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Abstract

Respiratory infections caused by nontypeable Haemophilus influenzae (NTHi) are a major medical
problem. Evidence suggests that the ability to form biofilms on mucosal surfaces may play a role in
NTHi pathogenesis. However, the factors that contribute to NTHi biofilm cohesion remain largely
unknown. In this study we investigated the biofilm growth and detachment phenotypes of eight NTHi
clinical strains in vitro. We found that the majority of strains produced biofilms within 6 hours when
cultured statically in tubes. Biofilm formation was inhibited when culture medium was supplemented
with proteinase K or DNase I. Both enzymes also caused significant detachment of pre-formed NTHi
biofilms. These findings indicate that both proteinaceous adhesins and extracellular DNA contribute
to NTHi biofilm cohesion. Treatment of NTHi biofilms cultured in centrifugal filter devices with
DNase I, but not with proteinase K, caused a significant decrease in fluid convection through the
biofilms. These results suggest that extracellular DNA is the major volumetric component of the
NTHi biofilm matrix. Mechanical or enzymatic disruption of NTHi biofilms cultured in microtiter
plates significantly increased their sensitivity to killing by SDS, cetylpyridinium chloride,
chlorhexidine gluconate, povidone iodine and sodium hypochlorite. These findings indicate that
biocide resistance in NTHi biofilms is mediated to a large part by the cohesive and protective
properties of the biofilm matrix. Understanding the mechanisms of biofilm cohesion and biocide
resistance in NTHi biofilms may lead to new methods for treating NTHi-associated infections.

Keywords
Biocide; Biofilm; Extracellular DNA; Nontypeable Haemophilus influenzae; Resistance

1. Introduction

Haemophilus influenzae is a gram-negative bacterium that comprises part of the normal
nasopharyngeal flora of most humans [1]. Most strains lack capsular polysaccharides and are
referred to as nontypeable H. influenzae or NTHi [2]. Some NTHi strains cause otitis media,
which is a major medical problem that can lead to childhood hearing loss [3]. NTHi also causes
bronchitis, sinusitis and other chronic respiratory infections [3].

Biofilms are communities of bacteria, encased in a self-synthesized extracellular matrix,
growing attached to a biotic or abiotic surface [4]. Evidence suggests that the ability to form
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biofilms may contribute to NTHi pathogenesis [1]. Matrix-encased biofilm-like structures have
been observed on middle ear tissue of experimentally infected chinchillas [5], and on middle-
ear mucosa biopsy specimens obtained from children undergoing tympanostomy tube
placement [6]. Structures consistent with a biofilm have also been observed on cultured human
airway epithelial cells [7] and on abiotic surfaces in vitro [8]. Like most biofilms, NTHi
biofilms cultured in vitro exhibit increased resistance to killing by antibiotics compared to the
resistance exhibited by planktonic cells [9-11]. Biofilm formation may account for the
recalcitrance of many chronic NTHi infections to antibiotic therapy [1].

Numerous studies have identified NTHi cellular components, such as pili, surface proteins and
lipooligosaccharide, that contribute to mucosal surface attachment and colonization [12,13].
Few studies, however, have identified cellular components that mediate biofilm-specific
processes such as intercellular adhesion and biocide resistance. NTHi strains carrying
mutations in the pilin genes hifA [14] or pilA [15] exhibit reduced biofilm formation in vitro.
Adbhesive pili have been shown to mediate biofilm formation in numerous other bacteria [16,
17]. However, not all NTHi strains produce pili [18]. Sialylated lipooligosaccharides may also
play a cohesive role in NTHi biofilms [19,20]. Several studies have shown that DNA is present
in the matrix of NTHi biofilms recovered from the middle ear of the chinchilla [21-23],
although no cohesive role for matrix DNA was identified. To date, there is no evidence that
the NTHi biofilm matrix contains polysaccharide adhesins, which are common matrix
components in most other bacterial biofilms [24].

