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Collagen and hyaluronan at wound sites
influence early polymicrobial biofilm adhesive
events
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Abstract

Background: Wounds can easily become chronically infected, leading to secondary health complications, which occur
more frequently in individuals with diabetes, compromised immune systems, and those that have suffered severe
burns. When wounds become chronically infected, biofilm producing microbes are often isolated from these sites.
The presence of a biofilm at a wound site has significant negative impact on the treatment outcomes, as biofilms are
characteristically recalcitrant to removal, in part due to the formation of a protective matrix that shield residents
organisms from inimical forces. Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA) are two
of the organisms most prevalently isolated from wound sites, and are of particular concern due to their elevated levels
of antibiotic resistance, rapid growth, and exotoxin production. In order to understand the biofilm forming abilities of
these microbes in a simulated wound environment we used a microtiter plate assay to assess the ability of these two
organisms to bind to proteins that are typically found at wound sites: collagen and hyaluronan.

Results: Collagen and hyaluronan were used to coat the wells of 96-well plates in collagen:hyaluronan ratios of 0:1, 3:1,
1:1, 1:3, and 1:0 . P. aeruginosa and MRSA were inoculated as mono- and co-cultures (1:1 and a 3:1 MRSA: P. aeruginosa).
We determined that coating the wells with collagen and/or hyaluronan significantly increased the biofilm biomass of
attached cells compared to an uncoated control, although no one coating formulation showed a significant increase
compared to any other combination. We also noted that the fold-change increase for MRSA upon coating was greater
than for P. aeruginosa.

Conclusions: Our study suggests that the presence of collagen and/or hyaluronan at wound sites may be an
important factor that influences the attachment and subsequent biofilm formation of notorious biofilm-formers, such
as MRSA and P. aeruginosa. Understanding the kinetics of binding may aid in our comprehension of recalcitrant wound
infection development, better enabling our ability to design therapies that would prevent or mitigate the negative
outcomes associated with such infections.
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Background
The treatment and management of chronic wounds rep-
resents a significant burden to both healthcare systems
and patients [1-3]. The treatment of chronic wounds is
costly; treatment of leg ulcers in North America can cost
up to US$ 45, 000 for patients [3]. This does not account
for deleterious effects on the quality of the patient’s life
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[3]. Most chronic wounds arise from amputation, burns,
or venous ulcers and can become exacerbated in the
case of immunocompromised, obese, or diabetes melli-
tus patients [4-6]. Underlying layers of cutaneous tissue
can become exposed to opportunistic and pathogenic
microbes at wound sites. The release of the cytoplasmic
contents from damaged cells makes this a nutrient-rich
environment that is highly susceptible to infection from
the patient’s endogenous microbiota, the environment or
from healthcare providers [7].
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Within the last 20 years, it has become widely accepted
that many organisms exist as a biofilm community, which
diverges from earlier microbial theorem that postulates
microorganisms operate as individual cells [8]. Today, we
recognize that the vast majority of microbes are found in
dynamic complex communities, which include polymicro-
bial biofilms [9-11]. Common constituents of polymicrobial
wound biofilms include methicillin-resistant Staphylococcus
aureus (MRSA) and Pseudomonas aeruginosa with many
studies examining the dynamics of these microbes [12,13].
MRSA and P. aeruginosa readily colonize wound sites,
forming biofilms that are resistant to antibiotics, phago-
cytes, and other immune system components, such as anti-
bodies and complement proteins [4-7,14,15]. Recently, S.
aureus and P. aeruginosa have been implicated in produ-
cing and secreting human surfactant proteins which may
explain their aggressive colonization and biofilm produc-
tion in the lungs of cystic fibrosis patients [16].
P. aeruginosa is a prolific biofilm former, producing bio-

films within as little as 10 hours in vitro [17]. Studies show
that the major mechanism of attachment involves type IV
pili; cells initially attach reversibly via pili and eventually
become irreversibly attached, leading to the loss of pili [8].
P. aeruginosa is a common inhabitant of soil environments
and can be found on the skin [13]. Although it is com-
monly not harmful to healthy individuals, it is a voracious
opportunistic pathogen with a high-affinity for water
and will frequently occupy mucosal surfaces [13,18-20]. P.
aeruginosa has been implicated in less severe cases of
dermatitis, but infection may become serious in cutaneous
infections of immunocompromised patients [13]. In mi-
crobial biofilm communities, P. aeruginosa increases bio-
film virulence by cooperatively helping the growth of other
microorganisms [13,21]. P. aeruginosa is a siderophore-
producing bacterium, which allows it to scavenge iron,
a growth limiting nutrient, from erythrocytes present at
wound sites [21]. In many cases, non-siderophore produ-
cing microorganism, such as S. aureus, are able to scav-
enge P. aeruginosa’s siderophores, leading to higher levels
of microbial growth [21].
Staphylococcus aureus is a transient colonizer of the

nasal passages and is carried asymptomatically in the
nasopharynx of 35% to 60% of the human population
[13]. It too, like P. aeruginosa, is an opportunistic patho-
gen and the causative agent of many self-limiting skin
infections [13]. However, if infection from S. aureus
persists, more serious complications may occur such as
cellulitis, bacteremia, pneumonia, and toxic shock. The
most common sites of S. aureus infection include the
skin and soft tissues [13]. To that effect, 75% of soft
tissue infections are caused by the methicillin-resistant
Staphylococcus aureus (MRSA), S. aureus that is resist-
ant to all β–lactam antibiotics by virtue of acquisition of
mecA and which often acquires resistance to other
antimicrobial classes [13,22]. MRSA is non-motile and does
not produce surface appendages, such as pili (as observed
with P. aeruginosa). Instead MRSA uses surface proteins
such as ClfB and Eap and relies on surface charges in order
to mediate adherence to squamous epithelial cells [23-25].
In order to better understand how P. aeruginosa and

