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Abstract

Non-typeable Haemophilus influenzae (NTHi), a human respiratory tract pathogen can form 

colony biofilms in vitro. Bacterial cells and the amorphous extracellular matrix (ECM) 

constituting the biofilm can be separated using sonication. The ECM from 24 hr and 96 hr NTHi 

biofilms contained polysaccharides and proteinaceous components as detected by NMR and FTIR 

spectroscopy. More conventional chemical assays on the biofilm ECM confirmed the presence of 
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these components and also DNA. Proteomics revealed eighteen proteins present in biofilm ECM 

that were not detected in planktonic bacteria. One ECM protein was unique to 24 hr biofilms, two 

were found only in 96 hr biofilms, and fifteen were present in the ECM of both 24 hr and 96 hr 

NTHi biofilms. All proteins identified were either associated with bacterial membranes or were 

cytoplasmic proteins. Immunocytochemistry showed two of the identified proteins, a DNA-

directed RNA polymerase and the outer membrane protein OMP P2, associated with bacteria and 

biofilm ECM. Identification of biofilm-specific proteins present in immature biofilms is an 

important step in understanding the in vitro process of NTHi biofilm formation. The presence of a 

cytoplasmic protein and a membrane protein in the biofilm ECM of immature NTHi biofilms 

suggests that bacterial cell lysis may be a feature of early biofilm formation.
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INTRODUCTION

Biofilms are aggregations of sessile bacteria cells embedded in an extracellular matrix, one 

function of which is to attach bacteria to one another and to biotic and abiotic substrates 

(Stoodley et al., 2002). Depending on the species of bacteria and growth conditions, this 

matrix is composed of varying amounts of exopolysaccharides, nucleic acids, lipids and 

proteins (Flemming & Wingender, 2001). We have previously examined biofilms formed by 

non-typeable Haemophilus influenzae (NTHi) and shown the ECM to contain a large 

number of bacterial proteins (Gallaher et al., 2006), including a high molecular weight 

protein (HMW1), a known adhesin with a role in bacterial adhesion, in an extracellular 

location (Webster et al., 2006).

Biofilm-specific proteins have been demonstrated to play roles in adhesion and attachment 

(Kawakami et al., 1998, Swords et al., 2000, Ahren et al., 2001, Ahren et al., 2001, Fink et 

al., 2002, Berenson et al., 2005, Bookwalter et al., 2008, Ronander et al., 2008), biofilm-

specific protein regulation, and control of transformation into the biofilm phenotype (Sauer 

& Camper, 2001, Oosthuizen et al., 2002, Sauer et al., 2002, Vilain et al., 2004, Southey-

Pillig et al., 2005, Allegrucci et al., 2006). Proteins within the ECM may also assist in 

forming the complex structures reported previously within biofilms (Schaudinn et al., 2006, 

Baum et al., 2009, Pelzer et al., 2012, Schaudinn et al., 2014).

Extracellular proteins can be firmly bound to the cell surface, associated with the ECM, or 

be freely diffusing throughout the biofilm matrix (Hoffman & Decho, 1999). The presence 

and function of extracellular proteins has been reported for a wide range of Gram-positive 

and Gram-negative bacteria, both in cultures of free-swimming (planktonic) cells and in 

biofilms (Wingender et al., 1999). Extracellular proteins from planktonic cells are present in 

low concentration and are a minor component of a complex in vivo milieu. The confined 

microenvironment of the biofilm matrix accumulates extracellular molecules and prolongs 

the stability and activity of extracellular enzymes (Hoffman & Decho, 1999). The variety, 

abundance, and distribution of extracellular proteins within the ECM of biofilms formed by 
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pathogenic bacteria have only recently attracted interest within the scientific community 

(Southey-Pillig et al., 2005, Allegrucci et al., 2006, Webster et al., 2006, Das et al., 2014).

Non-typeable Haemophilus influenzae (NTHi) bacteria are Gram-negative commensal 

organisms of humans that colonize the respiratory tract and can act as opportunistic 

pathogens, with roles in sinus infection and otitis media (Hall-Stoodley et al., 2006, Barkai 

et al., 2009). NTHi bacteria are also linked to infections of the lungs of cystic fibrosis 

patients (Starner et al., 2006), and morbidity in patients with chronic obstructive pulmonary 

disease (COPD) (Murphy et al., 2004, Moghaddam et al., 2011, Thanavala & Lugade, 

2011). NTHi is a demonstrated biofilm-forming organism in humans (Murphy et al., 2005, 

Hall-Stoodley et al., 2006, Murphy et al., 2009), in animal model systems (Miyamoto & 

Bakaletz, 1996, Jurcisek et al., 2003, Jurcisek et al., 2005), and in vitro systems (Murphy & 

Kirkham, 2002, Swords et al., 2004, Webster et al., 2004, Webster et al., 2006, Moriyama et 

al., 2009).

In this study we used NTHi colony biofilms formed within the first 96 hr of incubation 

(Webster et al., 2004, Webster et al., 2006) to examine proteins present in the ECM. These 

biofilms are considered to be early, or immature, biofilms (Jurcisek & Bakaletz, 2007) yet 

they express extracellular proteins in the biofilm ECM (Gallaher et al., 2006, Webster et al., 

2006). We have used NMR and FTIR spectroscopy to detect ECM proteins, proteomics to 

identify biofilm-specific proteins present in the biofilm ECM, and immunocytochemical 

methods to confirm an extracellular location of biofilm-specific proteins. One goal of this 

study was to determine if it was possible to identify biofilm-specific proteins that could be 

used as the basis for diagnostic tests to identify biofilm-related infections.

MATERIALS AND METHODS

Preparation of non-typeable Haemophilus influenzae (NTHi) planktonic culture

50 µl of NTHi frozen stock was inoculated onto chocolate agar plates and incubated at 37°C, 

5% CO2, and 95% relative humidity. After 24hrs, bacterial colonies on the plate were used 

to inoculate sBHI (brain-heart-infusion broth supplemented with 20 ng/mL NAD and 100 

ng/mL hemin); OD600 was adjusted to 0.09 before incubating at 37°C, 5% CO2, and 95% 

relative humidity for 24 hours. This 24-hr (overnight) culture was then used to inoculate 

fresh sBHI, with OD600 adjusted to 0.1 before placing in a shaker-incubator and grown at 

200 rpm and 37°C until mid exponential growth phase was reached.

NTHi colony biofilms

Each NTHi colony biofilm was prepared on Millipore filters as previously described 

(Webster et al., 2006). Frozen aliquots of NTHi clone 9274 were thawed, plated onto 

chocolate agar plates (Hardy Diagnostics, Santa Maria, CA) and grown for 20 hr at 37°C in 

5% CO2 and 95% relative humidity (culture conditions applied to all bacterial and biofilm 

incubations). BHI broth supplemented with hemin and NAD (Poje & Redford, 2003) was 

inoculated with colonies formed on the agar, and the suspension incubated for 24 hr 

(stationary phase or overnight culture). Relative numbers of bacteria in sBHI suspension 

were estimated by reading the optical density at 600 nm (OD600) (Poje & Redford, 2003).
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Overnight culture was diluted 1:200 (1 × 10
7
 per mL) in fresh sBHI broth and 170 µL 

inoculated onto 25 mm diameter filters (Millipore Corp., Billerica, MA, Catalog # GSWP 

025 00) on chocolate agar plates (Webster et al., 2004, Webster et al., 2006). The filters 

with bacteria were incubated for increasing times from 1 hr to 96 hr. The NTHi colony 

biofilms on filters (Zahller & Stewart, 2002, Webster et al., 2004) were either prepared for 

examination by electron electron microscopy, proteomic analysis, biochemical analysis, or 

were used to estimate total numbers of culturable bacteria (CFU’s).

