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ABSTRACT

A growing body of evidence suggests that in addition to hypoxia, ischemia-
reperfusion injury, and intrinsic host factors, bacterial biofilms represent a fourth
major pillar in chronic wound pathogenesis. Given that most studies to date rely
on in vitro or observational clinical data, our aim was to develop a novel, quan-
titative animal model enabling further investigation of the biofilm hypothesis in
vivo. Dermal punch wounds were created in New Zealand rabbit ears, and used
as uninfected controls, or inoculated with green fluorescent protein-labeled
Staphylococcus aureus to form wounds with bacteria predominantly in the plank-
tonic or biofilm phase. Epifluorescence and scanning electron microscopy re-
vealed that S. aureus rapidly forms mature biofilm in wounds within 24 hours of
inoculation, with persistence of biofilm viability over time seen through serial
bacterial count measurement and laser scanning confocal imaging at different
time points postwounding and inoculation. Inflammatory markers confirmed
that the biofilm phenotype creates a characteristic, sustained, low-grade inflam-
matory response, and that over time biofilm impairs epithelial migration and
granulation tissue in-growth, as shown histologically. We have established and
validated a highly quantitative, reproducible in vivo biofilm model, while pro-
viding evidence that the biofilm phenotype specifically contributes to profound
cutaneous wound healing impairment. Our model highlights the importance of
bacterial biofilms in chronic wound pathogenesis, providing an in vivo platform
for further inquiry into the basic biology of bacterial biofilm—host interaction and

high-throughput testing of antibiofilm therapeutics.

Bacterial biofilms, sessile communities of bacteria encased
in a protective polysaccharide matrix, can find harbor in
many parts of the body, having been reported on biolog-
ical surfaces as disparate as myocardium, nasal epithelium,
and dental enamel.' On each of these surfaces the relation-
ship between bacteria and host may range from purely
commensal (as in the intestinal gut) to highly destructive
when established on microbiologically naive tissues (such
as in endocarditis or cystic fibrosis). Whether on damaged
heart valves or poorly functioning respiratory epithelium,
the pathophysiology of bacterial biofilms remains con-
served: host defenses are rendered unable to clear biofilm
due to its adaptive survival mechanisms, and yet are con-
stantly stimulated by its physical presence, shedding of
planktonic bacteria, and elaboration of virulence factors.
The result is a chronic inflammatory cycle causing injury
to host tissues over time.?

In recent years the wound bed of compromised skin has
been thought to offer yet another biological surface onto
which bacterial biofilms can take hold. The susceptibility
of open wounds to bacterial seeding and the moist, nutri-
tionally supportive microenvironment of the wound ma-
trix create an ideal setting for biofilm to interfere with the
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wound healing process. Phil Stewart from Montana State
University in particular has put forth a considerable series
of papers articulating this hypothesis. In a clinical study of
human wounds, his group convincingly demonstrated us-
ing light and scanning electron microscopy (SEM) that
bacteria in biofilm-phase are present in all types of chronic
wounds, establishing a key link between biofilm and non-
healing.? Studies by other groups using sophisticated mo-
lecular techniques for bacterial recovery have further
established that a diverse array of bacterial species exists
in human chronic wounds, and that these bacteria persist
over time.*> Moreover, a variety of in vitro models have
made essential contributions, including demonstration of
robust biofilm resistance to antimicrobials,® important ge-
netic pathways for bacterial communication including
quorum sensing,” and even inhibitory effects of biofilms
against cultured human keratinocytes.®

While the aforementioned studies have been crucial to
developing an understanding of biofilm in wounds, equiv-
alent strides have not been made in the area of in vivo ex-
perimentation, principally due to the lack of an established
animal model. Given the complexity of wound healing, ex-
trapolation from in vitro biofilm studies to the clinic has
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been challenging, because only animal models can take
into account such critical in vivo factors as the interplay of
the host immune response and wound bed components
with bacteria. Secondly, human studies have been only ob-
servational and correlative, lacking the experimental and
causative data necessary to fully establish the biofilm hy-
pothesis. There is thus a wide consensus among the biofilm
research community on a need for more in vivo biofilm
models, and that they will be necessary tools for furthering
our understanding of biofilm—host biology.

In the present study we aim to build on previous work
by developing a novel, in vivo biofilm model in rabbit,
capable of precisely defining the impact of biofilms on cu-
taneous wound healing. Through rigorous testing, we val-
idate that our model allows for biofilm formation within
wounds and maintenance of its structure and viability over
time. Although wound infections represent a spectrum of
bacterial phenotypes, involving bacteria in both the plank-
tonic and biofilm phases, we use our model to study differ-
ences in planktonic- and biofilm-dominant infections,
which are classically associated with acute and chronic
wound pathogenesis, respectively. In particular, we hy-
pothesize that both planktonic-dominant, or active, and
biofilm-dominant wound infections will show severe
wound healing deficits when compared with uninfected
wound beds. Furthermore, we propose that phenotypic
differences between these two types of infection will lead to
distinct host inflammatory responses even under circum-
stances where both infections have similar bacterial bur-
dens. Through these experiments, we hope to further
define the intricacies of wound bacterial biofilms, while in-
troducing and establishing an in vivo biofilm model that
will serve as a foundation for further mechanistic and clin-
ically relevant investigation.

