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a b s t r a c t

The medical impact of bacterial biofilms has increased with the recognition of biofilms as a major con-
tributor to chronic wounds such as diabetic foot ulcers, venous leg ulcers and pressure ulcers. Traditional
methods of treatment have proven ineffective, therefore this article presents in vitro evidence to support
the use of novel antimicrobials in the treatment of Pseudomonas aeruginosa biofilm. An in vitro biofilm
model with a clinical isolate of P. aeruginosa was subjected to treatment with either lactoferrin or xyli-
tol alone or in combination. Combined lactoferrin and xylitol treatment disrupted the structure of the P.
aeruginosa biofilm and resulted in a >2log reduction in viability. In situ analysis indicated that while xyl-
itol treatment appeared to disrupt the biofilm structure, lactoferrin treatment resulted in a greater than
two-fold increase in the number of permeabilised bacterial cells. The findings presented here indicated

that combined treatment with lactoferrin and xylitol significantly decreases the viability of established P.
aeruginosa biofilms in vitro and that the antimicrobial mechanism of this treatment includes both biofilm
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. Introduction

In the developed world, epidemic obesity and an aging
opulation are becoming a costly combination. As a result,
xpanding medical costs involve cardiovascular disease and
iabetes-associated chronic wounds, including diabetic foot ulcers,
ressure ulcers and venous leg ulcers [1]. Wounds are a major con-
ributor to the estimated US$ 58 billion in medical costs in the USA
elated to chronic complications affecting an estimated 17.5 million
iabetics [2], with an estimated 2% of the US population afflicted by
on-healing wounds [3]. Current standards of treatment generally
onsist of transiently effective antibiotic treatment and amputa-
ion, resulting in an estimated 14–24% of diabetic patients who will
ndergo amputation over the course of their disease [1]. Clearly
here is a need for new, cost-effective, targeted therapy to address
he growing problem of chronic wounds.
Chronic and acute wounds progress through the same stages of
ealing, including haemostasis, inflammation, granulation, epithe-

ialisation and maturation [4]; however, chronic wounds tend to
e stuck in a persistent inflammatory stage [5] with chronicity
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nitiated by persistent levels of bacteria, resulting in prolonged,
levated expression of inflammatory cytokines [6,7]. Although bac-
erial infection has been a known contributor to chronic wounds,
ecent evidence suggests that chronicity of wounds is dependent
n the biofilm mode of growth of the infecting bacteria [8–10].
he biofilm mode of growth is defined as a structured commu-
ity of cells, organised into microcolonies, adhered to a surface
nd exhibiting phenotypic heterogeneity [8]. In chronic wounds,
he biofilm mode of growth is characterised by adherence to biotic
r abiotic surfaces, slow development of overt symptoms, lack of
esolution by the host defence and resistance to antibiotic therapy
8].

Whilst the human body co-exists daily in a symbiotic rela-
ionship with 1014 microorganisms [11] and intact skin contains

icrocolonies exceeding 105 bacteria [12], over one-half of the
nfectious diseases afflicting mildly to severely immunocompro-

ised individuals involve bacteria that are either commensal with
umans or are common in the environment, including the aquatic
acterium Pseudomonas aeruginosa [8]. More than one-half of
hronic wounds are colonised by P. aeruginosa [13]; for example,

n venous leg ulcers P. aeruginosa was identified as a predomi-
ate genus, and pseudomonads were shown to be a top species in
iabetic foot ulcers [14]. Pseudomonas aeruginosa clearly plays an

mportant role in the pathogenesis of chronically infected wounds.

ty of Chemotherapy
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Biofilm diseases are only transiently responsive to antimicro-
ial therapy [10]. The inherently defensive character of the biofilm

s demonstrated by enhanced persistence of bacteria grown in the
iofilm model versus bacteria grown planktonically. For example,
iofilms have been shown to be more than 1000 times more resis-
ant to antibiotics than planktonic culture [15]. With the increasing
revalence of chronic wounds infected with biofilm bacteria and
he concurrent finding that antibiotics are at best transiently effec-
ive against bacterial biofilms, new tools need to be added to the

edical arsenal.
Previously, Singh et al. [16] demonstrated the efficacy of lacto-

errin in blocking biofilm development by P. aeruginosa. Lactoferrin
s an abundant, iron-binding protein of the innate immune system
reviewed in [17]). The importance of lactoferrin for innate immune
efence is demonstrated by the recurrent infections suffered by
atients with inherited or acquired deficiencies in the production
f lactoferrin [18].