The purpose of the present study was to identify extracellular components that mediate NTHi
biofilm cohesion, and to further characterize NTHi biofilm resistance. We tested the ability of
various matrix-degrading enzymes, detergents, antiseptics and disinfectants to inhibit, detach
or kill biofilms produced by eight NTHi clinical strains in vitro. Our findings demonstrate that
both proteinaceous adhesins and extracellular DNA mediate biofilm cohesion and biocide
resistance in NTHi biofilms.

2.1 Biofilm formation by NTHi strains

Eight NTHi clinical strains were tested for their ability to form biofilms in polystyrene culture
tubes (Fig. 1). After staining the tubes with crystal violet, which stains bacterial cells and
biofilm matrix components but not polystyrene [25], a visible biofilm was evident on the
surface of the tube for most strains (Fig. 1A and B). The amount of biofilm formation varied
among the eight strains, but was highly reproducible within each strain. For example, strains
NJ9724 and NJ9726 consistently formed weaker biofilms than did the other six strains. Biofilm
formation was evident at both the air-liquid interface and at the bottom of the tube. Biofilms
were tenaciously attached to the surface of the tube and were resistant to detachment by vortex
agitation. The biofilm phenotypes were stable after three passages on agar. Quantitation of
crystal violet binding revealed that most strains produced a detectable amount of stainable,
surface-associated biomass (Fig. 1C).

Quantitation of biofilm formation by CFU enumeration revealed that strong biofilm-forming
strains such as NJ9725 produced 107-108 biofilm cells per tube after 24 h, which constituted
approximately 20% of the total CFU per tube. After 48 h, the amount of crystal violet staining
remained the same, but the total CFU decreased to <102 per tube.

2.2 Inhibition of NTHi biofilm formation by DNase | and proteinase K

DNase | and proteinase K, when added to the culture medium at the time of inoculation,
significantly inhibited biofilm formation by NTHi strain NJ9725 as determined by crystal violet
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staining (Fig. 2A). Both enzymes also inhibited biofilm formation by the other five NTHi
strains that exhibited a strong biofilm phenotype (data not shown). When assayed by CFU
enumeration, the presence of DNase | in the growth medium resulted in significantly less
surface-associated biofilm cells (Fig. 2B). The total CFU/tube values were approximately the
same for cultures grown with or without DNase | or proteinase K, indicating that neither
enzyme severely affected cell growth or viability. These findings confirm that both
proteinaceous adhesins and extracellular DNA contribute to NTHi biofilm cohesion.

2.3 Detachment of NTHi biofilms by DNase | and proteinase K

To further confirm that proteinaceous adhesins and DNA mediate NTHi biofilm cohesion, we
treated 24-h-old biofilms for 1 h with 1 mg mL"1 proteinase K or DNase | (Fig. 3). Proteinase
K caused significant detachment of biofilm biomass in all strains (Fig. 3A). A time-course
study indicated that detachment of NJ9725 biofilms by proteinase K was very rapid, with most
of the biomass detaching within 15 sec (Fig. 3B). In contrast, DNase | caused only partial
detachment of biofilms produced by most NTHi strains after 1 h of treatment (Fig. 3C). These
findings suggest that proteinaceous adhesins are a major mediator of intercellular cohesion in
mature NTHi biofilms. NTHi biofilms were not detached by treatment with the carbohydrate-
modifying agent sodium metaperiodate (data not shown), which has been shown to detach
biofilms whose cohesion depends on polysaccharide adhesins [26,27].