MATERIALS AND METHODS

Animals

Young, adult New Zealand white rabbits (3—6 months,
~ 3 kg) were acclimated to standard housing and fed ad
libitum under a protocol approved by the Animal Care
and Use Committee at Northwestern University. All ani-
mals were housed in individual cages under constant tem-
perature (22 °C) and humidity with a 12-hour light-dark
cycle. A total of 82 rabbits were used in the development of
this model after a series of pilot studies manipulating the
following variables in different permutations: wound size,
wound location, number of wounds per ear, wound depth
(partial vs. full thickness), timing of inoculation, length of
antibiotic treatment, type of absorptive dressing, timing of
dressing changes, and length of wound healing period be-
fore harvest. Following exhaustive characterization of
these permutations the final model protocol described be-
low was chosen based on recapitulation of essential aspects
of the human biofilm-infected chronic wound.

Bacterial strains, plasmid, and phage transduction

Staphylococcus aureus strain UAMS-1%'" was grown on

tryptic soy agar (TSA) and in tryptic soy broth (TSB) at
37°C. The green fluorescent protein (GFP)-expressing

Wound Rep Reg (2011) 19 400 410 © 2011 by the Wound Healing Society

Animal model for biofilm impaired wound healing

plasmid, pCN57, was introduced to UAMS-1 by phage
transduction as described by Charpentier et al.'" with
modifications. Briefly, strain RN9623 (recently designated
as NARSA strain ID# NRS623, which contains pCN57)
was cultured to exponential growth phase in TSB contain-
ing 5SmM CaCl, (Sigma-Aldrich, St. Louis, MO) and
10 pg/mL  erythromycin (Sigma-Aldrich). To prepare
phage lysates, strain RN9623 was infected with phage 11
at a multiplicity of infection (MOI) 0.5 and cultured at
37°C until cell lysis occurred. Lysates were centrifuged to
remove cell debris and filtered through a 0.45 um filter. For
transduction, phage lysates at a MOI 0.2 were incubated
with UAMS-1 that has been resuspended in TSB contain-
ing 5SmM CaCl,. After 20 minutes incubation at 37 °C, the
reaction mixture was washed with ice-cold 20 mM sodium
citrate and plated in TSA containing 10 pg/mL erythro-
mycin. The presence of pCN57 in UAMS-1 was confirmed
by plasmid isolation, restriction analysis, and fluorescence
microscopy.

Wound protocol and bacteria biofilm model

For creation of the dermal wounds, the rabbits were anes-
thetized with an intramuscular injection of ketamine
(22.5mg/kg) and xylazine (3.5 mg/kg) mixture before sur-
gery. Ears were shaved and sterilized with a betadine scrub
and 70% ethanol. Following intradermal injection of 1%
lidocaine with epinephrine local anesthetic, six 6-mm-
diameter full-thickness dermal wounds were created down
to the perichondrium on the ventral surface of the ear and
dressed with semiocclusive transparent film (Tegaderm®,
3M Health Care, St. Paul, MN). For the control arm of the
experiments, wounds were redressed with sterile Tega-
derm®™ on postoperative days (PODs) 3, 5, 6, 8, and 10.
For the infected wound groups, bacteria grown on agar
plates were harvested and proliferated in culture medium
broth, followed by suspension in phosphate buffer solu-
tion (PBS), from which a concentration was measured.
Approximately 10° colony-forming units (CFUs) of plank-
tonic bacteria were inoculated from suspension onto each
wound bed on POD 3 and allowed to proliferate under the
Tegaderm® dressing. For the active infection arm, plank-
tonic bacteria were allowed to continue active prolifera-
tion, with Tegaderm™ dressing changes on PODs 35, 6, 8
and 10. For the biofilm arm, topical mupirocin (2%) anti-
biotic ointment (Teva Pharmaceuticals, Sellersville, PA)
was applied on POD 4 to eliminate planktonic-phase bac-
teria and create a predominantly biofilm-phase infection.
In order to prevent seroma formation and maintain
biofilm-phase infection by preventing regrowth of plank-
tonic bacteria, an antimicrobial absorbent dressing
containing polyhexamethylene biguanide (Telfa® AMD,
Tyco Healthcare Group, Mansfield, MA) was applied to
biofilm wounds on PODs 5, 6, 8, and 10. All dressings were
checked daily throughout the entire protocol.

Harvesting of wounds

After euthanizing the animals by an intracardiac euthasol
injection, wounds were harvested for various analyses. For
the biofilm time course experiment, wounds were har-
vested at 6-hour intervals following inoculation until 24
hours, and analyzed by epifluorescence and SEM. To test
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for the presence of bacteria in the wound bed, bacterial
counts and laser scanning confocal microscopy were con-
ducted on PODs 4, 6, 8, 10, and 12. In addition, SEM was
performed POD 12 to visually confirm biofilm formation
within the wound bed. For the wound healing experi-
ments, wounds were harvested at POD 12 for histological
analysis using hematoxylin & eosin (H&E) staining. RNA
extraction and reverse transcription quantitative polymer-
ase chain reaction (QPCR) was carried out on POD 6 and
POD 12 on wounds to determine the cytokine profiles as
the result of the host inflammatory response.