MRSA form biofilms at wound sites, it is critical to under-
stand the overall dynamics of the wound environment.
Collagen and hyaluronan are two common proteins found
in the skin, and both excellent candidates for the gener-
ation of skin substitutes [26,27]. Both are found in the der-
mal region of the skin, which is mostly acellular, consisting
of collagen, elastin, and hyaluronan (among other glycos-
aminoglycans) [28]. This is the opposite of the epidermis,
which is composed of up to 95% keratinocytes [28]. Colla-
gen, elastin, and hyaluronan compose the dermal extracel-
lular matrix in which fibroblasts and macrophages reside
[28]. Collagen is the main component of connective tissue
and functions as a support for tissue growth and acts as
a chemo-attractant and scaffold for keratinocyte and
fibroblast cells [29,30]. Hyaluronan is a common com-
ponent of all extracellular matrices and is involved in
regulation of cell function, migration, proliferation, and
differentiation [31].
The collagen and hyaluronic acid ratio vary between indi-

vidual’s age and sex. Collagen accounts for 70% of dermis
[32], while hyaluronic acid forms a smaller part of the der-
mis. The amount of hyaluronic acid is about 0.1 to 0.2
microgram/milligram dry weight of the dermis [32]. Col-
lagen is cationic but hyaluronan is anionic, and hence the
two macromolecules may form polyionic complexes in
aqueous solution [33]. Higher hyaluronic acid concentration
in the cross-linked collagen-hyaluronan matrix may lead to
higher stiffness and higher bulk modulus in the skin.
Due to their likely importance in chronic wound infec-

tions, we examined the interactions among collagen, hya-
luronan, MRSA, and P. aeruginosa. As anticipated, we
found that the presence of collagen and hyaluronan influ-
ences the early adhesive events that are critical for the es-
tablishment of potentially life threatening MRSA and P.
aeruginosa infections. Ultimately, we found that although
differences in the formulations of these components did
not affect biofilm formation, the presence of any formula-
tion (each alone or together in different ratios) signifi-
cantly increased the biofilm biomasses of both MRSA and
P. aeruginosa. Our results support the notion that collagen
and hyaluronan may be important ligands for microbial at-
tachment. Understanding the dynamics of binding may
lead to improved therapies that target adhesion.

Methods
Bacterial strains
Bacterial strains used in this study consisted of MRSA and
Pseudomonas aeruginosa. Two strains of each microbe
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were used. P. aeruginosa BK-68 and P. aeruginosa BK-76
were obtained from canine ear skin infections. MRSA
M05-35 (USA 100) and MRSA M05-86 (USA 300) were
obtained from human skin infections.

Culture conditions
MRSA and P. aeruginosa strains were streaked onto 5%
sheep blood agar (SBA) plates from −80°C frozen stocks,
and were grown inverted at 37°C for 24 hours. For micro-
titer plate and AFM experiments, cultures were grown in
5 mL tryptic soy broth (TSB) at 37°C for 24 hours.

Microtiter plate assay
Collagen and hyaluronan coating
Standard 96-well polystyrene microtiter plates were
coated with rat-tail collagen type I (BD Biosciences) and
hyaluronan (0.05 mg/ml, Sigma) both dissolved in 0.9%
NaCl solutions at concentrations of 50 μg/mL, similar to
the protocol carried out by Werthen et al. [34]. Wells
consisted of 1:0, 3:1, 1:1, 1:3, and 0:1 collagen:hyaluronan
coatings in replicates of four along with a replicates of
uncoated wells. To each well, a total of 300 μL of solu-
tion was added. Plates were then covered and allowed to
incubate at 4°C for 24 hours. Coating solutions were
gently removed after this time and the wells were rinsed
twice with a 0.9% NaCl solution.

Inoculation and incubation
Single colonies from SBA plates were cultured in 5 mL
of TSB and were allowed to grow for 24 hours at 37°C
in a reciprocal shaker (200 rpm). Cultures were stan-
dardized to ~1.5 × 108 CFU/ml in TSB (supplemented
with 0.1% NaCl) using a 0.5 McFarland standard. For
mono-cultures, 200 μL was inoculated in replicates of
four to the coated and uncoated wells. For 1:1 co-
cultures, 100 μL of MRSA and 100 μl of PA were inocu-
lated in replicates of four to the coated and uncoated
wells. For the 3:1 MRSA:PA co-culture, 150 μL of MRSA
and 50 μL of PA were inoculated in replicates of four to
the coated and uncoated wells. Controls were prepared
and incubated alongside the microtiter plate assay and
underwent the same subsequent treatments (heat-fixing,
crystal violet staining, etc.). No contamination was ap-
parent in the negative controls (no opacity/turbidity).
Average OD values obtained from the controls were
subtracted from the corresponding experimental values
obtained. Microtiter plates were incubated for 24 hours
at 37°C under static conditions in order to allow for bio-
film formation [34,35].

Quantification of biofilms
The quantification of biofilms was done using a modi-
fied protocol of Singh et al. [36]. After 24 hour growth
in microtiter plates, microbial solutions were discarded.
Wells were washed three times with 200 μL PBS (pH =
7.2) in order to remove unattached cells. Biofilms were
then heat-fixed at 60°C for 60 minutes and were subse-
quently stained with 0.1% crystal violet for 15 minutes at
room temperature. Crystal violet was aspirated with a
pipette, and the plates were rinsed by submersion in a
container of tap water. Plates were then allowed to dry
for 60 minutes at 35°C. After this the stained biofilms
were re-solubilized in 200 μL of 95% ethanol and OD
was taken at 562 nm.