Lactoferrin is a multifaceted protein and has a diverse role in
nnate immunology, from inhibition of neutrophil priming by bac-
erial lipopolysaccaride [19], to enhancing neutrophil adherence to
ndothelial cells [20] and modulating inflammation by amplifying
poptotic signals [21].

Although the mechanism of lactoferrin antimicrobial activity is
lso likely multifaceted [22], it has been demonstrated that lacto-
errin can work synergistically [23–25]. A potentially synergistic
ntimicrobial partner to lactoferrin is the rare sugar alcohol xylitol.
ound naturally in small quantities in fruits and vegetables [26],
ylitol has been demonstrated to suppress bacterial biofilm forma-
ion and to act synergistically with farnesol, an alcohol found in

any essential oils [27]. Here we examined the potentially syner-
istic relationship between lactoferrin and xylitol in reducing the
iability of a chronic wound-derived P. aeruginosa biofilm grown in
itro.

. Material and methods

.1. Bacteria and media

For flow cell reactors, an overnight culture of clinical wound iso-
ate P. aeruginosa 215 (Southwest Regional Wound Clinic, Lubbock,
X) was grown in 10% tryptic soy broth (TSB) at 37 ◦C and used to
noculate the reactor. 10% TSB was used for both batch mode and
ow mode of growth for the flow cell reactors. Pseudomonas aerugi-
osa 215 overnight culture was grown in 100% brain–heart infusion
BHI) broth at 37 ◦C and used to inoculate 10% BHI broth at room
emperature for CDC reactors. For lactoferrin and/or xylitol treat-

ents, 2% (w/v) lactoferrin (Bioferrin®; Glanbia Nutritionals Inc.,
onroe, WI) and/or 5% (w/v) xylitol (Sigma–Aldrich, St. Louis, MO)
ere added to the flow medium (10% BHI broth).

.2. Biofilm growth and biofilm reactors

For the lactoferrin penetration assay, biofilms were grown with a
ow cell system. Two glass flow cell chambers (model BST FC 271;
ioSurface Technologies Inc., Bozeman, MT) were utilised with a
icroscope glass coverslip as the substratum. Flow chambers were

noculated with overnight P. aeruginosa culture in 10% TSB.
Following a 2 h incubation period with no flow to allow bac-

erial adherence, flow was initiated at a rate of 0.75 mL/min for 3

ays using 10% TSB. After biofilm formation, fluorescently labelled

actoferrin was introduced into the flow chambers and slides were
isualised by epifluorescent microscopy.

For biofilm treatment assays, P. aeruginosa was grown in CDC
eactors (BioSurface Technologies Inc., Bozeman, MT) as described

a
t
s

v
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n ASTM Standard #E2562-07 [28], with some modifications. An
vernight culture of P. aeruginosa 215 was used to inoculate the ster-
lised reactor containing 500 mL of 10% BHI. A 24-h batch allowed
stablishment of biofilms on reactor coupons before flow was ini-
iated at 2.7 mL/min. CDC reactors were run in flow mode for
4 h with appropriate treatments. For plate count viability assays,
oupons were collected in 10 mL of sterile phosphate-buffered
aline (PBS) solution, vortexed for 10 s, sonicated for 2 min and then
ortexed again for 10 s. Cells were serially diluted and plated on
00% tryptic soy agar. Colony-forming units were then counted and
he log density of viable bacterial cells within the treated biofilm
as calculated. Data are reported as log reduction normalised to

he log density calculated for the control sample.
For in situ epifluorescent quantification of viability, 1 mL of

isaggregated biofilm suspension was filtered onto black polycar-
onate membranes and stained for viability [28]. CDC coupons were
lso collected, washed in sterile PBS and used to visualise biofilm
n situ by epifluorescence.

.3. Fluorescent staining

Lactoferrin (Bioferrin®) was directly labelled utilising the Alexa
luor® 680 Protein Labeling Kit according to the manufacturer’s
rotocol (Molecular Probes, Eugene, OR).

Cell membrane integrity was assayed using the BacLightTM

IVE/DEAD® Bacterial Viability Kit (Molecular Probes). The nucleic
cid stains in this kit enable differentiation between cells with
ntact versus permeablised membranes. Biofilms were either
irectly stained on the coupon using 2 �L of each component per
L of sterile filtered water, or 1 mL of disaggregated biofilm was

tained with 6 �L of each component before being adhered to the
embrane. Direct staining of total biofilm mass on coupon was

chieved using 10 �g/mL of 4′,6-diamidino-2-phenylindole (DAPI)
tain (Pierce, Rockford, IL) in sterile filtered water. DAPI stain-
ng does not distinguish between live and dead cells, but rather
llows for the visualisation of total cell mass. Stains were allowed
o incubate for 15 min at room temperature before excess stain was
ashed off using sterile filtered water.