Viable bacterial counts using drop plate method

For viable bacterial counts, wound beds were biopsied
with 10mm punches and using No. 15 scalpels (Becton
Dickinson AcuteCare, Franklin Lakes, NJ) the wound
beds were excised and tissue samples collected into sepa-
rate MagNA Lyser Green Beads tubes (Roche Diagnos-
tics, Indianapolis, IN) each containing 1 mL of PBS. All
samples were homogenized at 5,000 rpm for 30 seconds
(MagNA Lyser, Roche Diagnostics), and then sonicated
(Microson Ultrasonic Cell Disrupter, Heat Systems-Ultra-
sonics Inc., Farmingdale, NY) for 2 minutes at 5-8 W to
break up any bacterial aggregates that were present in
wound samples. Time interval and power setting used for
the sonication were preempirically determined to ensure
that bacterial viability was maintained in the process.

The resulting solutions were serially diluted and plated
on both Blood Agar (Hardy Diagnostics, Santa Maria,
CA) and Lipovitellin Salt Mannitol Agar (selective me-
dium for S. aureus) (Hardy Diagnostics) and incubated
overnight at 37 °C. CFUs were determined by the standard
colony counting method.

Histological analysis

Wounds were excised with a 10mm punch and bisected at
their largest diameter for H&E staining. Tissues were fixed
in formalin, embedded in paraffin, cut into 4 um sections,
and stained to be analyzed under a light microscope. Slides
were examined for quantification of epithelial and granula-
tion gap, and total granulation area using a digital analysis
system (NIS-Elements Basic Research, Nikon Instech Co.,
Kanagawa, Japan) as described previously.'> Two blinded
and independent observers evaluated all histological sec-
tions. The results of both examiners were averaged. Slides
were omitted if results differed > 30% among examiners.

Fluorescent staining and laser scanning confocal
microscopy

Wound samples for fluorescence staining were embedded in
O.C.T. Compound (Sakura Finetek, Torrance, CA), snap-
frozen in liquid nitrogen, and stored at —80 °C until time of
cryosectioning. Ten micrometer sections of biofilm-infected
wound tissues were prepared with the use of a cryostat. Sec-
tions for the biofilm time course experiment were stained
with concanavalin-A conjugated to Texas Red (Invitrogen,
Carlsbad, CA) to identify the presence of exopolysaccharides
rich in mannose and glucose that are commonly the basis of
biofilm extracellular matrix (ECM), and with 4’-6-diami-
dino-2-phenylindole to visualize host cells. Section slides
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were also analyzed using laser scanning confocal microscopy
(Zeiss LSM 510 META, Carl Zeiss Microimaging, LLC,
Thornwood, NY) to visualize GFP-labeled S. aureus.

SEM

To determine the structure of biofilms formed in rabbit ear
wounds, wound samples were mounted by double-sided
tape to specimen stubs, and examined ““in situ” by variable
pressure SEM. The procedure bypasses the steps for sam-
ple preparation used in conventional SEM and therefore
minimizes the introduction of artifacts, providing an ex-
cellent preservation of sample integrity. Imaging of the
samples was accomplished by the use of a Carl Zeiss 1450
VP scanning electron microscope (Carl Zeiss Microima-
ging, LLC) operated at the gas chamber pressure of 70 Pa
with the specimen cooling stage set at —25°C and the
scanning voltage set at 10kV.

Total mRNA extraction and reverse-transcription qPCR

Wounds were harvested for mRNA extraction and subse-
quent cDNA conversion as part of reverse transcription
qPCR. The dermal layer on the ventral side of the ear was
removed and the wound bed and circumferential areas
(rings) extending from the wound bed were punched out
and immediately snap-frozen in liquid nitrogen. Wound
samples were homogenized using a Mini-bead beater-8
equipment (Biospec Products Inc., Bartlesville, OK) using
zirconia beads (2.0 mm diameter, Biospec Products Inc.) in
the presence of Trizol Reagent (Sigma-Aldrich). Total
RNA was isolated according to the manufacturer’s proto-
col. Contaminating genomic DNA during RNA prepara-
tion was removed using the Turbo DNA-free kit (Ambion,
Austin, TX). Five ug of total RNA was used to prepare
cDNA using superscript II (Invitrogen) with 100ng of
random primers (Invitrogen).

For quantitative analysis of the expression level of
mRNAs, real time PCR analyses using SYBR green 1 were
performed utilizing an ABI prism 7000 sequence detection
system (Applied Biosystems, Foster City, CA). PCR primers
were designed using the Primer 3 program (http://frodo.wi.
mit.edu/). Expression of each gene was normalized to the
level of glyceraldehyde 3-phosphate dehydrogenase (GAD-
PH), the house keeping gene, to get AC;. The 224¢ method
was used to calculate gene expression of interleukin (IL)-1§
and tumor necrosis factor-o (TNF-a) of control, biofilm-in-
fected wounds, and wounds under active infection. Expres-
sion of genes was detected by PCR with the following
oligonucleotides: IL-1B (5-CCACAGTGGCAATGAAAA
TG-3" and 5-AGAAAGTTCTCAGGCCGTCA-3'), TNF-
o (5'-CCAGATGGTCACCCTCAGAT-3 and 5'-TGTTC
TGAGAGGCGTGATTG-3’), GADPH (5-AGGTCATC
CACGACCACTTC-3' and 5-GTGAGTTTCCCGTTCA
GCTC-3').