Selective dilution plating
In order to enumerate the number of viable microbial cells
in mono- and co-cultures, selective dilution plating experi-
ments were performed. Mono-cultures were grown in
TSB (supplemented with 0.1% NaCl) for 24 hours at 37°C
in a reciprocal shaker (200 rpm). Mono-cultures were then
standardized to a 0.5 McFarland standard. 1 mL of each
standardized mono-culture was then inoculated into sep-
arate test tubes containing 6 mL of fresh TSB broth. For
the 1:1 co-culture, 1 mL of each mono-culture was inocu-
lated into the same test tube containing 6 mL of fresh
TSB. For the 3:1 MRSA:PA co-culture, 1.5 mL and 0.5 mL
of MRSA and P. aeruginosa strains were inoculated into
6 mL of fresh TSB. These three cultures were then grown
for 24 hours under the same conditions as previously
mentioned. After 24 hours, 1 mL from each culture (PA-76,
MRSA-35, and PA-76 +MRSA-35) was inoculated into
separate 9 mL PBS (pH= 7.4) test tubes to create 10−1 di-
lutions. From this, 1 mL was transferred to 9 mL of PBS
to create the next dilution. This process was repeated until
10−7 dilutions were generated. 0.1 mL from each dilution
was then plated and grown for 24 hours at 37°C. Mono-
cultures were plated on 5% SBA. Co-cultures were plated
on Pseudomonas CFC Agar (Oxoid) and Staphylococcus
Medium 110 (Oxoid) in order to select for P. aerugionsa
and MRSA respectively. Plates containing 25–250 colonies
were used in determining bacterial CFU/mL.

Atomic force microscopy
Single colonies of MRSA M05-35 and PA BK-76 were in-
oculated into separate test tubes containing 5 mL TSB
each. A co-culture was generated by inoculating single
colonies of these strains into the same test tube containing
5 mL TSB. These were grown for 24 hours at 37°C. After
this time 1 mL from each culture was centrifuged at
1200 rpm for 3 minutes and washed twice with deionized
water. 200 μL of the washed cell solutions was pipetted
onto mica sheets pre-coated with gelatin (0.005 g/mL). A
gelatin pre-coating was done in order to improve cell to
surface attachment [37]. Cultures were allowed to sit on
the mica sheets for 30 minutes before being rinsed off
with 1 mL of deionized water. After rinsing, the mica
sheets were covered and allowed to dry overnight. Imaging
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was done using the intermittent-contact mode (AC
mode) in air.

Negative controls
Negative controls for the microtiter plate assay consisted
of inoculating TSB (replicates of four) into the coated
(collagen:hyaluronan in varying ratios as describe above)
and uncoated wells. For the selective dilution plating, 0.1 mL
of the PA-76 and MRSA-35 (100 dilutions) were inocu-
lated onto Staphylococcus Medium 110 and Pseudomonas
CFC Agar, respectively. No growth was observed after
24 hours at 37°C.

Statistical methods
Experiments were conducted in triplicate and repeated
twice. A student’s t-test was performed to compare groups
with a P < 0.05 being considered significant. Statistical
analysis was performed on commercially available software
(R Open Source Statistical Programming).

Results and discussion
Coating with collagen and hyaluronan increases P.
aeruginosa and MRSA attachment
When we examined P. aeruginosa BK-68 (PA-68) biofilm
growth on coated vs. uncoated surfaces, we found that
coated wells harbored more biomass after a 24 h incuba-
tion; however, not to a significant extent in most cases
with the exceptions being the 3:1 hyaluronan:collagen
and the collagen coatings (P = 0.02 and P = 0.02 respect-
ively) (Figure 1). Among the coated wells, the 3:1 colla-
gen: hyaluronan well led to the highest biofilm growth
with an absorbance of 1.73. The lowest absorbance
among the coated wells occurred in the 1:1 collagen: HA
coated well, with an absorbance reading of 1.39.
Similar to strain PA-68, P. aeruginosa BK-76 (PA-76)

biofilm production was again enhanced in coated wells;
however, not to a significant extent in most cases. Ex-
ceptions here this time were seen with the collagen and
hyaluronan coated wells (P = 0.03 and P = 0.04 respect-
ively). The greatest production occurring in the collagen
coated well (Abs = 3.71). The lowest biofilm production
in the coated wells was observed in the 1:1 collagen: HA
well (Abs = 2.66), similar to PA-68. Between well coat-
ings, no significant differences in biofilm biomass pro-
duction were observed in both P. aeruginosa strains.
This suggests that none of the coatings combinations in
particular promoted greater or lesser biofilm biomass.
Coatings also increased biofilm formation in MRSA

M05-35 (MRSA-35) and MRSA M05-86 (MRSA-86)
(Figure 1) after 24 h of growth; however, in this case all
coating showed a significant increase in biofilm formation
compared to the uncoated wells (P < 0.05). For both MRSA
strains, the collagen wells showed the greatest significant
difference compared to the uncoated wells (P < 0.001 in
both cases). For MRSA-35 all collagen:hyaluronan wells
showed significantly less biofilm biomass than the hyaluro-
nan coated well (P < 0.05). This was not observed when
comparing the collagen and hyaluronan coated wells with
the collagen well showing greater biofilm biomass produc-
tion, but not to a significant extent. Among well coatings
for MRSA-86, a significant decrease in biofilm biomass
was observed in 1:1 collagen: hyaluronan and 3:1 hyaluro-
nan:collagen wells compared to the collagen well (P =
0.002 and P = 0.005 respectively).
Ultimately, we determined that collagen coating by itself

appears to be the most effective substrate for biofilm at-
tachment. We found it interesting that HA alone or the
addition of HA to collagen did little to alter the biofilm
attachment phenotype, considering that it is frequently
present at the wound site [38]. This data suggests that
these important wound infection pathogens (particularly
MRSA) may have a preference for binding to skin and
wound proteins [34]. At this time, we do not know if that
is preferential binding is dictated by specific ligands or
whether the interaction is governed by the intrinsic phys-
ical properties of collagen.
The significant increase in biofilm production from both