Estimation of colony-forming units (CFU’s) and dry weights

Culturable bacteria estimates (CFU’s) present in the colony biofilms were obtained using 

established counting methods (Herigstad et al., 2001). 25 colony biofilms for each time 

point, formed with identical amounts of overnight culture, were placed in sterile phosphate 

buffered saline (PBS) and sonicated in a sonicator bath for 6 min. The optical density of the 

resulting total biofilm suspension was read at 600 nm (OD600) to obtain an estimate of total 

biomass, and the suspension then serially diluted in sterile BHI broth, plated onto chocolate 

agar plates and incubated overnight. Estimates of total viable bacteria were calculated at 

increasing time-points for up to 96 hr and the results tabulated as numbers of viable bacteria 

per colony biofilm. CFU counts were replicated 3 times on 5 different occasions.

Preparation of biofilms for chemical assay and proteomic analysis

Planktonic bacteria and colony biofilms of NTHi strain 9274 biofilms were prepared as 

described above. Colony biofilms were formed on mixed cellulose filters, and dry weighs 

determined on triplicate batches dried under vacuum. Other NTHi colony biofilms were 

dislodged from their filter substrates by 3 cycles of washing in PBS using an ultrasonic bath 

at 35 kHz (Bransonic 5510R-DTH, 40kHz; Branson Ultrasonics Corp., Danbury, CT) and 

(4°C for 3 min followed by incubation on ice for another 3 minutes. The resulting slurry of 

bacterial biofilm material in PBS was transferred to a fresh tube. Biofilm components 

soluble in PBS (biofilm ECM) were separated from bacteria and associated insoluble 

components (non-ECM biofilm fraction) by centrifugation at 8,600 rcf at 4 °C for 5 minutes. 

For proteomic analysis NTHi colony biofilms were dislodged from growth substrate and 

biofilm ECM and non-ECM biofilm fractions were collected as decribed, but with the 

addition of a protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany, 

Catalog # 11836145001). The cocktail was used following manufacturers instructions where 

1 tablet was added to 7 mL PBS. The non-ECM fraction was resuspended in protein 

extraction buffer (50mM Tris, 150mM NaCl, 0.1% Triton X-100, 0.1% SDS, pH 7.5) 

containing protease inhibitor cocktail (1 tablet for each 7 mL extraction buffer), processed in 

the same way as for planktonic bacteria described above, and the supernatant was collected 

as homogenised, non-ECM biofilm fraction.

Chemical Assays

NMR and FTIR analysis of biofilm ECM from 6.5 hr, 12 hr, 24 hr and 96 hr biofilms was 

carried out using previously described methods (Baum et al., 2009), total protein 

concentration was determined using the Pierce BCA protein assay (Thermo Scientific), and 

DNA concentration by DAPI conjugation and fluorometry. The DNA content of SDS-
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buffered samples was estimated according to the method described by Brunk et al. (Brunk et 

al., 1979) using a fluorescence spectrophotometer (F-4500, Hitachi, Schaumburg, IL) and a 

calibration curve made with deoxyribonucleic acid sodium salt from salmon testes (D1626, 

Sigma, Milwaukee, WI, 2.4 mg in 100 mL SDS-buffer). For measurements, 15 uL aliquots 

(4-6) of biofilm solution were incubated for 2 min in DAPI (100 ng/mL in buffer composed 

of 100 mM NaCl, 10 mM EDTA, and 10 mM Tris, pH 7.0). Ultraviolet-visible spectra of 

biofilm ECM were recorded on a Model 8452A diode array spectrophotometer (Hewlett-

Packard/Agilent Technologies, Santa Clara, CA). Fluorescence spectra were acquired on a 

Model F-4500 fluorescence spectrometer (Hitachi High-Technologies, Pleasanton, CA). 

Infrared spectra of biofilm ECM were acquired on a Magna-IR 560 FTIR spectrometer as 

potassium bromide discs (Nicolet/Thermo Scientific, Madison, WI).

Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR Spectra were acquired on the water-soluble and DMSO-d6-soluble fractions of the 

freeze-dried ECM from 96 hr biofilms using an Inova 600 NMR spectrometer with an 

inverse triple resonance probe (Varian/ Agilent Technologies, Santa Clara, CA). All 

experiments were done with standard pulse programs and parameter sets supplied with the 

Chempack extension of the VnmrJ applications software (Agilent Technologies, Santa 

Clara, CA).

Proteins from Planktonic Bacteria

Culture medium was removed from planktonic bacteria culture at exponential growth phase 

by centrifugation at 8,600 rcf for 3 min. The bacteria pellet was resuspened in 1XPBS 

containing protease inhibitors cocktail (Roche Applied Science, Mannheim, Germany, 

Catalog # 11836145001), repelleted at 8,600 rcf for 3 min., and the supernatant discarded. 

The pellet was then resuspended in extraction buffer (50mM Tris, 150mM NaCl, 0.1% 

Triton X-100, 0.1%SDS, pH 7.5) containing protease inhibitors cocktail, incubated on ice 

for 30 min., and subjected to 10 sonication cycles each consisting of 30 seconds sonication 

with a probe micro-ultrasonic cell-disruptor at maximum power (1,200 W per sq. in. of 

ultrasonic energy) (Kontes, Vineland, NJ) and 3 min. incubation on ice. Extracted proteins 

were prepared by centrifuging this solution at 16,800 rcf for 5 min. and collecting the 

supernatant.

Proteomic analysis

Biofilm ECM components were separated by 1-D SDS-PAGE (Webster et al., 2006) with 14 

µg of protein suspension added to each lane. Two lanes from the gel of each developmental 

stage were divided into 10 separate bands and digested with trypsin using established 

methods (Gallaher et al., 2006). Protein digests of each band were analyzed using a 

nanoLC-2D system (Eksigent , Dublin, CA) interfaced with an autosampler and an 

ABI/MDS SCIEX 4000 QTRAP (ABI, Ontario, Canada). Nanoflow LC was performed 

using C-18 reverse phase chromatography (ZORBAX 300SB-C18) with an acetonitrile/

water (containing 0.1% formate) gradient (5-85% over 75 min) at 300 nL min−1. Data 

analysis was first performed using MASCOT software (Matrix Science, London, England), 

and subsequently refined using Scaffold v. 2.0 or v. 3.0 (Proteome Software, Portland, OR). 
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Final results met the major criteria outlined by Carr et al. (Carr et al., 2004). Proteins from 

the 24 hr and 96 hr biofilm ECM were compared with proteins identified from planktonic 

forms of NTHi bacteria.

Filters were subjected to proteomic analysis after 6.5 hr, 12 hr, 24 hr and 96 hr biofilms had 

been removed by sonication. Protein residues on washed filters were solubilized in lysis 

buffer (50 mM Tris-HCL, 150 mM NaCl, 1% Triton X-100, pH 7.4) and digested with 

trypsin as before (Gallaher et al., 2006). The protein digests were analyzed using an Agilent 

1200 nanoLC system interfaced with an Agilent 6520 Q-TOF equipped with a Chip-cube 

source. A volume of 10 uL sample was loaded at 5uL/min onto a high capacity Agilent 

micro-fluidic device (chip) consisting of a 160 nL trapping column and a 150mm×75um 

analytical column, both packed with Zorbax 300SB-C18. Peptides were separated using an 

Agilent 1200 nanoLC system with an acetonitrile/water (containing 0.1% formic acid) 

gradient (3-85% over 46 min) at 300 nL/min. The mass spectrometer was set to scan at 4 

scans per second with a m/z range of 300-2500.