Statistical analysis

Data are presented in graphical form as mean + standard
errors and were analyzed using the Student’s #-test (two-
tailed and unpaired) to compare controls, active infection,
and biofilm wound samples. The level of significance was
set at p < 0.05.

Wound Rep Reg (2011) 19 400 410 © 2011 by the Wound Healing Society
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Figure 1. Time-course of biofilm development in 6-hour intervals from inoculation to the formation of mature biofilm. Staphylococ-
cus aureus establishes a mature biofilm in rabbit dermal ulcers within 24 hours as reviewed by scanning electron microscopy (SEM)
(A-D) and fluorescence light microscopy (E-H). (A) and (E) show that at 6 hours postinfection bacteria (green) sparsely cover the
wound surface (blue). At 12 hours postinfection S. aureus spreads more evenly over the wound surface (B and F). (C) and (G) show
that by 18 hours postinfection S. aureus assumes early biofilm morphology. Note the change of architecture of the biofilm as re-
vealed by SEM. By 24 hours postinfection, a mature biofilm of S. aureus is formed with bacteria encased within exopolysaccharide

matrix (red) (D and H) (magnification: A-D, x200; E-H, x1,000).

RESULTS

To determine the kinetics of biofilm formation in vivo, a
time-course study using the rabbit biofilm wound model
was performed. The results showed that S. aureus formed a
mature biofilm within 24 hours in wounds after inocula-
tion (Figure 1). A spatially organized three-dimensional
biofilm structure began to emerge 18 hours postinocula-
tion as revealed by SEM (Figure 1C). At 24 hours postin-
oculation the bacteria on the wound became more
organized showing a complex architecture with dense
ECM (Figure 1D). Staining of mannose and glucose moi-
eties within the wound by Texas Red-labeled concanavalin
A also revealed increasing exopolysaccharides around the
bacteria such that by 24 hours they are completely encased
by a carbohydrate-rich ECM as shown by epifluorescence
microscopy (Figure 1G and H).

As part of model testing and validation, biofilm devel-
opment and viability was verified through several different
techniques. Viable bacterial counts, measured at multiple
time points following inoculation, showed the persistence
of live bacteria within the wound beds of biofilm animals
(Figure 2). In particular, following inoculation on POD 3
with approximately 10° CFUs of planktonic bacteria, an
initial proliferation on POD 4 up to 107 is followed by
topical antibiotic and absorptive, antimicrobial dressing
placement, resulting in a significant (p < 0.05) decreased
number of viable bacteria at POD 6. This decrease can be
attributed to the elimination of free-floating planktonic
bacteria, creating a biofilm-dominant wound. However,
between POD 6 and POD 12, biofilm wounds maintain a
consistent level of viable bacteria averaging between 10°
and 10° CFUs per infected wound, verifying that wounds
maintain live biofilm bacteria throughout the time-course
of our animal model. This consistency models the
presumed ‘“‘steady-state” that develops between chronic
wound biofilms and their respective hosts. To correlate
with bacterial count measurements, laser scanning

Wound Rep Reg (2011) 19 400 410 © 2011 by the Wound Healing Society

confocal microscopy was also performed at these time
points, showing the presence of GFP-labeled S. aureus at
POD 6 (Figure 3A) and POD 12 (Figure 3B) within the
wound bed, clearly separated from the underlying, intact
ear cartilage. In addition, SEM was performed at POD 12,
showing the presence of individual bacteria within a well

Mean Viahle Bacterial Count
{colony-forming units per wound)

POD 4 FOD & FOD B

POD 100 POD 12

Figure 2. Viable bacterial count measurements from biofilm-
infected wounds at successive time points following inocula-
tion on POD 3. Inoculation with approximately 10° colony-form-
ing units (CFUs) of Staphylococcus aureus is followed by an
initial proliferation of bacteria by POD 4, followed by topical an-
tibiotic and antimicrobial, absorbent gauze placement to de-
velop and maintain a biofilm-dominant wound. Note an initial
significant decrease in viable bacteria between POD 4 and POD
B, most likely representing the elimination of free-floating
planktonic bacteria by the aforementioned treatment methods.
Successive bacterial count measurement at PODs 6, 8, 10, and
12 show viable bacteria that are maintained at a consistent level
over time, averaging between 10° and 10 CFUs per wound,
representative of the ''steady-state’’ that is often seen be-
tween wound biofilms and their respective hosts (*p < 0.05)
(n=8-15wounds/time-point). POD, postoperative day. Error
bars signify standard error of means.
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100 pm

developed, encasing biofilm matrix architecture that cov-
ered the wound bed surface (Figure 4)

