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ABSTRACT

The inflammatory middle ear disease known as otitis media can become chronic or recurrent in some cases due to failure
of the antibiotic treatment to clear the bacterial etiological agent. Biofilms are known culprits of antibiotic-resistant
infections; however, the mechanisms of resistance for non-typeable Haemophilus influenzae biofilms have not been
completely elucidated. In this study, we utilized in vitro static biofilm assays to characterize clinical strain biofilms
and addressed the hypothesis that biofilms with greater biomass and/or thickness would be more resistant to
antimicrobial-mediated eradication than thinner and/or lower biomass biofilms. Consistent with previous studies,
antibiotic concentrations required to eliminate biofilm bacteria tended to be drastically higher than concentrations
required to kill planktonic bacteria. The size characterizations of the biofilms formed by the clinical isolates were compared
to their minimum biofilm eradication concentrations for four antibiotics. This revealed no correlation between biofilm
thickness or biomass and the ability to resist eradication by antibiotics. Therefore, we concluded that biofilm size does not
play a role in antibiotic resistance, suggesting that reduction of antibiotic penetration may not be a significant mechanism
for antibiotic resistance for this bacterial opportunist.
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INTRODUCTION

Otitis media (OM) is a highly burdensome disease that af-
fects most children by the age of 3 (Klein 2000; Pichichero
2013; Dickson 2014). TheGram-negative bacteriumnon-typeable
Haemophilus influenzae (NTHi) is one of the leading causes of OM.
While NTHi is able to live commensally in the nasopharynx, in-
flammation and dysfunction of the Eustachian tube may allow

the bacteria to enter the middle ear space and establish an in-
fection (Pichichero 2013). NTHi is a highly genetically diverse
species, with most clinical isolates being unique from one an-
other (Erwin et al. 2008; Lacross et al. 2008; Kaur et al. 2011).

Along with NTHi, Streptococcus pneumoniae and Moraxella
catarrhalis are the other most common bacterial causes of OM,
and the disease can often be polymicrobial in nature (Murphy
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et al. 2009; Holder et al. 2012). Identification of the etiological
agent of a case of OM typically remains undetermined. There-
fore, OM is treated empirically with antibiotics, with high-dose
amoxicillin being the first-line recommendation (Lieberthal et al.
2013). However, treatment failure and relapse can occur, result-
ing in chronic or recurrent infections that may require multiple
courses of antibiotics (Sox et al. 2008; Pichichero 2013; Dickson
2014).

A significant reason antimicrobial therapy is often unsuc-
cessful is that NTHi is able to form biofilms in the middle
ear, which have been observed in both the chinchilla model
of OM and in the middle ears of children with OM (Ehrlich
et al. 2002; Hall-Stoodley et al. 2006). Enhanced tolerance to an-
timicrobials and evasion of the host immune defenses are at-
tributes of biofilm communities. Several mechanisms have been
described that could contribute to the increased antibiotic resis-
tance, including a reduced ability of the drug to penetrate the
biofilm structure (Costerton, Stewart and Greenberg 1999; Mah
and O’Toole 2001; Fux et al. 2005; Slinger et al. 2006).

In this study, we have isolated clinical strains of NTHi from
children undergoing tympanostomy tube placement in order to
characterize their biofilms and antibiotic susceptibility profiles.
We hypothesized that NTHi strains forming larger (in terms of
biomass or thickness) biofilms would be more resistant to erad-
ication by antibiotics than strains forming smaller biofilms.

METHODS

Bacterial strains and growth conditions

Eight NTHi clinical strains were isolated and used in this study:
Otis1, Otis2, Otis3, Otis4, Otis6, Otis7, Otis8 and Otis10. NTHi
strains were grown on brain heart infusion (BHI) agar (BD) sup-
plemented with hemin (10 μg mL−1; MP Biomedicals) and NAD
(10 μg mL−1; Sigma); this media is referred to as supplemented
BHI (sBHI). For in vitro assays, NTHi strains were grown in sBHI
broth.