After each scan, the instrument chose up to 6 ions exceeding a threshold of 1000 counts of 

signal intensity in the full scan and subjected them to MS/MS. Ions selected for MS/MS 

were required to have a measurable charge of at least 2 and were subject to a screening test 

to ensure they consisted primarily of a single component rather than multiple co-eluting 

components of the same approximate m/z. Ions selected for MS/MS were fragmented with a 

variable collision cell potential set to 3.6 V * precursor m/z/100 – 4.8 V. MS/MS spectra 

were collected from 50 to 3000 m/z at 2 scans per second, with the scan speed increased to 

avoid spectra with more than a calculated 50,000 ions per spectrum. After being selected for 

fragmentation, ions were placed on a temporary exclusion list for 12 seconds so they would 

not be re-analyzed immediately.

Tandem mass spectra were extracted by Masshunter (v 3.5). Charge state deconvolution and 

deisotoping were not performed. All MS/MS samples were analyzed using X! Tandem (The 

GPM, thegpm.org, v. Tornado (2009.04.01.1)). X! Tandem was set up to search the 

Haemophilus influenzae NCBI and Uniprot databases with a fragment ion mass tolerance of 

50 PPM and a parent ion tolerance of 25 PPM. Iodoacetamide derivative of cysteine was 

specified in X! Tandem as a fixed modification. Deamination of asparagine and glutamine, 

oxidation of methionine and tryptophan, sulphone of methionine and acetylation of the n-

terminus were specified in X! Tandem as variable modifications. Results were imported and 

visualized into Scaffold (v.3, Proteome Software, Portland, OR) .

Scanning Electron Microscopy

Colony biofilms on filters were rapidly frozen by immersion in liquid propane and 

subsequently stored in liquid nitrogen (Webster et al., 2004). Frozen specimens were freeze-

substituted in dry ethanol containing 1% glutaraldehyde at −80 °C, gradually warmed to 4 

°C in 100% ethanol, and critical point dried. The dried biofilms were mounted onto 

specimen stubs, sputter-coated with 9 nm thick films of platinum, and examined in a 

scanning electron microscope (SEM, XL30 SFEG; FEI, Hillsboro, OR).
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Filters where the biofilm had previously been removed for chemical analysis were also 

prepared for SEM examination using rapid freezing and freeze substitution as described 

above.

Transmission Electron Microscopy

Colony biofilms were rapidly frozen by high-pressure freezing (EMPACT2 HPF; Leica 

Microsystems Inc. Deerfield, IL) (McDonald et al., 2007) and freeze substituted in ethanol 

containing 1% osmium tetroxide (Webster et al., 2006). The freeze-substituted biofilms 

were embedded in Lowicryl HM20 (EMS, Hatfield, PA) at −50°C under UV light (AFS2, 

Leica Microsystems Inc.,) (Webster et al., 2004, Webster et al., 2006). Thin sections (60–80 

nm) were labeled with specific mouse monoclonal [8RB13] to RNA polymerase beta 

(Abcam, ab81865; Cambridge, MA), which was used to detect the DNA-directed RNA 

polymerase subunit beta, rabbit anti-mouse antibodies and 10 nm protein A-gold (PAG; 

University of Utrecht, The Netherlands), or rabbit anti-OMP P2 (YKA) (Neary & Murphy, 

2006) and 10 mn PAG using sequential labeling protocols (Webster et al., 2006). The rabbit 

anti-mouse antibodies were diluted in blocking solution containing 10% fish skin gelatin and 

10 µg/mL bacterial protein suspension (prepared by heat denaturation, lysis and 

solubilization of NTHi and Listeria monocytogenes cells). Immunolabeled sections were 

imaged using a Tecnai G2 20 TEM (FEI Inc, Hillsboro, OR) and images were digitally 

recorded (XR41; AMT, MA). When required, brightness and contrast adjustments were 

applied to the whole image (Adobe®Photoshop, Adobe, San Jose, CA).

Western blotting

SDS-PAGE protein separation and western blot analyses were performed as described 

previously (Webster et al., 2006).

Quantification

All experiments were performed at least in triplicate. Experiments estimating protein and 

DNA content were performed in quadruplet. Estimates of viable bacterial and measurement 

of soluble biomass were performed 6 times each using 8 well rows on 96 well plates (48 

replicas).

Quantification of gold particle label was performed on three different planktonic populations 

of cells, each sectioned in 4 regions chosen using systematic random sampling, and each 

section selected in 5 different regions at low magnification where gold particles could not be 

detected. The number of labeled cells was estimated by counting directly from images taken 

at high magnification and expressed as a percentage of the total population. Labeling 

densities of gold particles on cells (gold/µm2) and cell membranes (gold/µm) were estimated 

using the STEPanizer software package (Tschanz et al., 2011) installed on an iMac. 

Statistical significance was determined by comparing two groups using an unpaired t-test 

with Welch’s correction. Calculations for t-values were performed in MS Excel, p-values 

determined from a t-test table, and statistical significance defined as p= <0.05.

Proteomic analysis was performed on three different biofilm preparations and four different 

planktonic preparations. Planktonic proteins were identified using peptide thresholds set at 
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80% minimum and protein thresholds set at 80% minimum with a 1-peptide minimum 

(Scaffold software). Proteins from the biofilm ECM of 24 hr and 96 hr colony biofilms and 

from washed filters were identified using peptide thresholds set at 99.9% minimum and 

protein thresholds set at 95% minimum with a 3-peptide minimum. Proteins present in any 

one of three replicate samples were tabulated.

RESULTS

ECM was rapidly produced by early stage NTHi biofilms

Cryo-preparation methods used to prepare NTHi colony biofilms for scanning electron 

microscopy (SEM) examination preserved extracellular material and resulted in the 

preservation of intact biofilms. Such preservation methods allowed for examination of early 

biofilms developing on mixed cellulose filters. After 1 hr incubation the growth surface was 

covered with extensive amounts of amorphous material (Fig 1A). No bacterial cells or 

amorphous material was detected on growth surfaces inoculated with NTHi-free suspensions 

(Fig 1B). The amorphous material produced by the bacteria wrapped the cells, covered 

them, and seemed to attach them to the growth surface (Fig 1C). By 2 hr incubation, bacteria 

were completely covered with amorphous material and had formed aggregates of increased 

numbers of cells (Fig 1D). At 6 hr, 12 hr and 24 hr, dense biofilms consisting mainly of 

bacterial cells were produced, all of which were similar in appearance and were represented 

by a 12 hr biofilm (Fig 1E). When left undisturbed and unfed for 96 hr, the bacteria arranged 

themselves into structures consisting of thin sheets and channels running through the biofilm 

(Fig 1F).

Residual biomass remains attached to filters after biofilm removal

SEM examination performed on filters washed to remove NTHi biofilms for chemical 

analysis revealed traces of biofilm biomass remaining attached to the filter surface after 

extensive washing and sonication (Fig 2). Low magnification images revealed the biofilm 

biomass delineated the boundaries of where the 24 hr biofilm formed (Fig 2A). More central 

regions of where the biofilm was removed (Fig 2A) consisted of a fibrous mat of material 

attached to the filter (Fig 2B). Large amounts of biofilm biomass were present on filters 

where 96 hr biofilms had been removed (Figs 2C & 2D). The material appeared as a thick 

layer over the filter, and was only present where the biofilm had formed (Fig 2C). Higher 

magnification of the amorphous layer of material revealed the presence of embedded, 

misshaped bacterial cells (Fig 2D).