.4. Imaging

Biofilm samples were imaged using a Nikon Eclipse E800 with
60× water emersion objective for directly imaging the coupons

nd a 100× oil objective for imaging the bacteria adhered to the
embranes. Images were collected using MetaVue and analysed

sing MetaMorph (Molecular Devices Corp., Downingtown, PA). For
uantification of percent area of live/dead cells, at least three ran-
om images were analysed for each stain for at least three coupons
er experiment. Data presented are representative of repeated
xperiments.

.5. Statistical analysis

The density recorded for each coupon was log10-transformed.
he log density was converted to log reduction as a measure of
ecovered cell viability. The log reduction is the mean log density for
ontrol coupons minus the mean log density for the corresponding
reated coupons. Live/dead ratio was determined by dividing per-
ent area threshold of the live stain by the percent area threshold
f the dead stain in each sample. Relative intact versus perme-

bilised cells was calculated by the percent area threshold of the
reated samples relative to the percent area threshold of the control
amples.

Statistical analysis was performed using one-way analysis of
ariance (ANOVA) performed on indicated data sets. Post-test
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ig. 1. Penetration of lactoferrin into established Pseudomonas aeruginosa biofilm.
icrocolony structure of biofilms. Right panel, epifluorescent microscopy imaging o

an penetrate into the interior of the biofilm within 1 h.

nalysis used Tukey’s pairwise comparisons (GraphPad Prism Soft-
are, San Diego, CA). Pair-wise comparisons with differences at
< 0.05 were considered statistically significant.

. Results

.1. Lactoferrin penetrates into established Pseudomonas
eruginosa biofilms

Because lactoferrin is a large protein (ca. 80 kDa) and has an
mphipathic structure similar to cationic peptides [22], it was
ssential to identify whether lactoferrin could even penetrate
hrough the matrix of an established P. aeruginosa biofilm. To ascer-
ain the ability of lactoferrin to penetrate the P. aeruginosa matrix,
stablished biofilms were exposed to fluorescently labelled lacto-
errin. Cross-sectional imaging of the biofilm after 1 h of exposure
o fluorescently labelled lactoferrin demonstrated that lactoferrin
as able to penetrate into the interior of the biofilm structure

Fig. 1).

.2. Lactoferrin and xylitol treatment significantly reduce viability
n a biofilm-grown clinical isolate of Pseudomonas aeruginosa

Having established the ability of lactoferrin to penetrate into the
nterior of the P. aeruginosa biofilm, we next assayed the antimicro-
ial efficacy of lactoferrin and xylitol. Biofilms of a P. aeruginosa
linical wound isolate were established in vitro utilising the CDC
eactor biofilm model. Biofilms were grown under standard in vitro
onditions prior to 24 h treatment with either lactoferrin or xylitol

lone or in combination. Direct visualisation of the total biomass
f the treated biofilms is shown in Fig. 2, where the in situ biofilms
ave been stained with the nucleic acid dye DAPI. In the upper left
anel, a distinct biofilm structure was observed in the untreated
ontrol. Whilst biofilms treated with xylitol exhibit weakened

t
t
p
b
t

anel, transmission light microscopy imaging through a single plane indicates the
le plane through the microcolonies indicates that Alexa Fluor®-labelled lactoferrin

iofilm structure (upper right panel), the lactoferrin-treated sam-
le retained a distinct biofilm structure (lower left panel). Note that
he lactoferrin-treated sample appeared cloudy surrounding the
iofilm structure. Combined treatment of the established biofilm
ith both lactoferrin and xylitol showed a nearly complete disrup-

ion of the biofilm structure with few bacterial cells still adherent
o the growth surface (lower right panel).

To determine the viability of cells recovered from the treated
iofilms, plate count assays, a standard method of measuring via-
ility, were utilised [9]. Xylitol had a minimal effect on the viability
f bacterial cells recovered from treated biofilms (Fig. 3). Although
actoferrin treatment resulted in a noteworthy reduction of via-
ility, the combined treatment of lactoferrin and xylitol resulted

n a significant inhibition of bacterial viability in cells recovered
rom treated biofilms. Indeed, the combined treatment appeared
o have a synergistic effect, as the reduced viability with the com-
ined treatment was greater than the reduced viability of xylitol
nd lactoferrin added together.