In order to isolate clinical NTHi strains, middle ear fluid
samples from children undergoing placement of tympanostomy
tubes at Wake Forest Baptist Hospital were collected as discard
tissue samples with no patient identifiers. This work was re-
viewed and approved as an exempt study by theWake Forest In-
ternal Review Board. To isolate clinical strains, middle ear fluids
were plated on sBHI supplemented with 3 mgmL−1 vancomycin
(Sigma) and incubated overnight at 37◦C and 5% CO2. Individual
colonies were selected based on colony morphology and con-
firmed to be NTHi by Gram stain and requirement for factors X
(hemin) and V (NAD), and then passed onto sBHI agar plates.
Overnight plates of the isolates were swabbed, and the bacteria
were resuspended, and frozen for future use in 2 × BHI broth
and 50% glycerol (1:1) at −80◦C.

Crystal violet assay

NTHi strains were inoculated to ∼1 × 108 colony forming units
(CFU) mL−1 in sBHI broth and seeded into 96-well plates (Corn-
ing). After incubation at 37◦C and 5% CO2 for 4, 12 or 24 h, biofilm
supernatants were removed and the biofilms were washed with
water twice, and allowed to dry. The biofilms were then stained
with 0.1% crystal violet (Sigma) for 30 min at room temperature,
the stain was removed and the biofilms were washed four times
with water. The biofilms were solubilized in 100% ethanol and
the OD540 was measured using a BioTek ELx800 plate reader.

Viability assay

NTHi strains were seeded into 24-well plates (Corning) at a
concentration of ∼1 × 108 CFU mL−1 and incubated at 37◦C
and 5% CO2. At 4, 12 and 24 h time points, the supernatants
were removed and the biofilmswere resuspended in phosphate-
buffered saline (PBS; pH = 7.2), serially diluted and plated on
sBHI agar. Plates were incubated for ∼24 h at 37◦C and 5% CO2

before colonies were enumerated in order to determine viable
bacterial counts.

Confocal laser scanning microscopy

Biofilms for confocal laser scanningmicroscopy (CLSM) were es-
tablished by seeding 1 mL of bacterial suspension at ∼1 × 108

CFU mL−1 in Lab-TekII two-chamber no. 1.5 German coverglass
slides (Nunc) and incubating for 24 h at 37◦C and 5% CO2. The
supernatants were removed and the biofilms were washed once
with PBS and stained with LIVE/DEAD BacLight Viability Kit (In-
vitrogen) for 30 min in the dark at room temperature. The stain
was removed and 1 mL PBS was added to the biofilms. A Nikon
Eclipse C1 confocal laser scanning microscope was used to ac-
quire z-stack images of the biofilms (experiment repeated three
times per strain, with six to nine frames of view each). These
images were converted using Nikon Elements software and an-
alyzed using COMSTAT v.1 in MATLAB R2014a (Heydorn et al.
2000).

Minimum inhibitory concentration assay

Minimum inhibitory concentrations (MICs) were determined
by broth microdilution assay in sBHI broth (Andrews 2001).
Briefly, antibiotics at 2× concentrations were diluted 2-fold up
a microtiter plate. NTHi suspension was added to the antibi-
otic at a 1:1 ratio (final concentration ∼105 CFU mL−1). The
following antibiotics were used: amoxicillin (Sigma), ceftriax-
one (Sigma), clarithromycin (Sigma) or azithromycin (USP Ref-
erence Standard). After incubation (37◦C and 5% CO2) for 20 h,
the MIC was determined visually and by measurement of the
OD600.

