Estab-
lished NTHi biofilm inhibition required sustained gentamicin
concentrations four times the MIC (8 �g/ml) to significantly
decrease biomass (Fig. 4G) and eight times the gentamicin
MIC (16 �g/ml) to decrease biomass and thickness similar to
azithromycin at 0.25 times the MIC (0.125 �g/ml) (Fig. 3B
versus 4H). As the methods used for these studies involved
continuous exposure, we predict that shorter exposure times of
gentamicin in clinical settings would have even less inhibitory
effects. Finally, these studies used a relatively gentamicin-sen-
sitive NTHi strain. Biofilms of gentamicin-resistant isolates
would likely display resistance to even higher concentrations of

FIG. 5. Azithromycin inhibits biofilm formation in azithromycin-resistant clinical isolates. Isolates were incubated overnight in 96-well plates
in the presence of 0.06 to 64 �g/ml azithromycin. Growth curves were measured over the initial 7 h of incubation. Biomass was assayed using crystal
violet as described in Materials and Methods. NTHi 2019 expressing GFP (A) shows a similar pattern of biofilm inhibition at subinhibitory
azithromycin concentrations compared to highly azithromycin-resistant clinical NTHi isolates (B to D). Arrows indicate the threshold at which
biofilm formation was diminished. Representative growth curve and biofilm formation data from a single experiment are shown (n � 3).
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gentamicin. On the other hand, azithromycin decreased form-
ing and established biofilms in clinically relevant concentra-
tions. The 0.125-�g/ml concentration of azithromycin used in
these studies is approximately that found in serum (28). More
importantly, azithromycin concentrates in human tissues, at-
taining 3 �g/ml in airway surface liquid (28) and 9 �g/ml in CF
sputum (1). This study showed that even the most azithromycin
resistant of over 6,000 clinical NTHi isolates were susceptible
to biofilm inhibition at sub-MIC azithromycin concentrations
(Fig. 5). This suggests that clinically attainable azithromycin

concentrations would inhibit NTHi biofilms in all but the most
resistant clinical isolates.

These data suggest that although growth inhibition is impor-
tant, there may be additional factors that mediate biofilm in-
hibition. At the concentrations used in this study, gentamicin
had more profound effects on delaying growth than azithro-
mycin based on the growth curves using 100% (Fig. 2) and
flow-cell (data not shown) media. If azithromycin’s antibiofilm
effects were purely a growth inhibition phenomenon, we would
expect the gentamicin condition to have exhibited more biofilm

FIG. 6. Biofilm formation in resistant clinical isolates is inhibited by azithromycin above a threshold concentration. We graphed the biomass
formed in the static-culture biofilms exposed to the various concentrations of azithromycin shown in Fig. 5. We measured growth over the initial
7 h and biofilm formation at 24 h from the same wells. All three clinical isolates showed a marked decrease in biofilm formation above a threshold
concentration of azithromycin. Representative data are shown (n � 3).

FIG. 7. NTHi remains viable after exposure to azithromycin. NTHi strain 2019 expressing GFP was grown in the absence (A) or presence (B) of
azithromycin (0.125 �g/ml) for 2 days. Biofilms were then stained with propidium iodide for 15 min. Permeabilized (dead) bacteria stain red,
whereas live bacteria fluoresce green. Representative top-down views (top) and side views (bottom) are shown (n � 3). Each grid represents 10
�m, and scales bars represent 20 �m.
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inhibition. Additionally, if growth were the sole mediator of
biofilm inhibition, we would also expect the inhibition of bio-
film formation to be proportional to the growth of the bacteria.
Rather, we saw an “on-off” appearance with increasing con-
centrations of azithromycin (Fig. 6). Further study is needed to
clarify the mechanism by which azithromycin inhibits NTHi
biofilms. Because NTHi biofilms may be involved in the patho-
genesis of COPD, otitis media, and early CF infections (6, 14,
27, 34, 42), these results could have important clinical impli-
cations and provide an additional rationale for the long-term
use of azithromycin in NTHi-related diseases. However,
chronic antibiotic use would have to be weighed against the
possibility of selecting for resistant organisms and adverse side
effects.

In conclusion, we show that azithromycin decreased both
biofilm formation and established H. influenzae biofilms at
subinhibitory concentrations. This antibiofilm effect was not
seen with gentamicin or erythromycin and may be a property
specific to azithromycin. Biofilm inhibition occurred only at
concentrations that delayed growth; however, the pattern of
inhibition suggests that there may be factors in addition to
growth inhibition that mediate azithromycin’s antibiofilm
properties. These data provide a rationale for the use of
azithromycin in diseases involving chronic NTHi biofilms, such
as COPD, otitis media, and early infections in CF.
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