MRSA strains between coated and uncoated wells is be-
lieved to be due to MRSA’s less efficient ability, compared
to P. aeruginosa, to attach and adhere to surfaces, a vital
component in the formation of biofilms [12,39-41]. The en-
hancement in biofilm formation upon coating of the wells
was less dramatic for P. aeruginosa. We believe this may be
because P. aeruginosa is efficient at adhering to nearly any
surface, including polystyrene [40,42,43]. P. aeruginosa is
known to have more effective methods of attachment and
adherence to surfaces, most notably through type IV pili
(TFP), whereas S. aureus relies mainly on surface protein-
protein interactions for attachment [23,24,41,44-46]. Specif-
ically Eap, ClfB, and teichoic acid, all of which are S. aureus
membrane proteins, have been implicated as key proteins
for initial attachment [23,24,41]. Other adhesive factors as-
sociated with Staphylococcal microbial attachment include
eDNA, accumulation-associated proteins (Aaps), phenol-
soluble modulins (PSMs), polysaccharide intracellular adhe-
sins (PIAs), and microbial surface components recognizing
adhesive matrix molecules (MSCRAMMs) [47]. The net
cell surface charge of S. aureus, as well as surface porosity
itself has been shown to significantly affect initial cell
attachment [40,41]. It was shown that among MRSA
mono-cultures, any coating combination helped improve
the attachment and adherence. This is significant as these
proteins are commonly found in the natural wound envir-
onment and have previously been shown to promote at-
tachment and adherence of many microorganisms [34,38].
PA-68 and PA-76 are relatively newly isolated strains

and have not yet been fully characterized through genomic
and proteomic analysis. The difference in the binding



Figure 1 Collagen and Hyaluronan enhance Biofilm Production in P. aeruginosa and MRSA Mono-cultures. Biofilm production as
observed at OD = 562 nm after crystal violet microtiter plate assay among P. aeruginosa (PA-68, PA-76) and MRSA (MRSA-35, MRSA-86). The various
protein ratios/well coatings are shown in the x-axis with HA representing hyaluronan. Error bars shown represent the 1 standard deviation values
for each sample.
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activity of the two P. aeruginosa strains could be attributed
to the differences in the Type IV pilus or the fimL genes be-
tween them [48]. However additional studies are warranted
to characterize the binding profiles of these two pseudo-
monas strains. There are 228 genes present in USA300
(MRSA M05-86) strain but not in USA100 (MRSA M05-35)
of the Staphylococcus aureus [49]. Lack of cell surface
adhesion genes such as fnbA, fnbB and ebh in USA100
but their presence in the USA300 [49] could be the reason-
ing behind the binding activity differences of MRSA-35 and
MRSA-86 on collagen and hyaluronan surfaces.

Co-culture biofilms possess less biomass, denoting a
possible competitive interaction between P. aeruginosa
and MRSA
We grew co-cultures of P. aeruginosa and MRSA to deter-
mine the impact on biofilm formation. 1:1 co-cultures were
examined first (Figure 2). These were grown in coated and
uncoated wells to assess the impact of coating on biofilm
formation. Compared to P. aeruginosa and MRSA-35 (the
highest biofilm producing microbes/strains in monocul-
ture), all 1:1 co-cultures produced significantly less biofilm
when comparing similar coating types (P < 0.05) with the
exception of the MRSA-35 in the 1:1 collagen:hyaluronan
compared with the PA-76/MRSA-35 co-culture in the 1:1
collagen:hyaluronan well (P = 0.53).
Between the various well coatings, no significant differ-

ence in biofilm biomass was observed between any of the
wells in the PA-68/MRSA-35 and PA-68/MRSA-86 co cul-
tures. Among the PA76/MRSA-35 co-culture, the collagen
coating led to significantly higher biofilm biomass com-
pared to the hyaluronan and uncoated wells (P = 0.04 and
P = 0.001 respectively). This was also observed between
the 3:1 collagen:hyaluronan and hyaluronan and uncoated
wells (P = 0.04 and P = 0.002 respectively). It was also
observed that the 1:1 collagen: hyaluronan well led to
significantly higher biofilm biomass compared to the 3:1
collagen: hyaluronan, 3:1 hyaluronan:collagen, hyaluronan,
and uncoated wells for the PA76/MRSA-35 co-culture
(P < 0.05). Overall, the 1:1 collagen: hyaluronan well led to
the highest biofilm biomass in the PA-76/MRSA-35 co-
culture. Among the PA-76/MRSA-86 co-culture, signifi-
cantly less biofilm biomass was produced in the hyaluro-
nan well compared to the collagen well (P = 0.01).
These results imply that coating type was less relevant

to biofilm production in 1:1 co-cultures as competition ef-
fects between P. aeruginosa and MRSA likely dominated
and subsequently hindered biofilm production. It has been
established that P. aeruginosa, in-vitro, negatively affects
the attachment and growth of staphylococcal species,
[43,50-52] something that could also be reflected in de-
creased biofilm production. These results are in keeping
with the expected outcomes. It has been shown that in co-
culture, both S. aureus and PA produce ‘thinner’ biofilms
compared to their mono-culture biofilms [39]. This points
to a competitive interaction between the two species,
likely for nutrients and co-factors, such as iron, as well as
for a niche to occupy, as they may compete for binding
sites. The production and release of chemical signals, me-
tabolites, and volatile compounds from P. aeruginosa have
been implicated in affecting the growth and biofilm pro-
duction of other microbes [53]. Most notably cyanide-like
compounds such as pyocyanin, have been implicated in
arresting S. aureus growth through inhibition of cellular
cytochromes necessary for S. aureus’ respiratory cycle
[39,54]. These compounds can become concentrated in
closed in vitro experiments (microtiter plate well) leading
to the decreased viability of S. aureus [54]. Even though P.
aeruginosa inhibits MRSA growth, it does not completely
prevent it from forming biofilms as these two microbes



Figure 2 Biofilm production in 1:1 co-cultures after 24 hours. Biofilm production as observed at OD = 562 nm after crystal violet microtiter
plate assay among P. aeruginosa (PA-68, PA-76) and MRSA (MRSA-35, MRSA-86). Co-cultures included PA-68/MRSA-35, PA-68/MRSA-86, PA-76/
MRSA-35, and PA-76/MRSA-35. The various protein ratios/well coatings are shown in the x-axis with HA representing hyaluronan. Error bars shown
represent the 1 standard deviation values for each sample.
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are commonly seen together in biofilms [43]. It has been
shown that P. aeruginosa type IV pili are essential for the
process of S. aureus microcolony formation, an important
component of biofilm adherence [43]. P. aeruginosa has
also been shown to protect S. aureus against phagocytic
cells such as Dictyostelium discoideum in co-culture bio-
films [43].
After determining that a 1:1 ratio of P. aeruginosa to