Chemical analysis, FTIR and NMR

General chemical profiles of biofilm ECM from 24 hr and 96 hr biofilms were obtained by 

chemical and direct analyses. IR spectra of 24 hr and 96 hr non-ECM biofilm fractions were 

indistinguishable, but significantly different from the biofilm ECM at the corresponding 

time points. The main spectral bands for these samples are shown and assigned in Tables 1 

and 2. The biofilm ECM from each time point seemed to contain a mixture of 

polysaccharides and proteinaceous material, while the non-ECM biofilm fractions consisted 

largely of proteinaceous material, with the 1160 and 1084 cm−1 bands characteristic of 

polysaccharides (Serra et al., 2007) being absent.
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NMR spectra were obtained using DMSO-d6-soluble fractions of the freeze-dried ECM 

from 96 hr biofilms, representing the major portion of the material (>75%). The fractions 

were poorly water- and trifluoroacetic acid-soluble. Aqueous acids were not used to 

solubilize the ECM material as this could depolymerize a range of macromolecular 

biomolecules. The biofilm pellets and supernatants obtained at 24 hr and 96 hr produced 

similar 1H NMR spectra. The unchanged chemical composition over the four days of 

incubation supports observations using FTIR spectroscopy. Representative 1D 1H spectra 

are presented under Supporting Information (Supplemental Fig. 1). 1H spectra of the water-

soluble fraction (Supplemental Fig. 1A) contained numerous peaks with narrow line-widths, 

suggesting the presence of small molecules (i.e., not biopolymers), in addition to numerous 

peaks in the 3.0-4.5 ppm range. These features were less abundant in 1H spectra of the 

water-insoluble material (Supplemental Fig. 1B). The above observations are supported by 

DOSY spectra, which show a significant distribution of molecular masses in the supernatant 

samples (Fig 3), while the pellet fractions did not (data not shown). The DOSY spectrum 

(Fig 3) appears to show the presence of lower molecular weight saccharides (δH 2.5 and 

2.75-3.5 ppm), as well as proteins.

HSQC NMR spectra of the DMSO-soluble and -insoluble biofilm fractions from 24 hr 

biofilms (Fig 4) are typical for random coil polypeptides with the expected distribution of 

methyne, methylene, and methyl proton/carbon pairs along with characteristic δ-CH2 serine 

peaks (δH 3.6-3.9 ppm, δC 62-65 ppm). The spectrum for the water-soluble fraction (Fig 4A) 

is more complex and appears to contain both polypeptide and saccharide peaks, consistent 

with the IR results. The spectrum from the water-insoluble material (Fig 4B) is noticeably 

different from typical polysaccharide or nucleic acid HSQC spectra, which would be 

dominated by hydroxylated carbons mostly downfield of 70 ppm, a few downfield methyl 

groups, and in the latter case, sp2 hybridized carbons.

ECM contains protein and DNA

Protein assays on the biofilm revealed the presence of increased amounts of protein in the 

biofilm ECM than were extractable from the non-ECM biofilm fractions (Fig 5A). The 

protein content of biofilm ECM from the 24 hr and 96 hr biofilms was 66 µg protein/mg 

biofilm dry weight and 41 µg protein/mg biofilm dry weight, respectively (Fig 5A). We also 

estimated biofilm ECM protein content from 6.5 hr and 12 hr biofilms, which were 73 and 

65 µg protein/mg biofilm dry weight, respectively (Fig 5A). Total extractable protein levels 

present in the non-ECM biofilm fractions, in µg protein/mg biofilm dry weight, were 44 (6.5 

hr), 31 (12 hr), 37 (24 hr) and 34 (96 hr). DNA content, in µg DNA/mg biofilm dry weight, 

of the biofilm ECM increased from 2 (6.5 hr), through 3 (12 hr) to a max of 5 at 24 hr (Fig 

5B). The DNA content of the biofilm ECM from the 96 hr biofilm dropped to 1 µg/mg 

biofilm dry weight (Fig 5B).

Culturable bacteria were present in NTHi biofilms

Culturable NTHi in forming biofilms (as CFUs per biofilm before removal of ECM) over a 

96 hr period were estimated (Fig 5C). The numbers of viable bacteria slowly increased from 

approx. 6.1 × 106 CFUs per biofilm at 1 hr after incubation, to 1.3 × 109 CFUs per biofilm 

after 9 hrs (Fig 5C). Between 9 hr and 12 hr, the numbers of viable bacteria increased, 
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reaching a peak by 12 hr (approx. 3.0 × 1010 CFUs per biofilm). The numbers of viable 

bacteria per biofilm dropped to approx 1.3 × 1010 at 15 hr, continued to fall until at 24 hr, 

they had dropped to 2.3 × 109 CFUs per biofilm, a level similar to that observed at 9 hr (Fig 

5C). Viable bacteria per biofilm continued to fall until at 96 hr (8.0 × 106) the number of 

viable bacteria was greater than were present in 1 hr biofilms (6.1 × 106). The 96 hr biofilms 

contained fewer culturable bacteria (8.0 × 106) than were present in 24 hr biofilms (2.3 × 

109).

ECM contained biofilm-specific proteins

A proteomic analysis of the biofilm ECM of 24 hr and 96 hr biofilms was compared with a 

similar proteomic analysis of total proteins taken from planktonic bacteria to produce a list 

of 153 identified proteins (supplemental Table 1). All proteins common to both the 

planktonic and biofilm lists were disregarded and the remaining 18 proteins were designated 

as being biofilm- specific proteins (Table 3). Transketolase 2 and chaperone protein dnaK 2 

were associated only with the 96 hr biofilms, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was associated only with the 24 hr biofilm. The remaining 15 

identified proteins were present in extracellular matrix from 24 hr and 96 hr biofilms. Seven 

proteins were associated with the bacterial cell membranes (including OMP P1, OMP P2 

and OMP P5), while the others were either enzymes involved with metabolism (e.g. 

transketolase 2, ornithine carbamoyltransferase), glycolysis (e.g GAPDH), or transcription 

(e.g. DNA-directed RNA polymerase), or were chaperones (Table 3).

A similar proteomic analysis was performed on proteins extracted from the filters from 

which the NTHi biofilms had been removed for other analysis. As before, the proteins 

obtained was compared with the proteins identified from planktonic bacteria and all 

common proteins excluded. A total of 60 proteins were identified on these washed filters. 

All 60 of them were on the filters from the 96hr biofilm, 46 were on filters from all the 

sampled time points, 11 on all filters except the 6.5 hr, 2 on 24 hr and 96 hr biofilm filters 

and one, a hypothetical protein (CGSHiEE_00395), identified only on the 96 hr biofilm 

filter (Table). The presence of bacterial cells in the residual material attached to the filters 

after biofilm removal made it impossible for us to determine if the proteins we identified 

were ECM-specific, or if they were also associated with biofilm bacterial cells. However, 

traces of 5 proteins identified in the more soluble ECM fraction were also found in the 

proteins remaining attached to the filter after washing. Two of the proteins were membrane-

associated, OMP-P2 and OMP-P5. The other three proteins were cytoplasmic and involved 

with transport (periplasmic iron binding protein) or transcription (molecular chaperone 

DnaK and DNA-directed RNA polymerase). The DNA-directed RNA polymerase and OMP 

P2 proteins were chosen for further immunocytochemical analysis using criteria based on 

their location within the biofilm fractions as well as antibody availability and specificity.