Minimum biofilm eradication concentration assay

Static biofilms were established as described for the crystal vio-
let assay. After 24 h of incubation, supernatants were removed
and replaced with either the vehicle control in sBHI or vari-
ous concentrations of amoxicillin, ceftriaxone, clarithromycin
or azithromycin. Following additional 24 h of incubation, super-
natants were removed, and biofilms were resuspended in PBS,
serially diluted and plated onto sBHI agar. Limit of detection
(LOD) = 1.5 × 103 CFU mL−1.

Statistics

Statistical analyses were carried out using GraphPad Prism 5
(GraphPad Software, San Diego, CA). Significance was deter-
mined using the Kruskal-Wallis non-parametric ANOVA, fol-
lowed by Dunn’s multiple comparisons test. Spearman’s rank
correlation test was used to measure correlation coefficients be-
tween biofilm size andminimum biofilm eradication concentra-
tion (MBECs).
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Figure 1. Variability of biofilms formed by NTHi clinical isolates. (A) Biomass in static biofilms was measured by crystal violet staining. (B) Viable counts of biofilms as
assessed by plate count.

RESULTS

NTHi clinical strains vary in biofilm size and structure

To characterize the biofilms formed by clinical isolates of
NTHi, we measured total biomass and viability by crystal vi-
olet staining and enumeration of viable bacteria, respectively.
Total biomass (including bacteria and extracellular matrix com-
ponents) was assessed for static biofilms at 4, 12 and 24 h post-
inoculation. Biomass varied significantly (P < 0.0001) among the
eight clinical strains at all three time points (Fig. 1a). Initial at-
tachment was represented at 4 h, with strains such as Otis2 and
Otis4 already establishing dense formations. Biomass increased,
to varying degrees among the strains, by 12 h; at 24 h, biofilms
werewell established. Significant variability (P< 0.0001)was also
observed for the viability of the biofilms (Fig. 1b). However, bac-
terial counts ranged from approximately 108–109 CFU mL−1 (not
falling below the initial inocula counts); therefore, we concluded
that the biofilms were viable.

Further characterization was performed utilizing CLSM to
visualize the biofilms. Static 24 h biofilms were labeled with
BacLight LIVE/DEAD viability stain for imaging of the live bacte-
ria, stained in green with SYTO9, and dead bacteria, stained in
red with propidium iodide, within the biofilm. Figure 2a shows
overview and cross-sectional images of representative biofilm
sections of each NTHi strain. Differences in thickness, structure
and areas of viable and dead bacteria were readily observed. Size
and structural parameters were quantified from the z-stack im-
ages by COMSTAT analysis (Heydorn et al. 2000) (Fig. 2b). Sig-
nificant differences (P < 0.0001) in biofilm size, as measured by
biomass and average thickness, were detected. Structural varia-
tion was also observed (P < 0.0001). Biofilms like those of Otis7

and Otis10 had higher roughness coefficients, indicating less
smooth biofilm surfaces with more peaks and valleys. Otis7 and
Otis10 also had higher surface to biovolume ratios suggesting
increased surface exposed bacteria that could potentially en-
counter more nutrient flow (Heydorn et al. 2000).

These results demonstrate that the NTHi clinical isolates
form biofilms to varying degrees in vitro. Based on our hypothe-
sis, the larger biofilms like those of Otis2 or Otis4 should be less
susceptible to antibiotic eradication than the smaller biofilms
like that of Otis7.

MICs of NTHi clinical strains

The MIC assay is routinely used in clinical settings to determine
bacterial susceptibility to antibiotics, and assist in informing
physicians on how to treat infections (Andrews 2001). The re-
sults are a determination of susceptibility of bacteria in plank-
tonic culture, which is often not a reflection of the state of the
bacteria causing the infection. However, in order to compare the
degree of antibiotic tolerance of biofilms to planktonic cultures
of the clinical NTHi strains, we first needed to determine the
concentration of antibiotic required to inhibit bacterial growth
in the planktonic state. MICs were determined for four antibi-
otics that have been used in the treatment of OM (amoxicillin,
ceftriaxone, clarithromycin and azithromycin) (Table 1). An im-
portant mechanism of β-lactam resistance seen in many NTHi
strains is the ability to produce a β-lactamase (Tristram, Jacobs
and Appelbaum 2007). All eight clinical NTHi isolates tested neg-
ative for β-lactamase production by nitrocefinase disk test (data
not shown). Knowing the sensitivities of the strains in the plank-
tonic state, as presented in Table 1, then allowed us to determine
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Figure 2. (A) NTHi clinical strain biofilms vary in size and structure. Representative images are shown for the eight strain biofilms. (B) Z-stack images were acquired
and analyzed by COMSTAT to quantify biomass, average thickness, roughness coefficient and surface to biovolume ratio.