MRSA inhibited biofilm formation, we tried a 3:1 co-
culture of the MRSA: P. aeruginosa to determine if a
greater MRSA cell number could help to overcome these
inhibitory effects (Figure 3). Biofilm formation was reduced
in 3:1 cultures compared to mono-culture regardless of
well coating. Compared to 1:1 co-culture biofilms, the
3:1 co-cultures showed few significant differences in the
amount of biofilm biomass. Exceptions included a signifi-
cant decrease in biofilm biomass between the PA-68/
MRSA-35 co-culture and the 3:1 MRSA-35/PA-68 co-
culture in the 3:1 hyaluronan: collagen wells (P = 0.04).
Among the 3:1 MRSA-35/PA-76 co-culture a significant
increase in biofilm biomass was observed compared to
the PA-76/MRSA-35 co-culture in the collagen wells
(P = 0.02). Other notable difference occurred between the
3:1 MRSA-86/PA-68 and PA-68/MRSA-86 co-cultures,
with a significant decrease in biofilm formation among the
3:1 collagen:hyaluronan, 1:1 collagen/hyaluronan, 3:1 hya-
luronan:collagen, and uncoated wells in the 3:1 co-culture
(P < 0.05). Even though some significant differences existed,
there was no overall trend that led us to believe there was
an overall difference in biofilm biomass production be-
tween the two co-culture types.
Similar to the 1:1 co-cultures, in the 3:1 co-cultures,

no unifying trend was observed in which one particular
well coating led to significantly higher biomass even
though some statistically significant differences existed.
Again, similar to the 1:1 co-cultures, these results imply
that the coating type was less relevant to biofilm produc-
tion in 1:1 co-cultures as the competition effects be-
tween P. aeruginosa and MRSA likely dominated and
subsequently hindered biofilm production.
Co-culturing led to a decrease in the number of viable
P. aeruginosa and MRSA cells
A selective dilution plating experiment was performed in
order to determine the effects of co-culturing on cell num-
bers (Figures 4, 5 and 6). P. aeruginosa and MRSA both
grew well in mono-cultures, with MRSA strains showing
higher CFU/mL counts. From this it is apparent that
MRSA grew to higher numbers after 24 hours than PA.
Co-culturing (in 1:1 and 3:1 MRSA:PA ratios) led to large
decrease in microbial CFU/mL values with MRSA appear-
ing to be the most effected from co-culturing. Increasing
the inoculum count of MRSA to 3x that of P. aeruginosa
led to increased MRSA counts when compared to 1:1
co-cultures; however, higher MRSA inoculations did not
bring MRSA counts back to mono-culture levels. Likewise,
P. aeruginosa cell counts were shown to be more affected
in 3:1 co-cultures. These results indicate that upon co-
culturing microbial numbers for both species decrease
significantly with MRSA being affected the most. The
competitive effects between these microbes leads to a sig-
nificant decreases in viable cell counts and may provide
another explanation for the poor biofilm production seen
in 1:1 and 3:1 MRSA:PA co-cultures (Figures 2 and 3).
The reduction in MRSA cells upon co-culturing indicates
that P. aeruginosa greatly affects MRSA cell viability. Al-
though P. aerugionsa grew slowly than MRSA in mono-
culture, P. aeruginosa cell counts were less affected from
co-culturing.



Figure 3 Biofilm production in 3:1 MRSA:P. aeruginosa co-cultures after 24 hours. Biofilm production as observed at OD = 562 nm after
crystal violet microtiter plate assay among P. aeruginosa (PA-68, PA-76) and MRSA (MRSA-35, MRSA-86). 3:1 Co-cultures included MRSA-35/PA-68,
MRSA-35/PA-76, MRSA-86/PA-68, and MRSA-86/PA-76. The various protein ratios/well coatings are shown in the x-axis with HA representing
hyaluronan. Error bars shown represent the 1 standard deviation values for each sample.
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Defects in biofilm co-culture do not appear to be the
result of cell lysis
We obtained atomic force microscopy (AFM) images of
PA-76, MRSA-35, and a co-culture of PA-76/MRSA-35
biofilms, as these strains/combinations produced the
greatest overall biofilm biomasses. We used imaging to
monitor the overall appearance of the cells and integrity
of their membranes to assess whether molecules pro-
duced in co-culture were damaging the cells and/or
causing apoptosis. In the PA-76 mono-culture, the cell
membranes were intact with little to no damage to the
cells (Figure 7). In terms of cell morphology, there were
no obvious defects in cell shape or size for mono-culture
Figure 4 Quantitative bacteriology of mono-culture P. aeruginosa and
were quantified from growth in mono-cultures to be compared and contra
MRSA strains showed higher CFU/mL values than P. aeruginosa strains. Col
(4.1 x 109 CFU/mL), MRSA-86 (3.9 x 109 CFU/mL), PA-68 (2.73 x 109 CFU/m
grown P. aeruginosa cells. P. aeruginosa was seen as ei-
ther single cells, doubles (attached in some cases, maybe
in the midst of cell division), and as densely packed ag-
gregates of 5 or more cells. Flagella were observed upon
closer examination of single cells. For MRSA-86 mono-
culture, typical Staphylococcus clusters were identified,
with the average cluster size being 2–4 cocci (Figure 7).
Little to no membrane damage was observed.
For the PA-76/MRSA-35 co-culture PA-76 was found

as single cells or as doubles (Figure 7). No large PA-76
cellular aggregates were noted, as for mono-cultures.
The membranes of PA cells were largely intact with little
to no apparent damage. Among the images collected, we
MRSA biofilm. PA-68, PA-76, MRSA-35, and MRSA-86 CFU/mL values
sted with CFU/mL values in 1:1 and 3:1 MRSA:PA co-cultures. Both
lectively the CFU/mL counts were, from greatest to least, MRSA-35
L), and PA-76 (2.07 x 109 CFU/mL).