.3. Lactoferrin and xylitol treatment results in significantly more
ermeabilised cells than intact cells compared with untreated
seudomonas aeruginosa biofilms

Plate count analysis revealed a reduced viability of bacteria
ecovered from the treated biofilms (Fig. 3); however, we addition-
lly used staining for live (intact) and dead (permeabilised) cells to
rovide image analysis and quantification of bacterial cells in situ.
s presented in Fig. 4, direct imaging of treated biofilms indicated

hat while xylitol treatment resulted in few dead cells (red) within

he remaining biofilm structures (upper right panel), lactoferrin
reatment (lower left panel) and combined treatment (lower right
anel) resulted in numerous dead cells (red) embedded within the
iofilm structure along side live cells (green) in comparison with
he control sample.
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ig. 2. Altered macrostructure in lactoferrin- and xylitol-treated Pseudomonas aerugi
n the coupon subsurface. Images indicate structural changes in samples treated eit
w/v) lactoferrin.

Although informative, three-dimensional (3D) images are com-
licated by structure, therefore to quantify the number of live cells
ersus dead cells in situ, treated biofilms were harvested from
he growth surface, stained for intact or permeabilised cells and
dhered as a single cell layer to a membrane by vacuum filtration.
elative percent of each component of the stain (live versus dead)
an be quantified by detection of the pixelated intensity of the

mage. This allowed direct, quantifiable comparison of the actual
umber of live bacterial cells versus dead bacterial cells in each
reatment (Fig. 5). In the control treatment, four times as many
ive bacterial cells were harvested from the growth surface as dead
acterial cells. Although similar ratios of live to dead bacterial cells

ig. 3. Synergistic activity of lactoferrin and xylitol treatment in reducing the viabil-
ty of Pseudomonas aeruginosa bacteria. Data are presented as log reduction relative
o the control, calculated from plate counts of bacteria recovered from treated
iofilms. Statistically significant differences are indicated.
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iofilms. 4′ ,6-Diamidino-2-phenylindole (DAPI)-stained biofilms are imaged directly
ith control medium, 5% (w/v) xylitol, 2% (w/v) lactoferrin or 5% (w/v) xylitol and 2%

ere quantified for xylitol treatment, lactoferrin treatment and the
ombined treatment resulted in a significant decrease in the ratio of
ive versus dead bacterial cells. Importantly, our non-quantitative
maging of the growth surface in situ (Fig. 4) agreed well with the
n situ quantified live/dead ratio data as shown in Fig. 5.

A comparison of intact bacterial cells in each treatment rela-
ive to the control indicated a reduced number of intact bacterial
ells in the combined lactoferrin and xylitol treatment (Fig. 6).
urthermore, comparison of permeabilised bacterial cells in each
reatment relative to the control indicated a noteworthy increase in
ells without an intact membrane in the lactoferrin and combined
reatments (Fig. 7).

. Discussion

The biofilm mode of growth has been demonstrated as an
mportant aspect of many bacterial diseases, including native valve
ndocarditis, osteomyelitis, dental caries, middle ear infections,
edical device-related infections, ocular implant infection and

hronic lung infections in patients with cystic fibrosis [29]. The list
f bacterial biofilm-related diseases has grown to include chronic
ounds associated with diabetic and cardiovascular disease [1]. As

he epidemic of obesity and an aging population place an increas-

ng burden on health care, the contribution of associated chronic

ounds needs to be seriously reviewed and, because of the biofilm-
ssociated mode of growth in these chronic wounds, innovative
ethods of treatment need to be incorporated into the standard of

are.
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A distinct characteristic of the biofilm mode of growth is the
roduction of an extracellular matrix in which the bacterial cells
re embedded. Not only does the matrix provide a scavenging

ystem for trapping and concentrating essential minerals and
utrients from the surrounding environment [30], but it also pro-
ides a mechanism of resistance by delaying the penetration of
ntimicrobials [9]. Pseudomonas aeruginosa biofilms are particu-
arly resistant to antibiotic treatment owing to the production and

ig. 5. Reduction in the ratio of live cells relative to dead cells in Pseudomonas aerugi-
osa biofilms following treatment with lactoferrin or xylitol alone or in combination.
ive versus dead cells were detected by BacLightTM LIVE/DEAD® staining and epi-
uorescent microscopy quantification. Statistically significant differences between
atios are indicated.
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ent imaging of BacLightTM LIVE/DEAD®-stained biofilms indicates cells with intact
ntrol, 5% (w/v) xylitol-treated cells, 2% (w/v) lactoferrin-treated cells and 5% (w/v)

eposition of alginate in the matrix. For example, a 2% solution
f alginate from a P. aeruginosa biofilm significantly inhibited the
iffusion of gentamicin and tobramycin [31]. Alginate is a polyan-