antibiotic concentrations with which to treat pre-established
biofilms.

The ability to resist eradication by antibiotics is not
dependent on biofilm size

A well-described quality of biofilms is their increased tolerance
to antimicrobial treatment compared to the bacteria in their
planktonic states. We therefore tested a higher range of antibi-

otic concentrations against the biofilms formed by theNTHi clin-
ical isolates in order to determine the concentration of antibi-
otic required to eradicate the biofilm bacteria (i.e. decrease vi-
able counts to the LOD). Established 24 h static biofilms were
treatedwith amoxicillin ranging from6.25 to 1000μgmL−1or cef-
triaxone ranging from 0.05 to 500 μg mL−1, and viable bacteria
were quantified after 24 h of exposure. Compared to the vehi-
cle controls, statistically significant decreases in viability were
detected with some β-lactam antibiotic concentrations (Figs 3
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Table 1. Minimal inhibitory concentrations for clinical isolates of
NTHi (μg ml−1).

Strain Amoxicillin Ceftriaxone Clarithromycin Azithromycin

OTIS1 1 0.004 4 1
OTIS2 1 0.016 4 0.5
OTIS3 1 0.008 4 1
OTIS4 1 0.008 2 0.25
OTIS6 0.5 0.008 4 1
OTIS7 2 0.032 2 0.25
OTIS8 2 0.008 8 2
OTIS10 2 0.016 8 1

and 4). However, the most bacterial killing observed with either
antibiotic was of Otis2, which was decreased by ∼3 logs post
treatment with 1000 μg mL−1 amoxicillin (Fig. 3). This concen-
tration of amoxicillin was 1000× higher than the MIC for Otis2.
Additionally, the biofilm failed to be eradicated, leaving viable
bacteria that may continue proliferating. These results demon-
strated that the NTHi clinical isolate biofilms were all highly re-
sistant to amoxicillin and ceftriaxone treatment, and that the
MBECs of the β-lactam antibiotics were higher than the greatest
concentrations tested.

The macrolide antibiotics clarithromycin (1–256 μg mL−1)
and azithromycin (0.25–256 μg mL−1) were also tested against
the NTHi biofilms (Figs 5 and 6). Similar to the β-lactam
antibiotic treatments, statistically significant killing generally
occurred with higher clarithromycin and azithromycin concen-
trations; however, some strains were more sensitive to these
antibiotics and some biofilms were eradicated at measured con-
centrations. Measureable MBECs of clarithromycin were deter-
mined for Otis2 (64 μg mL−1) and Otis10 (256 μg mL−1) (Fig. 5).
MBECs of azithromycin were 4 μg mL−1 for Otis2, 256 μg mL−1

for Otis7 and 32 μg mL−1 for Otis10 (Fig. 6). These results sug-
gest thatmacrolide antibiotics are slightlymore effective against
biofilms formed by some of these NTHi clinical isolates.