2.4 Extracellular DNA facilitates fluid convection in NTHi biofilms

To determine whether the presence of proteins and DNA in the NTHi biofilm matrix
significantly alters the physical properties of the biofilms, NJ9725 biofilms were cultured for
24 h in centrifugal filter devices in the presence or absence of proteinase K and DNase |, and
the devices were then subjected to low-speed centrifugation for increasing amounts of time
(Fig. 4). The volume of broth that flowed through the biofilm was <50% of the volume that
flowed through control filter devices inoculated with sterile BHI broth, indicating that NTHi
biofilms inhibit bulk fluid convection. Fluid convection through NJ9725 biofilms cultured in
the presence of proteinase K was not significantly different from fluid convection through
biofilms cultured in BHI broth alone (Fig. 4). However, fluid convection through biofilms
cultured in the presence of DNase | was significantly less than fluid convection through
biofilms cultured in BHI broth alone. These differences were significant at all time points
tested. An identical decrease in fluid convection was observed when biofilms cultured in BHI
broth alone were perfused with DNase I in enzyme buffer during the centrifugation step (data
not shown). The fact that a decrease in biofilm porosity was observed when biofilms were
treated with Dnase I, but not with proteinase K, suggests that DNA constitutes the major
volumetric component of the NTHi biofilm matrix.

2.5 NTHi biofilm resistance

Previous studies showed that NTHi biofilms cultured in vitro exhibit increased resistance to
killing by antibiotics compared to the resistance exhibited by NTHi planktonic cells [9-11].
We sought to determine whether NTHi biofilms also exhibit resistance to killing by various
detergents, antiseptics and disinfectants (Fig. 5). NJ9725 biofilms cultured in microtiter plates
were rinsed with water and then treated for 5 min with 0.015% SDS, 0.004% CPC, 0.03%
chlorhexidine gluconate, 0.004% povidone iodine or 0.00012% sodium hypochlorite. All
agents were tested at concentrations sufficient to kill 99% of NJ9725 planktonic cells in 5 min.
After treatment, biofilms were rinsed with BHI broth, scraped from the surface of the well,
diluted and plated on agar. Treatment of NJ9725 biofilms with SDS, CPC, chlorhexidine
gluconate and povidone iodine resulted in a significant decrease in CFU/well values (0.9-1.8
log units). Sodium hypochlorite treatment caused a 0.2 log unit decrease in CFU/well values,
which was not statistically significant. In contrast, NJ9725 biofilm cells that were scraped from
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the surface of the well and dispersed by vortex agitation exhibited a 5-6 log unit decrease in
CFU/well values when treated for 5 min with the same concentrations of agents, which was
significantly greater than the decrease in biofilm CFU/well values (Fig. 5). These findings
suggest that resistance to biocide killing may be mediated by the inherent protective nature of
the biofilm matrix and its ability to retard penetration of agents into the biofilm.

We also measured the ability of DNase | and proteinase K to sensitize NTHi biofilms to killing
by 0.004% CPC (Fig. 6). In one experiment, NJ9725 biofilms cultured in microplate wells
were rinsed with water and then treated for 10 min with DNase | buffer alone (mock pre-
treatment) or DNase | buffer containing 1 mg mL-1 DNase I. Biofilms were then rinsed with
water and their sensitivity to killing by CPC was measured (Fig. 6A). DNase | pre-treatment
alone, without CPC treatment, did not cause a significant decrease in biofilm CFU/well values
under these conditions. However, biofilms pre-treated with DNase | were significantly more
sensitive to CPC killing than were mock pre-treated biofilms (2.7 log unit reduction versus 1.0
log unit reduction, respectively). In another experiment, the ability of CPC to kill cells detached
from NJ9725 biofilms by DNase | or proteinase K was measured (Fig. 6B). Enzyme-detached
cells were efficiently killed by CPC. These findings demonstrate that enzymatic degradation
of the biofilm matrix sensitizes NTHi biofilm cells to biocide killing.