Despite the spectrum of infection that exists between
planktonic- and biofilm-phase bacteria, our model has
been developed to create a distinct infection phenotype
characterized by a predominance of biofilm-phase bacte-
ria. To show this model capability, viable bacterial counts
were performed from biofilm-dominant and planktonic-
dominant, i.e., active infection, wounds at POD 6 (Figure
5A). This analysis revealed no significant difference in vi-
able bacteria despite differences in how the wounds were
treated. At this same time-point, host inflammatory
response to these two types of infections was quantified
using real-time qPCR (Figure 5B and C). Biofilm infec-
tion elicited a significantly lower-grade host response
(» < 0.05), measured through IL-1p and TNF-a expres-
sion, than active infection wounds, indicating a true phe-
notypic difference in the bacteria—host response between
these two types of infection despite a similar bacterial bur-
den. In addition, when the expression of these inflamma-
tory mediators in biofilm wounds was measured at POD
12, there is evidence of a maintained low-grade host re-
sponse, with minimal decrease in the level of TNF-a ex-
pression and a continued high level of IL-13 expression.
(Figure 6) To ensure that our model created only localized
wound infections, thus preventing the activation and in-
fluence of systemic inflammatory mediators, successively
larger circumferential rings of tissue were analyzed outside
of the wound bed. As seen in Figure 7, expression of in-
flammatory mediators quickly tapers to significantly lower
levels in both biofilm and active infection wounds
(» < 0.05), verifying that our model maintains a localized
wound infection. Furthermore, no animals in either group
showed signs of systemic infection and maintained normal
body weights throughout the experimental period (data
not shown). These data not only distinguish and charac-
terize the biofilm wound phenotype, which triggers and
maintains a low-grade host inflammatory response, but
also validate the sensitivity of our model to distinguish
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Figure3. Laser scanning confocal
microscopy of biofilm wounds in-
fected with green fluorescent pro-
tein-labeled Staphylococcus aureus.
Imaging done at POD 6 and POD 12
validates the presence of viable bac-
teria within biofilm wounds over the
course of time used in our model.
Note the clustering of bacteria within
the wound bed (green) with underly-
ing intact cartilage of the ear (arrow)
(magnificationx20). POD, postoper-
ative day.

EHT = 3.00 kW
WO = 17 mm

10y

Mag= 38TKX

Figure 4. Scanning electron microscopy of Staphylococcus
aureus biofilm-infected wounds on POD 12 showing developed
biofilm architecture. (A) Intricate extracellular matrix encases
individual bacterial cells (arrow) in dense, lattice-like structure
(magnification ~ x1000). (B) Higher magnification view of indi-
vidual S. aureus with surrounding extracellular matrix material
adjacent to bare wound surface (arrow) (magnification ~ x
4000). POD, postoperative day.

Wound Rep Reg (2011) 19 400 410 © 2011 by the Wound Healing Society
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between these different wound phenotypes despite similar
levels of initial bacterial burden.

Having established and validated our wound biofilm
model, we aimed to assess the effects of S. aureus biofilm
on quantitative wound healing parameters histologically.
Wounds were harvested on POD 12, with gross evidence of
minimal wound healing in both biofilm- and planktonic-
dominant (active infection) wounds as compared with con-
trol (Figure 8). Also note the increased level of purulent
exudate over active infection wounds (Figure 8B) as com-
pared with the so-called “film” overlying biofilm wounds
(Figure 8C), consistent with the differences seen in host
inflammatory response. Looking histologically, S. aureus
in the form of active or biofilm infections impaired cuta-
neous wound healing (Figure 9). Infected wounds showed
delayed reepithelialization over the wound bed and thick-
ening of the epidermal layer at the leading edge (Figure 9B
and C). Differences between active infection and biofilm
are also seen in the cartilage and debris around the wound
bed. In the active infection, highly virulent and invasive
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Figure5. Demonstration of pheno-
typic differences between biofilm-
and planktonic-dominant (i.e., active
infection) wounds. (A) At POD 6,
there is no significant difference in vi-
able bacterial counts between un-
treated active infection (Al) wounds
and treated biofilm-dominant (BF)
wounds (n=15wounds/group). (B)
and (C) despite similar bacterial bur-
dens, biofilm wounds trigger a signifi-
cantly lower-grade host inflammatory
response, measured through interleu-
kin (IL)-1p and tumor necrosis factor-o
* (TNF-a) wound bed (WB) expression,
* as compared with active infection
wounds. This validates a phenotypic
difference between the two infection
groups in their interaction with the
host (*p < 0.05 as compared with
CTRL; **p < 0.05 as compared with
BF) (n=6 wounds/group). POD, post-

IL-1p

CTRLWB

operative day. Error bars signify stan-

BF WB dard error of means.

AlWB

planktonic bacteria damage the cartilage, while biofilm
histology shows cartilage integrity. Large amounts of de-
bris in the active infection were present representing an in-
creased influx of white blood cells (neutrophils) above the
wound bed. The debris was also found in the biofilm, but
significantly reduced, confirming a decreased inflamma-
tory response histologically. Through quantitative image
analysis, measurement of epithelial gap (Figure 10A),
granulation tissue gap (Figure 10B), and new granulation
tissue (Figure 10C) showed significant differences across
all analyzed parameters between control and infected
groups (p < 0.05), verifying that our model is capable of
simulating the impairment of wound-healing seen in bio-
film-infected wounds.