The MBEC results were summarized in Fig. 7. Unless specif-
ically indicated on the graph, the MBEC was greater than the
highest concentration tested for the antibiotic. The strains were
ordered from highest to lowest biofilm biomass as determined
by COMSTAT analyses of confocal images (Fig. 2b). Although
all amoxicillin and ceftriaxone MBECs were beyond the high-
est concentrations measured for these experiments, some clar-
ithromycin and azithromycin MBECs were measurable, within
defined ranges, for biofilms with high biomass (Otis2) and low
biomass (Otis10 and Otis7). Spearman correlations were calcu-
lated by changing the values calculated for biofilm thickness,
CLSM biomass and CV biomass to percentages of the highest re-
spective measurements, then comparing them to the MBEC val-
ues. MBECs higher than the greatest concentration tested were
plotted as the next highest 2-fold dilution. No correlation coeffi-
cient had a P-value <0.39, suggesting that there was no correla-
tion between the size of the biofilm and the ability to resist an-
tibiotic treatment, regardless of the method for ranking biofilm
size.

DISCUSSION

It has beenwell established that bacteria within biofilms are sig-
nificantly more tolerant to antimicrobial treatment compared to
planktonic state bacteria; proposedmechanisms forwhy this oc-
curs include reduced metabolic activity of the bacteria within

the biofilm, induction of biofilm-specific genes, the presence of a
subpopulation of persister cells and a decreased ability of an an-
tibiotic to penetrate the biofilm (Costerton, Stewart and Green-
berg 1999; Anderl, Franklin and Stewart 2000; Mah and O’Toole
2001; Fux et al. 2005; Slinger et al. 2006; Lewis 2007). Reduced an-
timicrobial penetration could suggest that a larger biofilmwould
be better able to resist antibiotics than a smaller biofilm. In this
study, we have demonstrated that for NTHi middle ear isolates,
biofilm size does not play a role in the ability to resist eradication
by clinically relevant antibiotics.

We isolated eight NTHi strains from the middle ear fluids
of children undergoing tympanostomy tube placement. These
strains were found to form biofilms that vary in biomass, thick-
ness and structure (Fig. 2). Differences in biofilm formation by
clinical NTHi strains have been previously observed by other
groups as well (Murphy and Kirkham 2002; Garcia-Cobos et al.
2014). Ranking the biofilms from highest to lowest biomass dif-
fered slightly between crystal violet and COMSTAT readouts.
This was most notable for Otis10, which had the second highest
biomass by crystal violet staining, yet the second lowest biomass
by COMSTAT analysis of z-stack images. The staining for CLSM is
not meant to label biofilm matrix components such as extracel-
lular proteins; however, crystal violet stains all components con-
tained in the biofilm. This suggested that the increased biomass
in the crystal violet staining was due to a high amount of matrix
staining. Other variations in biomass that we detected among
the strains could likewise be due to differences in matrix com-
ponents. Extracellular DNA, proteins (e.g. type IV pilin protein
and adhesins) and various glycoforms of lipooligosaccharides
from the bacterial outer membrane are important constituents
of the NTHi biofilm extracellular matrix (Murphy and Kirkham
2002; Swords et al. 2004; Jurcisek et al. 2005; Gallaher et al. 2006;
Hong et al. 2007; Jurcisek and Bakaletz 2007; Izano, Shah and
Kaplan 2009). Further characterization of the clinical strain
biofilm matrix and surface components is necessary in order to
evaluate their antigenic heterogeneity andwhy the biofilms vary
so greatly in their biomass and thickness.

We hypothesized that strains that formed biofilms with
greater biomass, or that were thicker, would be more resistant
to eradication by antibiotics than strains that formed thinner, or
less dense, biofilms. However, the results of this study contradict
this hypothesis. All eight strains were resistant to the β-lactam
antibiotics amoxicillin and ceftriaxone at themaximumconcen-
trations tested (Figs 3 and 4). A concentration of 1000 μg mL−1