3. Discussion

Biofilm formation has been invoked to explain the chronic nature of some cases of otitis media
and the failure to culture NTHI from middle ear effusions [28,29]. Experimental evidence for
NTHi biofilm formation includes the visualization of biofilm-like structures on middle ear
tissue of human subjects and experimentally infected chinchillas [5,6], the apparent
involvement of pili in biofilm cohesion in vitro [14,15], and significant biofilm-mediated
antibiotic resistance in vitro [9-11]. However, no evidence for a biofilm-specific programmed
switch in gene expression, or for the production of a biofilm-associated glycocalyx or
extracellular polysaccharide, has been reported. These finding have led some authors to
question whether NTHi strains form true biofilms [30]. The results of the present study
demonstrate that NTHi biofilms exhibit phenotypes characteristic of many other bacterial
biofilms including proteinaceous intercellular adhesins, an adhesive DNA matrix, and
increased biocide resistance. Our findings support the hypothesis that NTHi strains form
biofilms.

Our results suggest that proteinaceous adhesins mediate a significant amount of intercellular
adhesion in NTHi biofilms. This hypothesis is based on the observation that proteinase K
significantly inhibited biofilm formation by biofilm-forming NTHi strains, and that proteinase
K treatment rapidly detached pre-formed NTHi biofilms from surfaces. Pre-formed NTHi
biofilms were also rapidly detached by the anionic detergent SDS at concentrations above its
critical micelle concentration (unpublished data), which further supports the hypothesis that
proteinaceous adhesins mediate biofilm cohesion [31]. Further studies are needed to determine
whether these proteinaceous intercellular adhesins are adhesive pili or other surface adhesins.

Previous studies have shown that DNA constitutes a matrix adhesin in many bacterial biofilms
[32-35]. Our findings indicate that DNA also functions as a matrix adhesin in NTHi biofilms.
This hypothesis is based on the observation that DNase | inhibited NTHi biofilm formation
and detached pre-formed NTHi biofilms. In addition, treatment of NTHi biofilms with DNase
I significantly impeded fluid convection through the biofilm, suggesting that extracellular DNA
constitutes the major volumetric component of the NTHi biofilm matrix. These findings are
consistent with the observation that double-stranded DNA is present in the NTHi biofilm matrix
[22]. The genome of H. influenzae contains a homologue of cidA, a murein hydrolase that
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regulates DNA release in Staphylococcus aureus biofilms [36-37]. These observations raise
the possibility that the NTHi biofilm matrix contains genomic DNA released from lysed cells.

Previous studies have shown that NTHi biofilm cells exhibit increased resistance to killing by
antibiotics compared to the resistance exhibited by planktonic cells [9-11]. Our findings
demonstrate that NTHi biofilms also exhibit increased resistance to killing by various biocides
including detergents, antiseptics and disinfectants. The fact that mechanical or enzymatic
disruption of NTHi biofilms rendered them sensitive to biocide killing suggests that the biofilm
matrix may act as a barrier that prevents penetration of biocidal agents into the biofilm. This
hypothesis is further supported by the fact that DNase I sensitized NTHi biofilms to CPC killing
even though the enzyme did not cause a significant decrease in biofilm CFUs. Biofilm matrix
polymers may act as a diffusion barrier which prevents access of biocides to the biofilm cells,
or by forming physical complexes with biocides, thereby sequestering the agents within the
matrix [38]. NTHi biofilm resistance may also result from the slow growth rate of biofilm cells,
the presence of “persister” cells within the biofilm or from other unknown phenotypic
differences [39,40].

Understanding the mechanisms of NTHi biofilm cohesion and biocide resistance could lead to
the development of biofilm-specific agents for the management and treatment of NTHi-
associated infections. Agents that target and destabilize the biofilm matrix may provide a useful
biofilm-control strategy [41]. One such agent may be DNase I, which inhibits NTHi biofilm
formation, detaches pre-formed NTHi biofilms, and sensitizes pre-formed NTHi biofilms to
biocide killing. It has already been proposed that Pulmozyme®, a recombinant human DNase
I used to treat cystic fibrosis patients, may be useful for treating respiratory infections caused
by Streptococcus pneumoniae [42]. The ability of DNase | to sensitize biofilms to biocide
killing may further increase its effectiveness against NTHi-associated infections [43].