Figure 5 1:1 Co-cultures show decreases in P. aeruginosa and MRSA counts with MRSA being the most affected. Large decreases in
CFU/mL counts were observed for both P. aeruginosa and MRSA upon co-culturing, with the largest decreases occurring for MRSA. Overall, PA-68
showed 1.66 and 5.81 magnitude decreases in CFU/mL counts upon co-culturing with MRSA-35 and MRSA-86 respectively. PA-76 showed 1.08
and 1.48 magnitude decreases in CFU/mL upon co-culturing with MRSA-35 and MRSA-86. MRSA-35 showed 33.33 and 5.61 magnitude decreases
in CFU/mL counts when co-cultured with PA-68 and PA-76 respectively. MRSA-86 showed 157.89 and 88.64 magnitude decreases in CFU/mL
counts when co-cultured with PA-68 and PA-76 respectively.

Birkenhauer et al. BMC Microbiology 2014, 14:191 Page 8 of 11
http://www.biomedcentral.com/1471-2180/14/191
were able to find a PA-76 cell that was associated with a
MRSA-35 that had clearly lysed, possibly as a result of
the interaction with P. aeruginosa. Other than this oc-
currence, all MRSA-35 cells appeared in aggregates of
two or more cells with little to no membrane damage.
No cell aggregates were observed that contained both
PA-76 and MRSA-35, other than the one frame with
the lysed MRSA-35 cell. Thus, it would appear that the
competitive interaction that exists between these cells,
which likely reduced co-culture biofilm formation, oper-
ates outside of simple biocidal mechanisms.
Study of the P. aeruginosa isolates from dogs has the po-

tential to advance the understanding of both human and
animal wound infection pathogenesis, and contribute to
Figure 6 3:1 Co-cultures show decreases in both P. aeruginosa and M
co-cultures. Compared to mono-culture counts, decrease in CFU/mL were
MRSA:PA ratios. MRSA counts were shown to be higher than after incubati
cell counts were lower than P. aeruginosa cell counts in all 3:1 co-culture c
the development of animal models that may resemble
spontaneous human infection. The studied P. aeruginosa
isolates from dogs have similar pathogenic phenotypes
and genotypes of human relevant strains. Hence, it is rea-
sonable to extrapolate the results obtained to humans.

Conclusions
The microtiter plate assay provides a good initial model for
testing the effects of protein coating on the production of
biofilm. In this study, it was observed that protein coating
led to enhanced biofilm production in monoculture bio-
films. This trend was not observed in co-culture. Among
the varying ratios of collagen: HA coatings, few definable
trends were found in the mono- and co-cultures. No single
RSA cell counts, with MRSA being less affected compared to 1:1
observed for both P. aeruginosa and MRSA upon co-culturing in 3:1
on as 3:1 co-cultures when compared to 1:1 co-culture counts. MRSA
ombinations.



Figure 7 Atomic force microscopy of P. aeruginosa and MRSA in mono- and co-culture on gelatin-coated mica. (A & B) Showing overview of
P. aeruginosa BK-76 mono-culture and two individual cells with flagella (C) showing MRSA M05-35 cell aggregation in mono-culture (D & E) showing
co-culturing of P. aeruginosa BK-76 +MRSA M05-35. (D) Shows an overview of the co-culture with P. aeruginosa BK-76 single and attached cells.
(E) Shows two attached P. aerugionsa BK-76 cells ‘attacking’ a single MRSA M05-35 cell with the appearance of spilled cytoplasmic contents.
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combination resulted in a dramatic increase or decrease
in biofilm formation, although collagen alone did seem
to produce slightly more biofilm biomass on average.
Co-culturing led to a decrease in biofilm production
compared to either mono-culture biofilm. Among the
co-cultures, no observable difference in biofilm was
produced in the 3:1 MRSA: PA co-culture compared to
the 1:1 co-cultures, aside from a few exceptions. The
Atomic Force Microscopy imaging was able to reveal
changes in cell packing between the mono- and co-
culturing of PA-76 and MRSA-35 and showed that the
competitive interaction between these P. aeruginosa
and MRSA likely operates outside of a simple biocidal
mechanism.



Birkenhauer et al. BMC Microbiology 2014, 14:191 Page 10 of 11
http://www.biomedcentral.com/1471-2180/14/191
Competing interests
There were no financial competing interests or conflicts of interest
throughout all research or submission of this manuscript.

Authors’ contributions
EB designed portions of the study, conducted all experiments, and wrote the
manuscript. SN coordinated the project, designed portions of the study, and
helped revise and draft the manuscript. SW interpreted the data and critically
revised the manuscript. All authors have read and approved the final manuscript.

Acknowledgements
The authors sincerely thank the Natural Sciences and Engineering Research
Council of Canada, the Ontario Ministry of Research and Innovation, and the
Canada Foundation for Innovation for funding this study.

Author details
1BioNano Laboratory, School of Engineering, University of Guelph, Guelph,
Ontario N1G 2 W1, Canada. 2Department of Pathobiology, Ontario Veterinary
College, University of Guelph, Ontario N1G 2 W1, Canada.

Received: 3 November 2013 Accepted: 12 July 2014
Published: 16 July 2014

References
1. Canadian Association of Wound Care. Statistics 2013, Retrieved from

http://cawc.net/en/index.php/public/facts-stats-and-tools/statistics/.
2. Dealey C, Posnett J, Walker A: The cost of pressure ulcers in the United

Kingdom. J Wound Care 2012, 21:261–266.
3. Wu S, Marston W, Armstrong D: Wound care: the role of advanced wound

healing technologies. J Am Podiatr Med Assoc 2010, 100:385–394.
4. Asada M, Nakagami G, Minematsu T, Nagase T, Akase T, Huang L, Yoshimura K,

Sanada H: Novel models for bacterial colonization and infection of
full-thickness wounds in rats. Wound Repair Regen 2012, 20:601–610.

5. Seth A, Geringer M, Hong S, Leung K, Mustoe T, Galiano R: In vivo modeling of
biofilm-infected wounds: a review. J Surg Res 2012, 178:330–338.

6. Woods J, Boegli L, Kirker K, Agostinho A, Durch A, deLancey Pulcini E,
Stewart P, James G: Development and application of a polymicrobial,
in vitro, wound biofilm model. J Appl Microbiol 2012, 112:998–1006.