(500×–2000× the MICs of the strains) was not sufficient to eradi-
cate the biofilm bacteria. This is interesting because amoxicillin
is generally the first antibiotic prescribed for OM, and yet it ap-
pears to have little to no effect on the in vitro biofilms formed
by these clinical strains, despite their lack of β-lactamase pro-
duction (Lieberthal et al. 2013). Similarly, biofilms treated with
500 μg mL−1 ceftriaxone, a concentration over 15 000× greater
than the MICs of the strains, experienced at most 1 to 2 logs of
killing compared to the vehicle control.While statistically signif-
icant, these counts are still well above the LOD and cannot real-
istically be considered eradicated. Treatmentwith themacrolide
antibiotic clarithromycin had little effect on all but two strains
(Otis2 and Otis10, eradicated at 16× and 32× their MICs, respec-
tively) (Fig. 5). Azithromycin was the most effective of the an-
tibiotics tested with these strains. Interestingly, Otis2 was elim-
inated with only 4 μg mL−1 of azithromycin, which is only 8×
its MIC (Fig. 6). This result is the most contradictory to our hy-
pothesis since Otis2 forms a biofilmwith size parameters on the
higher end of the spectrum compared to the others. Therefore,
from these results we concluded that there was not a correlation
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Figure 3. NTHi clinical strain biofilms are highly resistant to amoxicillin treatment. Static biofilms were treated with a range of concentrations of amoxicillin and then
viable bacteria quantified by plate count. Results represent the means with standard error of the mean (SEM) of three experiments each done in triplicate. One-way
ANOVA measured statistical significance of antibiotic-treated biofilms compared to the vehicle control (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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Figure 4. NTHi clinical strain biofilms are resistant to high ceftriaxone concentrations. Static biofilms were treated with a range of ceftriaxone concentrations. Biofilm
bacteria were plated for viability 24 h later. The results show the means with SEM of three experiments each done in triplicate. One-way ANOVA measured statistical
significance of antibiotic treated biofilms compared to the vehicle control (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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Figure 5. Treatment of NTHi clinical strain biofilms with clarithromycin. A range of concentrations of clarithromycin were used to treat pre-established 24 h static
biofilms. The results show the means with SEM of three experiments each done in triplicate. Statistical significance was determined by one-way ANOVA comparing
the antibiotic-treated biofilms with the vehicle control (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). The dashed line indicates the LOD.
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Figure 6. Azithromycin treatment of NTHi clinical strain biofilms. A range of concentrations of azithromycin were used to treat pre-established 24 h static biofilms.
Biofilm bacteria were serially diluted and plated 24 h later in order to assess viability. Results pooled from three experiments done in triplicate are represented by the
mean with SEM. Statistical significance was determined by one-way ANOVA comparing the antibiotic-treated biofilms with the vehicle control (∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001). The LOD is indicated by the dashed line.
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Figure 7. Antibiotic tolerance of NTHi clinical strains biofilms is not dependent

on biofilm size. MBEC assays were performed on each strain with a range of con-
centrations of amoxicillin, ceftriaxone, clarithromycin and azithromycin. The
MBECs, or antibiotic concentrations at which bacterial counts were reduced to
or below the LOD (1.5 × 103 CFU mL−1), are shown and specifically indicated if

less than or equal to the greatest concentration tested:
∧
64μgmL−1, ∗ 4μgmL−1,

+ 256 μg mL−1, # 32 μg mL−1.

between biofilm size and the ability to resist antibiotic eradica-
tion, and that a reduced rate of biofilm penetration by the an-
tibiotic is not likely a primary mechanism of tolerance, since
smaller biofilms (e.g. Otis7) can survive antibiotic treatment as
well as larger biofilms (e.g. Otis4).