4. Materials and methods

4.1 Bacterial strains

Eight NTHi strains, designated NJ9721-NJ9728, were isolated from sputum samples of eight
different patients at University Hospital, Newark, New Jersey. Strains were collected in
accordance with the Human Subjects Protection Program of the University of Medicine and
Dentistry of New Jersey. The disease status of the patients was not disclosed. Strains were
identified as H. influenzae using the RapID NH kit (Remel). The identity of the strains was
confirmed by partial 16S rRNA sequence analysis as previously described [44]. The 16S rRNA
sequences were compared to those of 330 different H. influenzae isolates described by Sacchi
et al. [45]. The sequence of strain NJ9724 was identical to that of 16S type 5, the sequence of
strain NJ9726 was identical to that of 16S type 7, and the sequences of strains NJ9722 and
NJ9728 were identical to that of 16S type 59, all nontypeable strains. The sequences of strains
NJ9721, NJ9723, NJ9725 and NJ9727 did not match those of any of the 330 H. influenzae
isolates previously described but were phylogenetically most closely related 16S rRNA
sequences of other nontypeable strains. All strains were confirmed to be nontypeable by using
a multiplex PCR assay for identification of nontypeable and serotype b H. influenzae as
described by Billal et al. [46]. H. influenzae strain Eagan [47] was used as a serotype b positive
control for the multiplex PCR assay.

4.2 Media and growth conditions

Stock cultures of all strains were stored at -80°C in 10% glycerol. Bacteria were passaged

weekly on chocolate agar and stored at 4°C. Strains were re-cultured from stock cultures after
2-3 passages. Bacteria were grown in Brain Heart Infusion (BHI) broth or on BHI agar plates
(1.5% agar). In all experiments, BHI broth and agar were supplemented with 8 g I'1 glucose,

Microb Pathog. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

I1zano et al. Page 6

10 mg I'1 NAD, and 10 mg I'1 hemin. Unless otherwise indicated, all cultures were incubated
statically at 37°C in 10% CO».

4.3 Test tube biofilm assay

A loopful of cells from a BHI agar plate was transferred to a polypropylene microcentrifuge
tube containing 100 I of BHI broth. The cells were dispersed with a disposable pellet pestle,
vortexed for 30 sec, and an additional 1 mL of BHI broth was added to the cells. The inoculum
was then passed through a 5-um pore-size syringe filter to remove large clumps of cells as
previously described [48]. Cells were diluted to 10°-108 CFU mL-1 in BHI broth. Aliquots of
cells (1 mL each) were transferred to 17-mm x 100-mm polystyrene test tubes (Falcon no.
352051) and incubated for 24 h. For CFU enumeration, biofilms were rinsed twice with water
and then treated with 100 xg mL™1 of proteinase K for 5 min, which efficiently detached the
biofilm cells resulting in a uniformly turbid cell suspension (see below). Cells were serially
diluted in BHI broth and plated on agar. For crystal violet staining, biofilms were washed three
times with water, stained for 1 min with 200 ul of Gram’s crystal violet (Fisher no. 23255960)
and then rinsed with water and dried. The amount of biofilm biomass was quantitated by
destaining the biofilms for 10 min with 1 mL of 33% acetic acid (vol/vol) and then measuring
the absorbance of the crystal violet solution in a BioRad microtiter plate reader set to 595 nm.

4.4 Biofilm detachment assay

Biofilms were cultured for 24 h in polypropylene tubes as described above. Biofilms were
rinsed three times with water and then treated with 1 mL of 50 mM Tris-HCI (pH 8.0) containing
1 mg mL"1 proteinase K (Sigma); 100 mM NaCl, 1 mM CaCl, containing 1 mg mL"1 bovine
DNase | (Sigma); 0.02-1.2% SDS in water; or 0.002-1.0% cetylpyridinium chloride (CPC) in
water. Control tubes were treated with 1 mL of the appropriate buffer or water alone. Tubes
were incubated for the indicated amount of time, after which biofilms were quantitated by CFU
enumeration or crystal violet staining as described above.