DNA-directed RNA polymerase and OMP P2 were components of the NTHi biofilm ECM

On western blots the anti-RNA polymerase antibodies bound to a protein band in the 150 

kDa range (where the DNA-directed RNA polymerase would be expected to appear) and 

showed only minimal fragmentation of the protein (Fig 6A). The anti- RNA polymerase 

antibodies bound to 24 hr and 96 hr biofilm ECM, and 24 hr and 96 hr non-ECM biofilm 
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fractions (Fig 6A). Anti-OMP P2 YKA antibodies bound to a protein band in the 42 kDa 

range (Fig 6) and recognized proteins in the biofilm ECM from 24 hr and 96 hr biofilms. 

The western blot analysis confirmed proteomic results that both proteins were present in 

biofilm ECM.

ImmunoEM was then used to screen for anti-RNA polymerase and anti-OMP P2 labeling on 

the ECM of in vivo formed biofilms. Anti-RNA polymerase label was observed over 

bacterial cells in the biofilms (Fig 7) and associated with the bacterial ECM (Fig 7). 

Extracellular label was present in 24 hr biofilms (Fig 7A), but there appeared to be more 

labeling on sections through the 96 hr biofilms (Fig 7B). In the 96 hr biofilms, the label was 

associated with the cell cytoplasm, extracellular regions of the biofilm, small extracellular 

vesicles, and with ECM that was in close association with the bacterial cells (Fig 7B). 

Negative controls, where specific anti-RNA polymerase antibodies were omitted, showed 

negligible amounts of gold labeling over the biofilm sections (Fig 7C & D).

The anti-OMP P2 YKA antibodies labeled planktonic forms of bacteria but showed a low 

level of label over most cells (Fig 8A). Occasional cells were more densely labeled (more 

than 5 gold particles) with the antibodies (Fig 8B). When quantified, it was revealed that 

only 2% of the planktonic cells were heavily labeled with the anti-OMP P2 YKA antibodies 

(Table 4). Estimates of the mean labeling density of labeling over the whole cell population 

revealed a distribution of 2.8 gold/µm2 on the bacterial cell area and 0.3 gold/µm on 

membrane length (Table 4). On 24 hr NTHi biofilms anti-OMP P2 YKA labeling at the top 

of the biofilm was mostly associated with the cell membrane (Fig 8C). However, at the 

bottom of the biofilm there was more detectable label over the cell cytoplasm and the ECM 

(Fig 8D). The anti-OMP P2 YKA labeled cell membranes at the top of 96 hr NTHi biofilms 

(Fig 8E). At the bottom of the biofilm, the label was associated with bacteria and 

extracellular material consisting of what appeared to be cell fragments (Fig 8F). Some of the 

amorphous material at the bottom of the biofilm did not label with the anti-OMP P2 YKA 

antibodies (Fig 8F).

DISCUSSION

The extracellular part of the biofilm is one of the most important components, contributing 

to bacterial attachment and antimicrobial tolerance (Costerton, 1999). The extracellular 

component of bacterial biofilms is often called the EPS, an abbreviation for either 

exopolysaccharides or extracellular polymeric matrix. The matrix of newly forming and 

immature biofilms contain more than polysaccharide, and the components are not fully 

polymerized so the term EPS does not adequately describe the biofilm component we are 

studying. A more generic term for the non-cellular components of a forming biofilm is the 

extracellular matrix (ECM) a term used previously to describe extracellular biofilm 

components (Hall-Stoodley & Lappin-Scott, 1998, Dongari-Bagtzoglou, 2008). Other 

studies of biofilm ECM has revealed it to be composed of varying amounts of 

polysaccharide, protein, nucleic acid and lipid, the actual proportions dependent on many 

different factors, two of which being the species of biofilm-forming bacteria and the 

developmental stage of the biofilm (Oosthuizen et al., 2002, Sauer et al., 2002, Sauer, 2003, 

Fux et al., 2005, Cao et al., 2011, Mueller et al., 2011).
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In this work we extend our studies of ECM proteins of immature NTHi biofilms (Webster et 

al., 2004, Gallaher et al., 2006, Webster et al., 2006) where we documented proteins in the 

biofilm ECM with diverse metabolic and structural functions. Using proteomics, FTIR, 

NMR, microscopy, and a variety of biochemical approaches we have now clearly identified 

biofilm-specific proteins present in the ECM of NTHi biofilms formed after 24 hr and 96 hr. 

Most importantly, we have confirmed an extracellular location for two of the biofilm-

specific ECM proteins using an immunocytochemical approach.

A list of proteins identified in the biofilm ECM (identified using a high stringency 99.9% 

probability) was compared with proteins from planktonic bacteria identified at lower 

stringency (80% probability). Of the18 biofilm-specific proteins we have identified, twelve 

had been detected previously in NTHi biofilm ECM (Gallaher et al., 2006), thus further 

strengthening their identification as biofilm-specific proteins.

The biofilm-specific proteins we identified have been linked to biofilms formed by NTHi 

and other bacteria. Some have roles in biofilm formation, such as the sialic acid-binding 

periplasmic protein (siaP) in NTHi biofilms (Swords et al., 2004), and RNA polymerase 

subunits in Streptococcus mutans and Mycobacterium smegmatis ((Mathew et al., 2006, Xue 

et al., 2010).

A number of the biofilm-specific proteins have previously reported to be expressed on 

bacterial cell surfaces and implicated in a secondary role of adhesion or attachment. Surface-

associated proteins that have been implicated in biofilm formation include 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Pancholi & Fischetti, 1992, 

Bergmann et al., 2004), ornithine carbamoyltransferase (OCT) (Hussain et al., 1999, Hughes 

et al., 2002, Oosthuizen et al., 2002, Winterhoff et al., 2002, Alam et al., 2009), the 

chaperone protein DnaK 2 (Mangalappalli-Illathu et al., 2009, Singh et al., 2012), and 5'-

nucleotidase (Davies et al., 2009, Fan et al., 2012). The presence of these proteins in the 

early, or immature biofilms, where initial attachment is important might be expected if they 

have a secondary role in adhesion. It is not surprising that proteins with multifunctional roles 

are present in bacteria given their preponderance in eukaryotic cells (Cassiday & Maher, 

2002, Scott et al., 2011, Muresan & Muresan, 2012).

The biofilm ECM fraction was removed from colony biofilms using mild sonication, 

however, a thin fibrous net of biomass on filters where 24 hr biofilms had formed, and an 

amorphous layer of biomass on the 96 hr filters remained on the filters. A proteomic 

analysis of the washed filters revealed the attached biomass to contain proteins with a 

variety of cellular functions. The biofilm biomass remaining attached to the filter after 

extensive washing of the 96 hr biofilm might explain the drop in biofilm biomass observed 

in our chemical analysis. The presence of bacterial cells embedded in the attached biomass 

of the 96 hr biofilm filters suggests both a protective and adhesive role for this material.