DISCUSSION

Predating any bacterial biofilm theories, chronic wounds
of all types have shared a common characteristic: a persis-
tent inflammatory state, marked by a destructive milieu

Figure 6. Maintenance of a low-grade
inflammatory response secondary to
biofilm wound infection over time. (A)
Expression of tumor necrosis factor-o
(TNF-0) is maintained between POD 6
. and POD 12 at very similar levels. (B) In-
terleukin (IL)-1B expression is decreased
but remains markedly elevated at POD
12, validating the idea that biofilm trig-
gers a low-grade, chronic inflamsnmatory
response, which can be simulated
through this model (n=6wounds/
group). POD, postoperative day. Error
bars signify standard error of means.

IL-1p

POD 6 POD 12
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IL-1p Figure7. Comparison of inflamma-
tory profiles from control and in-
fected wounds, showing highly
localized infections at POD 6. Note
significantly higher level of inflamma-
tory mediator expression for both tu-
* mor necrosis factor-a. (TNF-a) (A) and

interleukin (IL)-1B (B) within wound

beds of infected wounds as com-

* * pared with successive outer rings
(ring 1: concentric ring of tissue
2 mm distal to the wound edge; ring

Active Infection

2: concentric ring of tissue 2 mm distal to the edge of ring 1) (*p < 0.05 as compared with wound bed) (n=6 wounds/group). POD,

postoperative day. Error bars signify standard error of means.

and failure of the wounds to progress normally into the
proliferative and remodeling phases of wound heahng
Clinically, chronic wounds are observed to languish in a
friable, highly exudative, and oftentimes ‘“‘slimy” condi-
tion, most displaying no evidence of planktonic or frankly
purulent bacterial infection, some responding to frequent
debridement and wound care, and others remaining recal-
citrant to wound healing interventions.'

Bacterial biofilms offer a powerful and parsimonious
explanation for both the cause and persistence of the in-
flammatory arrest of chronic wounds. The logical connec-
tion between bacteria and chronic wounds is intuitively
clear, but was likely delayed by medicine’s historic reliance
on planktonic culture techniques, which fail to recover
biofilm phase bacteria, especially from chronic wound
samples. Indeed, as biofilms have recently been found us-
ing more sophisticated techniques to be present in pressure
sores, venous stasis ulcers, and diabetic foot ulcers—tradi-
tionally regarded as having distinct etiologies—all three
chronic wound archetypes may in fact be linked by a single
contributing factor. This factor has high potential as a
therapeutic target, as elimination of bacterial biofilms
alone could be instrumental in shifting the balance be-
tween inhibitory and vulnerary factors toward a healing
phenotype. In addition to the classic tenets of hypoxia,
ischemia-reperfusion, and intrinsic host disease, then, bac-
terial biofilms hold considerable pr0m1se as a fourth major
pillar of impaired wound healing.'?

The addition of biofilm theory to wounds has increased
our understanding of bacteria—host interaction. Whereas
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wound microbiology was conventionally conceptualized
as contamination, colonization, and infection by plank-
tonic bacteria, it is now clear that biofilm phase bacteria
play a prominent role in the spectrum of clinical wounds.'®
This spectrum includes both infections that are predomi-
nantly in the planktonic- or biofilm-phases, although it is
clear that a mixture of bacterial phenotypes can, and tend
to, exist within a given wound. There is likely a balance
between host vulnerary factors/defenses and bacterial pro-
liferation in its various forms, the predominance of which
influences wound outcome. Bacteria in a wound may be
either overcome or cleared by host defenses; if bacteria
persist as biofilms, they may be held in check by the host
defenses, yet create a state of chronic low-grade inflamma-
tion. Given this expanded view of wound microbiology, it
is critical that any in vivo model of biofilm simulate both
its ability to impair cutaneous wound healing and its main-
tenance of a low-grade, chronic inflammatory host re-
sponse that is distinct from the response to a more
“active” planktonic-dominant infection.

Recent work has taken important steps toward achiev-
ing an in vivo biofilm model, with Rashid et al.'” showing
that cutaneous Pseudomonas aeruginosa biofilm can be ex-
perimentally grown in thermally induced mouse wounds.
Using their porcine model, Davis and colleagues inocu-
lated S. aureus onto partial thickness cutaneous wounds,
and assessed for presence of biofilm after 48 hours. Multi-
ple modes of imaging were able to confirm presence of liv-
ing biofilm in these wounds.'® In 2009, our own group
published the infected splinted mouse model in which

Figure 8. Photographs of control
(uninfected) and infected wounds at
POD 12. Control (A), active infection
(B), and biofilm infection (C). Note
the absence of purulence and debris
in biofilm wounds as compared with
active infection wounds, instead
showing a "film"" of bacteria spread
across the wound. Also note the
clear difference in extent of wound
epithelialization between control and
infected wounds. POD, postopera-
tive day.
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Figure9. Wound healing histology. Hematoxylin & eosin stain-
ing of POD 12 rabbit ear wounds from control (A), active infec-
tion (B), and biofilm infection (C) groups. The wound edge was
determined by the appearance of a nick in the cartilage made
during wounding. Cartilage nick (arrow), epidermal thickening
(arrow head), cartilage degradation (D), and debris from white
blood cell influx (W) are labeled (magnification, x20 [A-
Cl]).POD, postoperative day.

open wounds were inoculated with either biofilm- or non-
biofilm—forming bacteria, and treated with a biofilm in-
hibiting peptide; data from this paper suggested delayed
epithelialization of these wounds and that this delay was a
biofilm-dependent effect.'” Most recently Zhao et al.*°
have developed an infected wound model in db/db mice,
applying preformed P. aeruginosa biofilm to full-thickness
punch wounds, and found a marked reduction in a gross
measure (percent healing) of infected vs. noninfected
wounds.