4.5 Biofilm inhibition assay

Biofilms were cultured in polypropylene tubes as described above, except that BHI broth was
supplemented directly with 1 mg mL1 bovine DNase | or proteinase K. Control biofilms were
cultured in BHI broth alone. After 6-48 h, biofilms were quantitated by CFU enumeration or
crystal violet staining as described above.

4.6 Fluid convection assay

Measurement of fluid convection through NTHi biofilms was carried using a centrifugal filter
device assay as previously described [49]. Briefly, filtered inocula were prepared in BHI broth,
or in BHI broth supplemented with DNase | or proteinase K, as described above. Aliquots of
inocula (600-ul each) were transferred to the sample reservoirs of Microcon centrifugal filter
devices (No. YM-100; 100,000 MW cut-off; Millipore) and the devices were incubated for 24
h. The devices were then centrifuged for 2 min at 4,300 x g in a swinging bucket rotor, and
the flowthrough volume was measured. The 2-min centrifugation step was repeated three
additional times, and the cumulative flowthrough volume was re-measured after each
centrifugation step.

4.7 Biofilm killing assays

Filtered inocula were prepared in BHI broth as described above. Aliquots of inocula (2-mL

each) were transferred to the wells of a 12-well tissue-culture-treated microtiter plate (Falcon
no. 353043). After incubation for 24 h, biofilms were rinsed with water and then treated with
2mL of 0.015% SDS, 0.004% CPC, 0.03% chlorhexidine gluconate, 0.004% povidone iodine,
or 0.00012% sodium hypochlorite. These concentrations were chosen because they are slightly
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higher than the concentrations needed to kill 99% of NTHi planktonic cells in 5 min as
determined in control experiments. None of the agents caused significant detachment of the
biofilms at the concentration tested. Control biofilms were treated with 2 mL of water. After
5 min, agents were removed and the biofilms were rinsed three times with water. Biofilm cells
were scraped into 1 mL of fresh BHI broth using a cell scraper, transferred to a tube, and mixed
by vortex agitation for 15 sec. Serial decimal dilutions of cells were plated on agar for CFU
enumeration.

To measure biocide killing of mechanically-disrupted biofilms, biofilms were rinsed with
water, scraped into 2 mL of water using a cell scraper, transferred to a tube, and mixed by
vortex agitation for 15 sec. Aliquots of cells (100 ul each) were transferred to the wells of a
96-well, round bottom microtiter plate (Falcon no. 353227). A total of 100 ul of agent (at twice
the test concentration) was added to each well and mixed. Control wells received 100 ul of
water. After 5 min, serial decimal dilutions in BHI broth were made directly into adjacent wells,
and the dilutions were plated on agar for CFU enumeration. Control experiments indicated that
NTHi cells were not lysed by water during the brief resuspension and incubation steps.

To measure biocide killing of enzyme-treated biofilms, biofilms were rinsed three times with
water and treated for 10 min with 2 mL of DNase I or proteinase K in enzyme buffer as described
above. Control wells were treated with the appropriate enzyme buffer alone. Cells detached
by the enzymes were transferred to a tube, mixed by vortex agitation for 15 sec, treated for 5
min with 0.004% CPC in 96-well microtiter plates, and then quantitated by dilution plating as
described above. For DNase I-treated biofilms, which still retained a significant amount of
surface-associated biofilm after enzyme treatment, biofilms were rinsed three times with water,
treated with 0.004% CPC for 5 min, and rinsed three more times with water. Biofilm cells were
then scraped from the surface and enumerated by dilution plating as described above.