The presence of many proteins in the biomass remaining attached to the filter after washing 

suggests that some may have adhesion properties. Five of the 60 proteins identified as being 

biofilm-specific were also identified in the biofilm ECM fraction, thus suggesting that the 

adhesion properties of these proteins was not strong. However, from the images of the 
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washed biofilms and the results of the proteomic analysis it seems that adhesion to 

substrates is a process that develops over time. More material was found attached to the 

filters from biofilms formed after 96 hr than on filters from 24 hr biofilms. Similarly, more 

biofilm-specific proteins were identified on filters from 96 hr biofilms, an accumulation that 

increased over time.

We were concerned that the sonication protocol might potentially disrupt viable bacteria and 

the contents from disrupted cells could therefore contribute to the ECM in our analysis. 

However, biomass estimates and CFU data from the forming biofilm indicated a gradual 

increase in culturable bacteria during the first 12 hr of the experiment providing evidence 

that cell division was occurring. The drop in the numbers of culturable bacteria between 12 

hr and 24 hr might suggest that significant bacterial lysis was occurring. However, the loss 

of culturable bacteria could also result from bacteria switching to an unculturable biofilm 

phenotype (Costerton et al., 2003). Our ultrastructural analysis of the NTHi biofilms 

showing the presence of cell fragments at the biofilm base in the 96 hr biofilms would 

support a role for cell death in biofilm development (Fagerlind et al., 2012). Whether lysed 

bacteria were the source of proteins identified in the ECM could not be definitively 

answered, indicating a need for further studies on this subject.

In order to confirm an extracellular location for the proteins identified in the EMC fraction, 

we performed an immunocytochemical analysis using specific antibodies applied to thin 

sections. We were limited in which proteins we could detect immunocytochemically 

because few commercial antibodies to the biofilm-specific proteins were available that 

targeted bacterial proteins. Most of the available antibodies were directed to mammalian 

homologues of our identified proteins. Moreover, many of the commercial primary 

antibodies detected multiple bands on western blots, suggesting multiple bacterial proteins 

were being recognized in addition to our target proteins.

Bacteria-specific activity was also detected by western blotting in polyclonal secondary, or 

bridging antibodies, directed to affinity purified mammalian immunoglobulins, a problem 

we had previously encountered when using polyclonal antibodies (Webster et al., 2006). We 

concluded that the bacterial activity was a possible consequence of the use of Freund’s 

adjuvant, an emulsion of mineral oil and mycobacteria commonly used to stimulate 

immunoglobulin production. The bacteria-specific activity present in secondary, or bridging 

antibodies could thus be removed by including bacterial protein suspension in blocking 

solution (Webster et al., 2006). However, this simple yet effective affinity purification 

approach could not be applied to the primary antibodies because of the possibility of it 

removing specific activity to the target proteins. Therefore we excluded commercial 

polyclonal antibodies raised to mammalian proteins from this study. The two antibodies 

chosen were a commercial monoclonal antibody to RNA polymerase, and a polyclonal 

antibody (anti-OMP P2 YKA) directed against the NTHi outer membrane protein P2 (Neary 

& Murphy, 2006).

The anti- RNA polymerase antibodies labeled cells, cell fragments and the biofilm ECM, 

thus confirming the proteomic result that the protein was present in an extracellular site. It is 

clear that immunolabeling was the most definitive way of showing that the DNA directed 
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RNA-polymerase protein, a cytoplasmic protein, was free within the ECM and was not 

exclusively localized within bacterial cells. We strongly suggest that immunolabeling 

experiments are the best approach for confirming proteomic results, and unambiguously 

demonstrating the location of proteins in the ECM, or on structures associated with the 

ECM.

The presence of proteins associated with the cell membrane or periplasmic space, suggest 

that bacterial lysis was occurring in the biofilm. This speculation is supported by the 

presence of cell fragments at the base of both 24 hr and 96 hr biofilms. The anti-OMP P2 

YKA antibody we used was a polyclonal rabbit antiserum to a peptide corresponding to the 

loop 6 region of the P2 porin protein (AKTKNYKAKHEKS), a part of the molecule with an 

intra-membrane location (Neary & Murphy, 2006). All current data on the OMP P2 protein 

indicate that it is not regulated by the cells, being constitutively expressed and is present in 

abundant amounts in the outer membrane. However, immunolabeling revealed a lower 

labeling density over planktonic cells when compared with bacterial cells in the biofilm. In 

addition, only about 1% of planktonic cells expressed large amounts of the protein. The 

increased labeling over biofilm bacteria could indicate the occurrence of a structural 

alteration to the NTHi bacteria as they take on a biofilm phenotype. Structural modifications 

to the bacterial membrane could result in higher labeling efficiency because of increased 

antibody accessibility to the antigen. The anti-OMP P2 YKA antibodies labeled intact cells 

at the top of the 24 hr and 96 hr biofilms with more label being present than that associated 

with planktonic bacteria. At the base of the biofilms the anti-OMP P2 YKA antibodies also 

labeled intact cells as well as membrane fragments. The absence of OMP P6 (Webster et al., 

2006) in the proteomic analysis of the NHTi biofilm ECM suggest that cells or intact 

membranes, which contained the OMP P6 protein, were being removed during 

centrifugation. However, small OMP P2-positive membrane vesicles could remain in the 

biofilm ECM fraction, if they were low-density vesicles, and could not be removed by 

centrifugation.

Outer membrane vesicles (OMVs) formed by NTHi in planktonic culture have been recently 

purified and subjected to a proteomic analysis to reveal the presence of the OMPs P1 (OMP-

P1), P2 (OMP-P2) and P5 (OMP-P5) (Sharpe et al., 2011). Similar vesicles in the ECM of 

24 hr and 96 hr NTHi biofilms labeled with the anti-OMP-P2 YKA and anti-RNA 

polymerase in our studies. The iron utilization periplasmic protein we identified in the ECM 

of the NTHi biofilms was also present in the NTHi OMVs as was HMW1 (Sharpe et al., 

2011), an adhesin we have previously immunolocalized in NTHi biofilms (Webster et al., 

2006). Outer membrane proteins P2 (OMP-P2) and P5 (OMP-P5) have recently been 

identified as promising candidates for the detection of NTHI biofilms (Das et al., 2014). 

Positive detection in nasopharyngeal secretions of chinchillas experimentally infected with 

NTHi (Das et al., 2014) suggests such a diagnostic test might be feasible.

A preliminary analysis of the contents of the biofilm ECM from 24 hr (early stage) biofilm 

was performed using nondestructive spectroscopic methods. For this, we applied NMR and 

FTIR spectroscopy as these techniques provided a rapid and detailed means of chemically 

characterizing the biofilm suspensions. Analysis of biofilms formed by other bacteria using 

FTIR spectroscopy is a successful approach for identifying ECM components (Eboigbodin 
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& Biggs, 2008, Baum et al., 2009, Cao et al., 2011); however, NMR analysis has only 

recently been applied to the study of components of bacterial and fungal biofilms (Jakobsen 

et al., 2011, Seo et al., 2012).

Infrared spectroscopy is a powerful tool for nondestructive analysis of the chemical 

composition of bacterial biofilms. Briefly, this technique makes use of fact that vibrational 

and rotational-vibrational changes within a molecule are associated with specific energies, in 

an analogous fashion to UV-visible spectroscopy, which probes electronic transitions within 

molecules. Excitation of the energy levels occurs in well-defined regions of the 

electromagnetic spectrum, usually in the range of 4000 to 600 cm−1. The energy of the band 

provides key structural information and can help identify the associated functional group, 

while the band intensity can be correlated quantitatively to their abundance in the sample.