onic exopolysaccaride and tends to concentrate divalent cations
hus reducing the antimicrobial efficacy of aminoglycosides and
etracyclines [32]. Bacterial biofilms are composed of ca. 15% bac-
erial cells and 85% matrix by volume; however, nearly 95% of the
atrix is water [33]. Therefore, it is likely that the matrix only lim-
ts diffusion when a molecule interacts directly [34]. In the present
tudy, we have demonstrated that exogenous, amphipathic lacto-
errin can penetrate into the interior of established P. aeruginosa

ig. 6. Reduction in the number of intact biofilm-grown Pseudomonas aerugi-
osa bacterial cells following treatment with lactoferrin or xylitol alone or in
ombination. Intact cells were detected and quantified by SYTO® 9 staining and
pifluorescent microscopy quantification. Samples were normalised to the control.
tatistically significant difference is indicated.
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ination. Permeabilised cells were detected by propidium iodide staining and were
uantified by epifluorescent microscopy. Quantified samples were normalised to
he control sample.

iofilms and is therefore a potential antimicrobial candidate for
iofilm.

As a component of innate immunity, lactoferrin has been proven
o be an effective antimicrobial. The efficacy of lactoferrin against
acterial biofilms has previously been demonstrated [16,35,36];
owever, the antimicrobial mechanism of action of lactoferrin is

ess well defined. Whilst lactoferrin has been established as an
nhibitor of bacterial growth through iron chelation [22], it has
lso been demonstrated to permeabilise Gram-negative bacteria by
inding lipid A [37], to inhibit bacterial attachment to host cells [38]
nd to bind bacterial porins causing changes in bacterial membrane
ermeability [39]. In the present study, 3D live/dead staining of the

actoferrin-treated biofilm appeared cloudy, indicating that there
ay be a nucleic acid component leaching into the structure of

he biofilm, suggesting either membrane leakage or bacterial lysis
Fig. 2).

Although the nucleic acid component of the extracellular matrix
as not assayed, this observation was also noted with the other
NA stains SYTO® 9 and propidium iodide (Figs. 6 and 7). Fur-

hermore, comparison of intact versus permeabilised bacterial cells
maged in situ (Figs. 6 and 7) indicated that the mechanism of action
f lactoferrin is in part due to permeabilisation of the bacterial
embrane.
Although use of xylitol against dental biofilms has proven

fficacious, the mechanism of action of xylitol remains to be deter-
ined [40]. A potential mechanism of action includes metabolic

nhibition. For example, xylitol can be accumulated as the non-
etabolisable xylitol phosphate, thus inhibiting bacterial growth

41]. Additionally, xylitol has been demonstrated to inhibit specif-
cally DnaK-like and GroEL-like stress proteins [40]. 3D image
nalysis of xylitol-treated biofilms (Fig. 2) indicated that xylitol may
ct to disrupt the overall biofilm structure.

Although antimicrobial properties have been demonstrated for
oth lactoferrin and xylitol, bacteria have evolved mechanisms of
rotection with continued treatment of either compound alone.
or example, some bacterial species are able to bind iron-saturated
actoferrin and use it as a source of iron [42]. Additionally, long-term
ylitol consumption can lead to the emergence of xylitol-resistant
acterial populations in humans [41,43]. Therefore, we propose
hat combined treatment with lactoferrin and xylitol may more
fficiently inhibit the biofilm mode of growth in the long term
ompared with either treatment independently.

In the current study, we demonstrated in vitro that combined
reatment with lactoferrin and xylitol effectively reduces the via-
ility of a clinical wound isolate of P. aeruginosa grown as a biofilm.

hilst standard plate count analysis (Fig. 3) provided quantifica-

ion of the viability of bacterial cells recovered from the treated
iofilms, staining for live (intact) versus dead (permeabilised) cells
Fig. 5) provided quantification of the viability of cells harvested

[
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irectly from the biofilm. Although image analysis of the growth
urface in situ (Fig. 4) only provided one image of a vastly larger
urface, the quantified live/dead ratio (Fig. 5) agreed well with what
s observed of the biofilms in situ and, importantly, the quantified
ive/dead ratio agreed well with the quantified plate counts (Fig. 3).
n conclusion, the data presented here suggest that combined xyl-
tol and lactoferrin treatment effectively inhibits bacterial viability
n part by disrupting biofilm structure and by permeablising the

embrane of bacterial cells within the biofilm structure. The poten-
ial efficacy of this combined treatment against biofilm-associated
hronic wounds has recently been demonstrated clinically [44],
alidating the need for further investigation to elucidate more
learly the mechanism of action of these antimicrobial treat-
ents.
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