Antibiotic treatment recommendations for acute OM (AOM)
require the consideration of not only NTHi as a primary etiolog-
ical agent, but also of the other most common bacterial causes,
Streptococcus pneumoniae and Moraxella catarrhalis (Murphy et al.
2009; Lieberthal et al. 2013). The guidelines set by the American
Academy of Pediatrics list amoxicillin (with or without clavu-
lanate) and third-generation cephalosporins such as ceftriaxone
and cefdinir as treatment options for AOM, and no longer rec-
ommend the use of macrolides (Lieberthal et al. 2013). While the
clinical NTHi isolates in this study demonstratemore sensitivity
to macrolides than β-lactams, others have shown reduced clini-
cal efficacy of macrolides (Dagan et al. 2000; Tristram, Jacobs and
Appelbaum 2007). Additionally, these drugs tend to accumulate
in the host cells (e.g. macrophages); therefore, the higher con-
centrations required to have an impact on infections in themid-
dle ear space may be more difficult to accomplish (Dagan et al.
2000; Tristram, Jacobs and Appelbaum 2007). Orally adminis-
tered antibiotics for AOM in general are not able to reach concen-
trations more than 10× the MIC in the middle ear (Belfield et al.
2015). Our study and others have demonstrated that upwards of
100× theMIC is often required to kill bacteria in biofilms (Starner
et al. 2008; Qureishi et al. 2014).

The question remains as to what mechanisms are involved
that render these NTHi strains more tolerant to antibiotic treat-
ment when in the biofilm state, and why some of the biofilms
were more sensitive than others. Resistance to β-lactams is
largely determined by the production of a β-lactamase for
many species of bacteria. In Pseudomonas aeruginosa biofilms,
β-lactamase production was found to be the only barrier to
β-lactam diffusion through biofilms; as an uncharged antibi-
otic, β-lactams are unlikely to be impeded by interactions with
extracellular matrix components (Walters et al. 2003; Bagge
et al. 2004). Positively charged antibiotics, like aminoglycosides,
have been observed to interact with negatively charged ma-

trix components, obstructing the ability of the drug to reach
the bacteria deep within the biofilm (Bagge et al. 2004; Fux
et al. 2005). Azithromycin is a cationic antimicrobial agent and
therefore may be subject to similar interactions within NTHi
biofilms (Farmer, Li and Hancock 1992). Our biofilm charac-
terization experiments indicate potential variability in biofilm
extracellular matrix components. Proteins (e.g. type IV pilin
protein and DNABII) and double-stranded DNA in particular
have been found to be important matrix components for NTHi
(Jurcisek and Bakaletz 2007; Izano, Shah and Kaplan 2009; Good-
man et al. 2011). Degradation of extracellular DNA and protein
using DNase I and proteinase K, respectively, has been demon-
strated to increase biofilm sensitivity to biocides and some an-
tibiotics for certain NTHi strains (Izano, Shah and Kaplan 2009;
Cavaliere et al. 2014). While high biofilm density and/or thick-
ness may not prevent the antibiotic from diffusing through the
biofilm, the constituents of the extracellular matrixmay provide
a barrier to the bacteria or interact with the drugs in a way that
hinders their action. The antigenic heterogeneity of NTHi as a
species suggests that differences in matrix components or sur-
face antigen expression among strains may contribute to differ-
ences in biofilm size and antimicrobial interactions (Garmendia
et al. 2012).

Bacteria within a biofilm are typically thought to have re-
duced metabolic activity (Walters et al. 2003; Fux et al. 2005;
Lewis 2007). A proteomic analysis of NTHi strain 2019 in both
the planktonic and biofilm states found that levels of proteins
associated with metabolism, protein synthesis and aerobic res-
piration appeared to be downregulated in biofilm bacteria (Post
et al. 2014). This in particular would render the NTHi clinical
strains more resistant to bactericidal antibiotics like amoxicillin
and ceftriaxone, since the bacteria are less likely to be actively
dividing.

In conclusion, we have observed that for clinical strains of
NTHi, there is not a correlation between the size of the biofilm
and the ability to withstand elimination by antibiotics. Further
analysis of resistance mechanisms for these strains, as well as
continued survey of the characteristics of other clinical isolate
biofilms, will aid in elucidating what particular challenges we
face in treating these biofilm-mediated infections.
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