Using FTIR spectroscopy we were able to identify differences between the biofilm ECM 

and the non-ECM biofilm fractions, which consisted mostly of intact bacteria (Gallaher et 

al., 2006). The non-ECM biofilm fractions were mostly proteinaceous with no evidence of 

polysaccharide, as might be expected from concentrated bacterial cells. The biofilm ECM 

from 24 hr and 96 hr biofilms showed evidence of both protein and polysaccharide. 

Although there were differences between the water-soluble and water-insoluble samples of 

the lyophilized biofilm ECM, the FTIR analysis did not detect differences in protein and 

polysaccharide levels between samples taken from the 24 hr and 96 hr biofilms.

The NMR spectra supported the FTIR findings in detecting differences between the biofilm 

ECM and non-ECM biofilm fractions, but no differences in samples taken from 24 hr or 96 

hr biofilms. In addition to detecting the presence of polysaccharides and proteins in the 

water-soluble fractions of the biofilm ECM, the NMR spectra also revealed the presence of 

small molecules and molecules with a wide size distribution, which might suggest that 

proteolysis is occurring in the ECM. Together, the FTIR and NMR data provided 

compelling evidence to indicate that ECM is composed mostly of proteins. Determining the 

nature of these proteins required a different analytical approach.

While polypeptide and polysaccharide profiles were repeatedly detected by NMR and FTIR 

analysis, the data did not reveal nucleic acids, a possible limitation of this analytical 

approach. DNA in the biofilm ECM was detected using a specific DNA assay that we 

previously used to detect DNA in Pseudomonas fluorescens biofilms (Baum et al., 2009). 

Release of DNA into the ECM is a common occurrence in NTHI biofilms (Goodman et al., 

2011) as well as in biofilms formed by other bacteria (Petersen et al., 2005, Steinberger & 

Holden, 2005, Allesen-Holm et al., 2006, Bockelmann et al., 2006, Spoering & Gilmore, 

2006, Izano et al., 2008, Mann et al., 2009, Flemming & Wingender, 2010). Released DNA 

appears to play a structural role in biofilms formed by Burkholderia cenocepacia, a 

pathogen that colonizes the lungs of cystic fibrosis patients (Novotny et al., 2013). The 

mechanism for DNA release into the ECM is not well understood, but our use of static 

culture conditions, where bacterial cells were not put under mechanical stress, in contrast to 

previous studies where a sheer stress was imposed on bacterial cells (Jurcisek & Bakaletz, 

2007, Izano et al., 2009, Goodman et al., 2011), suggests that DNA release is an active 

process, not a result of cell damage. This speculation is supported by observations in other 
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bacterial species where DNA release appears to be an event controlled by biofilm-forming 

bacteria (Spoering & Gilmore, 2006).

In conclusion, we have observed the early events of NTHi biofilm formation using an in 

vitro system where bacteria rapidly attached to an abiotic substrate and produced 

extracellular material to cover attaching bacteria. FTIR and NMR detected protein and 

polysaccharide in the NTHi biofilm ECM. These analyses were able to detect differences 

between protein and polysaccharide levels in biofilm ECM and non-ECM fractions. 

Chemical analysis of the biofilm ECM showed a gradual decrease in protein content over 

time and an increase in DNA content up to 24hr. Viable bacteria in the early biofilms 

increased to a peak at 12 hr, and although the numbers fell over time, the 96 hr biofilms 

contained amounts of bacteria higher than in the initial inoculum.

Proteomics identified 18 proteins easily isolated proteins that were unique to the NTHi 

biofilm ECM, suggesting that, in vivo, the proteins could be present in fluids taken from 

infected regions. We have also identified 60 proteins present in the biomass remaining 

attached to the filter substrate after the biofilm had been removed by washing. We have 

demonstrated by immuno-electron microscopy that two biofilm proteins (DNA-directed 

RNA polymerase and OMP P2 YKA) were present in the ECM of the immature NTHi 

biofilms, confirming the ECM location obtained by proteomic analysis. Many of the 

biofilm-specific ECM proteins had secondary functions in cellular adhesion, indicating an 

important role in bacterial cell attachment, especially during the early stages of biofilm 

formation. The ECM proteins may also be important components of the complex biofilm 

structures constructed by NTHi and other species of bacteria. It is clear that no matter what 

role these extracellular proteins play in biofilm formation or maintenance, it will be 

important to determine how and why such large amounts of cytoplasmic and membrane 

proteins are released into the biofilm ECM.
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List of abbreviations used

BHI Brain Heart Infusion

CFU Colony Forming Units

COPD Chronic Obstructive Pulmonary Disease

DAPI 4',6-diamidino-2-phenylindole

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DOSY Diffusion Ordered Spectroscopy

ECM Extracellular Matrix

EPS Exopolysaccharide

FTIR Fourier Transform Infrared Spectroscopy

HSQC Heteronuclear Single Quantum Coherence

NAD Nicotinamide adenine dinucleotide

NMR Nuclear magnetic resonance

NTHi non-typeable Haemophilus influenzae

OD600 Optical Density read at 600 nm wavelength

OMP Outer Membrane Protein

OMV Outer Membrane Vesicle

PBS Phosphate Buffered Saline

RNA Ribonucleic acid

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM Scanning Electron Microscope/Microscopy

TEM Transmission Electron Microscope/Microscopy
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Figure 1. Scanning EM of NTHi 9274 colony biofilms
A. A 1 hr incubation of NTHi bacteria on the growth surface resulted in the inoculated area 

being covered in a layer of amorphous material, which also covered the bacteria present 

(arrowheads)

B. A similar, sterile growth surface incubated for 1 hr after inoculation with BHI only, 

showed no evidence of material.
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C. A close view of the 1 hr biofilm bacteria on the growth surface showed a bacterium 

attached to the amorphous material (arrow). In the same image is a bacterium covered with, 

or embedded in, the layer of amorphous material (arrowheads).

D. After 2 hr incubation the bacteria appeared to be forming a biofilm with aggregates of 

bacteria embedded under a layer of amorphous material.

E. By 12hr, the biofilm had developed into a mat of tightly packed bacteria with a layer of 

amorphous material covering the top surface of the mat. The growth surface was completely 

covered by this biofilm.

F. A 96 hr biofilm showing how the bacterial cells had arranged themselves into a structure 

consisting of sheets and spaces within the biofilm.

Scale bars = 5 µm.
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Figure 2. Scanning EM of filter surfaces after removal of 24 hr and 96 hr NTHi biofilms
24 hr and 96 hr biofilms were removed from the growth surface by sonication in PBS and 

the washed filter surfaces were examined by SEM.

A. 24 hr , washed filter. The washing protocol almost completely removes 24 hr biofilms. At 

low magnification enough of the biofilm material remains on the filter to identify the outer 

border (arrows) and remnants of the biofilm (arrowhead) within the zone of biofilm 

formation. Scale bar = 500µm.

B. 24 hr washed filter. Within the zone of biofilm formation remains a thin network of 

material attached to the filter surface (F). Scale bar = 20µm.

C. 96 hr washed filter. Biofilm material remains attached to the surface of filters where 96 

hr biofilms have been removed. Scale bar = 500µm.

D. 96 hr washed filter. The material left behind by the 96 hr biofilm resembles a network of 

fibrous material. Scale bar = 50µm.