7. Wolcott R, Ehrlich G: Biofilms and chronic infections. JAMA 2008,
299:2682–2684.

8. Fux C, Costerton J, Stewart P, Stoodley P: Survival strategies of infectious
biofilms. Trends Microbiol 2005, 13:34–40.

9. Kim J, Park H, Chung S: Microfluidic approaches to bacterial biofilm
formation. Molecules 2012, 17:9818–9834.

10. Peters B, Jabra-Rizk M, O'May G, Costerton W, Shirtliff M: Polymicrobial
interactions: impact on pathogenesis and human disease. Clin Microbiol
Rev 2012, 25:193–213.

11. Wolcott R, Costerton J, Raoult D, Cutler S: The polymicrobial nature of
biofilm interaction. Clin Microbiol Infect 2013, 19:107–112.

12. Pastar I, Nusbaum A, Gil J, Patel S, Chen J, Valdes J, Stojadinovic O, Plano L,
Tomic-Canic M, Plano L: Interactions of methicillin resistant Staphylococcus
aureus usa300 and Pseudomonas aeruginosa in polymicrobial wound
infection. PLoS One 2013, 8:1–11.

13. Percival S, Emanuel C, Cutting K, Williams D: Microbiology of the skin and
the role of biofilms in infection. Int Wound J 2011, 9:14–32.

14. Seth A, Geringer M, Hong S, Leung K, Galiano R, Mustoe T: Comparative
analysis of single-species and polybacterial wound biofilms using a
quantitative, in vivo, rabbit ear model. PLoS One 2012, 7:1–9.

15. Singh P, Parsek M, Greenberg P, Welsh M: A component of innate
immunity prevents bacterial biofilm development. Nature 2002,
417:552–555.

16. Brauer L, Schicht M, Worlitzsch D, Bensel T, Sawers R, Paulsen F:
Staphylococcus aureus and Pseudomonas aeruginosa express and secrete
human surfactant proteins. PLoS One 2013, 8. doi:10.1371/journal.
pone.0053705.

17. Harrison-Balestra C, Cazzaniga A, Davis S, Mertz P: A wound-isolated
Pseudomonas aeruginosa grows a biofilm in vitro within 10 hours and is
visualized by light micrscopy. Am Soc Dermatol Surg 2003, 26:631–635.

18. Ciofu O, Mandsberg L, Wang H, Hoiby N: Phenotypes selected during
chronic lung infection in cystic fibrosis patients: implications for the
treatment of Pseudomonas aeruginosa biofilm infections. FEMS Immunol
Med Microbiol 2012, 65:215–225.

19. Hoiby N, Johansen H, Moser C, Song Z, Ciofu O, Kharazmi A: Pseudomonas
aeruginosa and the in vitro and in vivo biofilm mode of growth.
Microbes Infect 2001, 3:23–35.

20. Su S, Hassett D: Anaerobic Pseudomonas aeruginosa and other obligately
anaerobic bacterial biofilms growing in the thick airway mucus of
chronically infected cystic fibrosis patients: an emerging paradigm or
"old hat"? Expert Opin Ther Targets 2012, 16:859–873.

21. Scales B, Huffnagle G: The microbiome in wound repair and tissue
fibrosis. J Pathol 2013, 229:323–331.

22. Agostinho A, Hartman A, Lipp C, Parker A, Stewart P, James G: An in vitro
model for the growth and analysis of chronic wound MRSA biofilms.
J Appl Microbiol 2011, 111:1275–1282.

23. Athanasopoulos A, Economopoulou M, Orlova V, Sobke A, Schneider D,
Weber H, Augustin H, Eming S, Schubert U, Linn T, Nawroth P, Hussain M,
Hammes H, Herrmann M, Preissner K, Chavakis T: The extracellular
adherence protein (Eap) of Staphylococcus aureus inhibits wound
healing by interfering with host defense and repair mechanisms.
Blood 2006, 107:2720–2727.

24. Mulcahy M, Geoghegan J, Monk I, O'Keeffe K, Walsh E, Foster T, McLoughlin
R: Nasal colonisation by Staphylococcus aureus depends upon clumping
factor b binding to the squamous epithelial cell envelope protein
loricrin. PLoS Pathog 2012, 8. doi:10.1371/journal.ppat.1003092.
Epub 2012 Dec 27.

25. Palmer J, Flint S, Brooks J: Bacterial cell attachment, the beginning of a
biofilm. J Ind Microbiol Biotechnol 2007, 34:577–588.

26. Shevchenko R, James S, James S: A review of tissue-engineered skin bio-
constructs available for skin reconstruction. J R Soc Interface 2010,
7:229–258.

27. Huang G, Zhou L, Zhang Q, Chen Y, Sun W, Xy F, Lu T: Microfluidic
hydrogels for tissue engineering. Biofabrication 2011, 3. doi: 10.1088/1758-
5082/3/1/012001. Epub 2011 Mar 4.

28. Menon G: New insights into skin structure: scratching the surface.
Adv Drug Deliv Rev 2002, 54:3–17.

29. Sorokin L: The impact of the extracellular matrix on inflammation.
Nat Rev Immunol 2010, 10:712–723.

30. Beele H: Artificial skin: past, present and future. Int J Artif Organs 2002,
25:163–173.

31. Frenkel J: The role of hyaluronan in wound healing. Int Wound J 2012,
doi:10.1111/j.1742-481X.2012.01057.x.

32. Nijssen A, Schut TCB, Heule F, Caspers PJ, Hayes DP, Neumann MH, Puppels GJ:
Discriminating basal cell carcinoma from its surrounding tissue by Raman
spectroscopy. J Investig Dermatol 2002, 119:64–69.

33. Taguchi T, Ikoma T, Tanaka J: An improved method to prepare hyaluronic
acid and type II collagen composite matrices. J Biomed Mater Res 2002,
61:330–336.

34. Doktycz M, Sullivan C, Hoyt P, Pelletier D, Wu S, Allison D: AFM imaging of
bacteria in liquid media immobilized on gelatin coated mica surfaces.
Ultramicroscopy 2003, 97:209–216.