Despite the advances in vivo animal modeling, currently
available wound biofilm models possess certain limitations
and shortcomings. In trying to address these deficiencies,
we have developed the aforementioned rabbit ear wound
biofilm model, which we believe is the most accurate rep-
resentation of biofilm-infected human chronic wounds to
date. Our model utilizes an adaptation of the rabbit der-
mal ulcer model,” an FDA-recognized model of wound
heahn;Z that has been utilized by our lab and others for 20
years.”> > In this model, full-thickness, circular punch-
wounds are made in the ears of New Zealand White rab-
bits down to cartilage, affording a number of important
advantages. For example, in contrast to partial-thickness
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wounds, this removal of dermis more closely models the
dermal-loss seen in human chronic wounds. Additionally,
the majority of human wounds heal through epithelializa-
tion and granulatlon 1n contrast to the contracture-based
healing seen in mice.'” The underlying cartilage of the rab-
bit ear serves as a natural splint, preventing healing by
contracture, and thus allowing for accurate quantification
of epithelial and granulation tissue formation from the pe-
riphery of the wound. Previous work with the rabbit ear
dermal ulcer model has also showed that hypertrophic
scarring within the rabbit ear is similar to that seen in hu-
mans grossly, histologically, and in 1ts response to scar
treatments such as steroid injection.*"*> Moreover, multi-
ple identical wounds can be made in one animal with con-
tralateral controls, creating both a standardized and high-
throughput wound model. Inoculation of wounds is done
on postwounding day 3 using culture medium-grown bac-
teria with a measured size of inoculum of approximately
10° CFUs of bacteria. In contrast to other published mod-
els where preformed in vitro biofilm is directly applied
to wounds, we believe that inoculation with planktonic,
free-floating bacteria more closely represents the seeding
mechanism of human chronic wounds, with the wound bed
itself playing a critical role in the transformation of bacteria
into the biofilm state.”»3* Furthermore, as suggested by
our presented data, inoculation in this manner triggers the
formation of biofilm-phase bacteria within 24 hours.

In another significant departure from other published
animal models, following in vivo proliferation of the inoc-
ulated bacteria, including formation of bacterial biofilm,
our wounds are treated with topical antibiotic. As ex-
pected, this reduces the presence of active, planktonic-
phase bacteria, but also by definition leaves behind what
should be predominantly biofilm-phase bacteria, which
are more resistant to antimicrobial challenge due to a
protective ECM. We then utlhze a combination of an
occlusive dressing (Tegaderm™) with an underlying anti-
microbial (polyhexamethylene biguanide) absorptive
gauze pad (AMD Telfa®™). This form of wound coverage
helps maintain the predominance of biofilm-phase bacte-
ria in two ways. First the antimicrobial impregnation of
the gauze helps limit proliferation of planktonic bacteria.
Second, it is clear that actively infected wounds are predis-
posed to the formation of purulent exudates. Previously
published models have utilized fluid impermeable, occlu-
sive dressings for their 1nfected wounds without an under-
lying absorptive gauze pad.'”° Clinical observations, as
well as our own pilot studies, demonstrate that placement
of occlusive dressings over this developing fluid collection
creates a seroma within the dead space beneath the dress-
ing, representing an ideal culture medium for proliferation
of planktonic-phase bacteria. In this setting a mixed
planktonic-biofilm infection can become a predominantly
planktonic, purulent infection, more similar to a superfi-
cial abscess than the wound surface biofilms seen in
chronic wounds. Therefore, the use of absorptive gauze
helps to minimize seroma formation, which when com-
bined with previously administered antibiotics, creates a
“steady-state” predominantly biofilm-phase infection by
POD 6. Finally, we also perform frequent dressing changes
before wound harvest, modeling the common clinical man-
agement of chronic wounds. In summary, our in vivo
wound biofilm model is the most accurate and consistent
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simulation of biofilm-infected human chronic wounds to
date, which we validate through the data presented in this
manuscript.

Development of a model requires systemic testing and
verification before it can be used for experimentation and
analysis. We have presented an extensive set of data dem-
onstrating this validation. Using epifluorescence and
SEM, we have shown that inoculation with planktonic S.
aureus establishes mature biofilm in cutaneous wounds,
with marked speed and under no special conditions. To
ensure that our model maintains viable biofilm-phase bac-
teria over the course of our protocol timeline, we measured
viable bacterial counts at various time points postwound-
ing and -inoculation. Although our development of a bio-
film-predominant infection through antimicrobial
techniques does decrease viable bacterial counts from their
postinoculation values, the consistent level of bacteria seen
between POD 6 and POD 12 reveals a trend that models
the “steady-state” or chronic nature of biofilm, and di-
rectly correlates to the static nature of human chronic
wounds. Corroborating this bacterial count analysis, we
used laser scanning confocal microscopy and SEM to ver-
ify the physical presence of viable bacteria within the
wound bed and the existence of complex biofilm structure
morphologically at POD 12. These experiments clearly in-
dicate that our model is capable of developing consistent
wound biofilms that provide a foundation for further bio-
film characterization and experimentation.