Insert. Bacterial cells embedded in the 96 hr biofilm residue were more spherical than 

planktonic NTHi. Scale bar = 500nm.
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Figure 3. Baysian DOSY Transform Spectra
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Figure 4. HSQC NMR spectra of DMSO-soluble and –insoluble ECM from NTHi 9274 biofilms
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Figure 5. Protein, DNA and viable bacteria in the forming biofilms
A. Protein content of non-ECM biofilm fraction (shaded bars) and of biofilm ECM (open 

bars) from NTHi biofilms. The biofilm ECM contained more protein than the non-ECM 

biofilm fraction, which contained mostly bacteria. The protein content of the non-ECM 

biofilm fraction remained mostly constant, while the protein content of the biofilm ECM 

dropped over time.

B. DNA content of ECM from NTHi biofilms. The amount of DNA in the ECM fraction of 

the biofilms increased until it peaked at 24 hr. DNA in the ECM from the 96 hr biofilm was 

much lower than DNA present in the 12 hr and 24 hr biofilms.

C. Colony biofilms were collected in PBS at increasing time intervals over a 96 hr period. 

The numbers of viable bacteria in these suspensions were estimated. Over the 96 hr period, 

the numbers of viable bacteria increased 12-fold by 12 hr but returned to initial inoculum 

levels by 96 hr. CFUs were 1 hr - 6.1x106; 9 hr - 1.3x109; 12 hr - 3.0x1010; 15 hr - 1.3x1010; 

24 hr - 2.3x109; 96 hr - 8x106.

B. The OD600 of total biofilm material suspended in PBS (left scale) was used to estimate 

total biomass in the biofilms. The biofilm biomass peaked at 12 hr and remained at high 

levels but dropped at the last time point. Dry weights of forming biofilms, indicated with a 

bar histogram (and right scale), showed a rapid increase in biofilm biomass by 6.5 hr, 

increasing slowly to a maximum at 24 hr. The dry weight of the 96 hr biofilm was similar to 

that observed for the 12 hr and 96 hr biofilms.
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Figure 6. Anti-DNA-directed RNA polymerase and OMP P2 antibodies label NTHi biofilm ECM 
proteins
A. Western blot using anti-DNA-directed RNA polymerase. A protein band in the ECM and 

in non-ECM biofilm fractions of 24 hr and 96 hr biofilms was detected in the 150kDa range 

(arrow). Weak binding bands in the range of 45 – 55 kDa (arrowheads) were also present.

Western blot showing label on:

Lane 1: ECM, 24 hr biofilm

Lane 2: Insoluble fraction, 24 hr biofilm

Lane 3: ECM, 96 hr biofilm

Lane 4: Insoluble fraction, 96 hr biofilm

B. Western blot using anti-OMP P2 antibodies
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A protein band in the 42kDa range (arrow), corresponding to the OMP P2 protein, in the 24 

hr and 96 hr biofilms was detected.

Lane 1: ECM, 24 hr biofilm

Lane 2: ECM, 96 hr biofilm

Lane 3: Total Extract, 96 hr biofilm
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Figure 7. DNA-directed RNA polymerase is located in the NTHi biofilm ECM
Sections through cryo-preserved NTHi biofilms were labeled with specific monoclonal 

antibodies, rabbit anti-mouse bridging antibody, and 10nm protein A-gold.

A. 24 hr biofilm. Specific label is associated with the bacterial cells (some of which are 

labeled “B”) and with ECM (arrows).

Scale bar = 500nm.

B. 96 hr biofilm. Specific label is found over the bacterial profiles (B) as well as ECM 

around the bacteria (Arrow), and with extracellular vesicles (arrowhead).

Scale bar = 500nm.

C. 24 hr biofilm control. Specific primary antibody was omitted and labeled only with 

secondary antibody and protein A-gold. Some gold particles associate with bacterial profiles 

(arrowheads) but the labeling density is lower than when primary antibody is included.

Scale bar = 500nm.

D. 96 hr biofilm control labeled only with secondary antibody and protein A gold. Non-

specific labeling is detectable over bacterial cells and ECM (arrowheads). The labeling 

density is lower than when primary antibody is included.

Scale bar = 500nm.
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Figure 8. Outer membrane protein OMP P2 is located in the NTHi biofilm ECM
Sections through cryo-preserved NTHi biofilms were labeled with specific antibodies and 

10nm protein A-gold.

A. The planktonic bacteria (B) labeled with the anti-OMP P2 YKA antibody with a low 

level of label over most cells (arrowheads).

B. A higher labeling density with the anti-OMP P2 YKA antibody was observed over some 

bacteria.

C. Bacteria (B) at the top of the 24 hr biofilm were labeled mostly over the cell membrane.
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D. Bacteria (B) at the bottom of the 24 hr biofilm label with the antibody. Labeling was also 

observed associated with the ECM (arrowhead), and with membrane structures in the ECM.

E. Labeling at the top of the 96 hr biofilm is associated with the cell membranes of the 

bacteria (B).

F. At the bottom of the biofilm the label was associated with bacteria (B), with ECM, and 

with membranes in the ECM (arrow). Label was not detected over amorphous material at the 

bottom of the biofilm (asterisk).
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Table 1

Principal IR-active bands in water-soluble biofilm samples.

Band location (cm−1) Band intensity Assignment

3433 vs, br νN-H (1)

3320 sh νO-H (2); νN-H (1)

3096 w aromatic νC-H (1); CH2 νC-H (1)

2970 m N-CH3 νC-H (1); N-CH2 νC-H (1); CO2
- νC=O (1); νC-N (1)

2953 m νC-H (2-3)

2900 sh νC-H (2-3)

2648 sh, br νPO-H (1)

1655 vs amide I νC=O (3-5)

1590 vs amide II νC=O (3-5)

1410 vs C-H bending in CH2 (6)

1252 m O-acetyl ester νC=O (2-3, 6); nucleic acid νP=O (7)

1160 vs polysaccharide νC-C and νC-O (2-4, 7)

1084 vs polysaccharide νC-OH (2, 7)

860 s polysaccharide νC-C, C-C-O & C-C-H bending (2); aromatic νC-H (1)

544 s N/A

vs, very strong; s, strong, m. medium; w, weak; sh, shoulder; br, broad
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Table 2

Principal IR-active bands in water-insoluble biofilm samples.

Band location (cm−1) Band intensity Assignment

3330 vs νN-H (1)

3100 sh νO-H (2); νN-H (1)

2968 m aromatic νC-H (1); CH2 νC-H (1)

2933 m νC-H (2-3)

2875 sh νC-H (2-3)

1675 vs amide I νC=O (3-5)

1552 vs amide II νC=O (3-5)

1493 m CO2
- νC=O (1); aromatic C-C (1)

1404 m C-H bending in CH2 (6)

1247 vs O-acetyl ester νC=O (2-3, 6); nucleic acid νP=O (7)

1088 vs polysaccharide νC-OH (2, 7)

995 w νC-O-H (1); νP-N (1)

957 w νC=C (1); νP-N (1)

661 sh N/A

554 m N/A

vs, very strong; s, strong, m. medium; w, weak; sh, shoulder; br, broad
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Table 4

Quantification of anti-OMP P2 YKA labeling on sections of planktonic NTHi bacteria

A) Percentage of heavily labeled cells

OMP P2 positive 2%

OMP P2 negative 98%

p < 0.0001

B) Mean labeling densities of anti-OMP P2 YKA label on planktonic cell population

Protein A gold (PAG) labeling only 0.03 ± 0.05 /µm

Gold particles associated with bacteria cell 2.8 ± 1.2 /µm2

Gold particles associated with cell wall 0.3 ± 0.1 /µm

p < 0.001 (compared with PAG only)
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