35. O'Toole G: Microtiter dish biofilm formation assay. J Vis Exp 2011, 47:2437.
36. Singh A, Walker M, Rousseau J, Weese J: Characterization of the biofilm

forming ability of Staphylococcus pseudintermedius from dogs. BMC Vet
Res 2013, 9. doi: 10.1186/1746-6148-9-93.

37. Biswas L, Biswas R, Schlag M, Bertram R, Gotz F: Small-colony variant
selection as a survival strategy for Staphylococcus aureus in the presence
of Pseudomonas aeruginosa. Appl Environ Microbiol 2009, 75:6910–6912.

38. Wang F, Garza L, Kang S, Varani J, Orringer J, Fisher G, Voorhees J: In vivo
stimulation of de novo collagen production caused by cross-linked
hyaluronic acid dermal filler injections in photodamaged human skin.
Arch Dermatol 2007, 143:153–163.

39. Werthen M, Henriksson L, Jensen P, Sternberg C, Givskov M, Bjarnsholt T: An
in vitro model of bacterial infections in wounds and other soft tissues.
APMIS 2010, 118:156–164.

40. Grenho L, Manso M, Monteiro F, Ferraz M: Adhesion of Staphylococcus
aureus, Staphylococcus epidermidis, and Pseudomonas aeruginosa onto
nanohydroxyapatite as a bone regeneration material. J Biomed Mater Res
2012, 100:1823–1830.

41. Gross M, Cramton S, Gotz F, Peschel A: Key role of teichoic acid net
charge in Staphylococcus aureus colonization of artificial surfaces.
Infect Immun 2001, 69:3423–3426.

http://cawc.net/en/index.php/public/facts-stats-and-tools/statistics/


Birkenhauer et al. BMC Microbiology 2014, 14:191 Page 11 of 11
http://www.biomedcentral.com/1471-2180/14/191
42. Cerqueira L, Oliveira J, Nicolau A, Azevedo N, Vieira J: Biofilm formation
with mixed cultures of Pseudomonas aeruginosa/Escherichia coli on
silicone using artificial urine to mimic urinary catheters. Biofouling 2013,
29:829–840.

43. Yang L, Liu Y, Markussen T, Hoiby N, Tolker-Nielsen T, Molin S: Pattern
differentiation in co-culture biofilms formed by Staphylococcus aureus and
Pseudomonas aeruginosa. FEMS Immunol Med Microbiol 2011, 62:339–347.

44. Bucior I, Pielage J, Engel J: Pseudomonas aeruginosa pili and flagella
mediate distinct binding and signaling events at the apical and
basolateral surface of airway epithelium. PLoS Pathog 2012, 8.
doi:10.1371/journal.ppat.1002616. Epub 2012 Apr 5.

45. De La Fuente L, Montanes E, Meng Y, Li Y, Burr T, Hoch H, Wu M: Assessing
adhesion forces of type i and type iv pili of xylella fastidiosa bacteria by use
of a microfluidic flow chamber. Appl Environ Microbiol 2007, 73:2690–2696.

46. Bahar O, De La Fuente L, Burdman S: Assessing adhesion, biofilm
formation and motility of acidovorax citrulli using microfluidic flow
chambers. FEMS Microbiol Lett 2010, 312:33–39.

47. Otto M: Staphylococcal infections: mechanisms of biofilm maturation and
detachment as critical determinants of pathogenicity. Annu Rev Med
2013, 64:175–188.

48. Inclan YF, Huseby MJ, Engel JN: FimL regulates cAMP synthesis in
Pseudomonas aeruginosa. PLoS One 2011, 6:e15867.

49. Tenover FC, McDougal LK, Goering RV, Killgore G, Projan SJ, Patel JB,
Dunman PM: Characterization of a strain of community-associated
methicillin-resistant Staphylococcus aureus widely disseminated in the
United States. J Clin Microbiol 2006, 44:108–118.

50. Qin Z, Yang L, Qu D, Molin S, Molin S: Pseudomonas aeruginosa
extracellular products inhibit staphylococcal growth, and disrupt
established biofilms produced by Staphylococcus epidermidis.
Microbiology 2009, 155:2148–2156.

51. Malic S, Hill K, Hayes A, Percival S, Thomas D, Williams D: Detection and
identification of specific bacteria in wound biofilms using peptide
nucleic acid fluorescent in situ hybridization (PNA FISH). Microbiology
2009, 155:2603–2611.

52. Pihl M, Arvidsson A, Skepo M, Nilsson M, Givskov M, Tolker-Nielsen T,
Svensater G, Davies J: Biofilm formation by Staphylococcus epidermidis on
peritoneal dialysis catheters and the effects of extracellular products
from Pseudomonas aeruginosa. Pathog Dis 2013, 67:192–198.

53. Lopes S, Machado I, Pereira M: Role of planktonic and sessile extracellular
metabolic byproducts on Pseudomonas aeruginosa and Escherichia coli
intra and interspecies relationships. J Ind Microbiol Biotechnol 2011,
38:133–140.

54. Filipiak W, Sponring A, Baur M, Filipiak A, Ager C, Wiesenhofer H, Nagl M,
Troppmair J, Amann A: Molecular analysis of volatile metabolites released
specifically by Staphylococcus aureus and Pseudomonas aeruginosa.
BMC Microbiol 2012, 12. doi:10.1186/1471-2180-12-113.

doi:10.1186/1471-2180-14-191
Cite this article as: Birkenhauer et al.: Collagen and hyaluronan at
wound sites influence early polymicrobial biofilm adhesive events. BMC
Microbiology 2014 14:191.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial strains
	Culture conditions

	Microtiter plate assay
	Collagen and hyaluronan coating
	Inoculation and incubation
	Quantification of biofilms
	Selective dilution plating
	Atomic force microscopy
	Negative controls
	Statistical methods

	Results and discussion
	Coating with collagen and hyaluronan increases P. aeruginosa and MRSA attachment
	Co-culture biofilms possess less biomass, denoting a possible competitive interaction between P. aeruginosa and MRSA
	Co-culturing led to a decrease in the number of viable P. aeruginosa and MRSA cells
	Defects in biofilm co-culture do not appear to be the result of cell lysis

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