4.8 Statistics and reproducibility of results

All biofilm growth, inhibition, detachment and killing assays were performed in duplicate
tubes, which usually exhibited < 10% variation in Aggs or CFU values. Fluid convection assays
were performed in duplicate centrifugal filter devices. All assays were performed on at least
three separate occasions with nearly identical results. The significance of differences between
means was calculated using a Student’s t-test. A P value of < 0.05 was considered significant.

4.9 Nucleotide sequence accession numbers

The 16S rRNA sequences of NTHi strains NJ9721-NJ9728 were deposited in the GenBank
database under accession numbers EU597468-EU597475, respectively.
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Fig. 1.

Test tube biofilm assay. NTHi strains were cultured for 24 h in 17-mm x 100-mm polystyrene
tubes. Tubes were rinsed with water and stained with crystal violet. Panels (A) and (B) show
photographs of stained tubes taken from the side and bottom, respectively. Also shown is a
control tube that was inoculated with sterile BHI broth, cultured and stained with crystal violet
using the same procedure. In panel (C), tubes were destained with 33% acetic acid and the
absorbance of the dye solution (at 595 nm) was measured in a spectrophotometer. Values in
panel (C) show mean absorbance and range for duplicate tubes.
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Fig. 2.

DNase | and proteinase K inhibit NTHi biofilm formation. (A) NTHi strain NJ9725 was
cultured in polystyrene tubes in BHI broth or BHI broth supplemented with 1 mg mL"1 of
DNase I or proteinase K. After increasing amounts of time, tubes were washed with water and
biofilms were quantitated by crystal violet staining. Values show mean absorbance and range
for duplicate tubes. (B) Quantitation of NTHi biofilm formation by CFU enumeration. NJ9725
biofilms were cultured in tubes and the surface-associated (biofilm) and planktonic (broth)
CFU/tube values were measured separately after 24 and 48 h. The graph on the right shows
the total (biofilm + broth) CFU/tube values.
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Fig. 3.

Detachment of 24-h-old NTHi biofilms by DNase | and proteinase K. All enzymes were tested
in enzyme buffer at a concentration of 1 mg mL-1. (A) Detachment of biofilms in 1 h by
proteinase K. (B) Time course for proteinase K-induced detachment of NJ9725 biofilms. (C)
Detachment of biofilms in 1 h by DNase I. In all panels, biofilms were quantitated by crystal
violet staining. Values show mean absorbance and range for duplicate tubes.
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Fig. 4.

Fluid convection through 24-h-old NTHi NJ9725 biofilms cultured in centrifugal filter devices.
Biofilms were cultured in BHI broth or BHI broth supplemented with 1 mg mL-1 DNase | or
proteinase K. The devices were subjected to low-speed centrifugation and the flowthrough
volume was measured after increasing amounts of time. Data represent mean and SD for three
different experiments, each performed in duplicate devices.
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Fig. 5.

NTHi biofilms exhibit increased resistance to killing by detergents, antiseptics and
disinfectants. NTHI NJ9725 biofilms cultured for 24 h in 12-well microtiter plates (left panel),
or biofilm cells detached from the surface and dispersed by vortex agitation (right panel), were
treated with the indicated concentration of agent for 5 min. Surviving CFUs were enumerated
by dilution plating. Values show mean CFU/well values and range for duplicate wells.
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DNase | and proteinase K sensitize NTHi NJ9725 biofilms to killing by CPC. (A) Biofilms
cultured for 24 in microtiter plates were rinsed with water and treated for 10 min with DNase
| buffer (mock pre-treatment) or DNase | buffer containing 1 mg mL1 of DNase I. Biofilms
were then rinsed with water, treated for 5 min with 0.004% CPC and rinsed with water to
remove the CPC. Surviving CFUs were enumerated by dilution plating. (B) Biofilm cells
detached by 1 mg mL-1 DNase | or proteinase K in enzyme buffer were treated for 5 min with
0.004% CPC and surviving CFUs were enumerated by dilution plating.
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