We then aimed to assess the capabilities and sensitivity
of our model, utilizing quantitative analysis of host in-
flammatory gene expression to distinguish between our
developed biofilm wounds and untreated, planktonic-
dominant, active infection wounds. Correlating with clin-
ical suspicion, we have shown that there is a distinct phe-
notypic difference between biofilm and active infection
wounds. In particular, despite similar bacterial burdens,
the host wound bed shows a unique inflammatory media-
tor profile in response to the biofilm phenotype. Addition-
ally, we verified that this unique profile, characterized by a
low-grade inflammatory response, is maintained over time
within biofilm-infected wounds and that using our model it
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and (C) granulation tissue area. In-
fected wounds have significantly
less healing across all measured pa-
rameters when measure to control
wounds, verifying in particular that
biofilm does impair cutaneous
wound healing and that this result is
effectively simulated with this model
(*p < 0.05 as compared with control
wounds)  (n=8-12 wounds/group).
Error bars signify standard error of
means.

is localized to the wound bed, similar to a human chronic
wound that elicits little systemic inflammatory effects.
Taking the clinical applicability of our model further, we
investigated the impairment of wound healing related to
biofilm, an increasingly recognized phenomenon in non-
healing wounds. Grossly, there is a clear difference in both
the host inflammatory response and extent of healing be-
tween infected and control wounds, which is further sup-
ported by histological analysis. In fact, quantitative
analysis yields statistically significant differences in multi-
ple histological wound healing parameters between unin-
fected and biofilm-infected wounds. Interestingly, vs.
granulation tissue formation, we found maximal impair-
ment to be in reepithelialization of biofilm-infected
wounds. This observation agrees well with the frequent
clinical observation of receding of epithelium or complete
failure of reepithelialization (even in the face of adequate
granulation tissue) in human wounds. These findings sug-
gest that the primary mechanism of biofilm impairment of
wound healing may be through inhibition of epithelializa-
tion. Although our data only represents part of the con-
tinued investigation into biofilm, we submit that our
model provides a powerful in vivo methodology for
wound biofilm study that is capable of quantitative, repro-
ducible, and sensitive data analysis through both imaging
and nonimaging modalities.

Although we have ensured biofilm phase infection and
mirrored key inflammatory aspects of chronic wounds in
this model, our assessment of wound healing is still occur-
ring within an acute timeframe. Further work will be nec-
essary to investigate the long-term effects of our biofilm
protocol. Moreover, although morphology based on SEM
is the current gold standard for identifying bacterial bio-
films, it would have been ideal to confirm biofilm pheno-
type in more specific ways. Unfortunately, visualization by
fluorescence is currently limited to using nonspecific car-
bohydrate markers as concanavalin A, as no specific
markers for biofilm yet exist. In addition, our work thus
far has been limited to a single species of bacteria, namely
S. aureus. Organisms such as P. aeruginosa and various
anaerobic bacteria are also very common within chronic
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wound microbial flora. With work currently under way, it
will be useful to extend our investigation to other bacterial
species, furthering our understanding of the model’s capa-
bilities and shortcomings.

Despite these limitations, we believe the rabbit biofilm
model to have considerable strengths. As described, our
model has been adapted from an FDA-recognized rabbit
dermal ulcer model, which provides a robust ability to
quantify wound healing through multiple measures of
epithelialization and granulation tissue formation. Data
can also be obtained in a relatively high-throughput man-
ner, with as many as 12 wounds per animal. The rabbit
model is also highly versatile, existing in various ischemic,
venous stasis, reperfusion injury, and diabetic itera-
tions.?"* In addition, we have developed our model tak-
ing into account both the defining characteristics of human
chronic wounds as well as the limitations posed by other
current in vitro and in vivo biofilm models. Having an in
vivo platform allows us to model the bacterial-host inter-
action, which is lost through in vitro analysis, with a high
level of sensitivity. The reproducibility and precision of the
model also allows for systematic analysis of wound healing
changes secondary to bacterial manipulation or wound
treatment, creating an ideal model for the testing of anti-
biofilm therapeutics.

With the establishment of validated in vivo biofilm
model, we now have a foundation for exploring several in-
teresting and significant avenues of investigation. In par-
ticular, what is the clinically relevant level of biofilm
burden that prevents wound healing? Do some strains of
bacteria inhibit wound healing to a greater extent than
others? What is the mechanism of bacterial impairment of
wound healing? What is the effect of polybacterial infec-
tions on wound healing? Lastly, what are the ideal treat-
ments and treatment regimens against wound biofilms that
will promote healing? It is our hope that now equipped
with sufficiently validated and complementary in vitro and
in vivo biofilm models, we can begin making strides in our
understanding of the basic biology of bacterial wound bio-
films, and move ever closer toward the successful treat-
ment of human chronic wounds.
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