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Abstract

Wound biofilms must be identified to target disruption and bacterial eradication
but are challenging to detect with standard clinical assessment. This study tested
whether bacterial fluorescence imaging could detect porphyrin-producing bacte-
ria within a biofilm using well-established in vivo models. Mouse wounds were
inoculated on Day 0 with planktonic bacteria (n = 39, porphyrin-producing and
non-porphyrin-producing species, 10" colony forming units (CFU)/wound) or
with polymicrobial biofilms (n = 16, 3 biofilms per mouse, each with 1:1:1 parts
Staphylococcus aureus/Escherichia coli/Enterobacter cloacae, 10”7 CFU/biofilm)
that were grown in vitro. Mouse wounds inoculated with biofilm underwent fluo-
rescence imaging up to Day 4 or 5. Wounds were then excised and sent for
microbiological analysis. Bacteria-matrix interaction was assessed with scanning
electron microscopy (SEM) and histopathology. A total of 48 hours after inocula-
tion with planktonic bacteria or biofilm, red fluorescence was readily detected in
wounds; red fluorescence intensified up to Day 4. Red fluorescence from biofilms
persisted in excised wound tissue post-wash. SEM and histopathology confirmed
bacteria-matrix interaction. This pre-clinical study is the first to demonstrate the
fluorescence detection of bacterial biofilm in vivo using a point-of-care wound
imaging device. These findings have implications for clinicians targeting biofilm
and may facilitate improved visualisation and removal of biofilms.
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cause of escalating infection-related complications.>®

Confirmation of bacterial presence is achieved through

Bacteria in wounds are a major clinical challenge that
burdens patients and health care systems worldwide."
The presence of bacteria in acute and chronic wounds
can delay or prevent wound healing®* and is the primary

wound sampling and microbiological analysis, which is
costly, takes several days, and can produce erroneous
results; thus, many clinicians may decide not to sample
chronic wounds at all.”
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The development of bacterial biofilms represents a
further challenge to conventional diagnosis, treatment,
and wound healing® Biofilms contain sessile, poly-
microbial communities of microorganisms encased in an
exo-polysaccharide (EPS) layer.”'® This EPS matrix pro-
motes strong adherence and protection from environ-
mental factors.”'® Bacteria encased in biofilms delay
wound healing and can be up to 1000 times more resis-
tant to antimicrobials and antibiotics than planktonic
(free-floating) bacteria.'"'* Guidelines mandate that bio-
films be mechanically disrupted (eg, debridement) to
allow antibacterial strategies to have an effect.*'* How-
ever, there is currently no point-of-care, real-time method
for clinicians to locate and target regions of biofilm.

Non-contact fluorescence imaging has emerged as a
method to visualise wound tissue and bacterial fluores-
cence at the point of care,'*'® without any need for con-
trast agents. Clinical studies using the handheld
MolecuLight i:X (MolecuLight Inc., Toronto, Canada) fluo-
rescence imaging device have demonstrated its ability to
visualise red or cyan fluorescence from bacteria.'® This
endogenous bacterial fluorescence is attributed to the pro-
duction of porphyrins or pyoverdines.*>*® Porphyrins are
natural intermediates in the heme pathway in the vast
majority of bacterial species; §-aminolevulinic acid (ALA),
readily available in in vivo tissues,”**’ is an essential pre-
cursor to the production of these porphyrins.®® In contrast,
pyoverdines are cyan-fluorescing siderophores produced
uniquely by Pseudomonas spp.”° Clinically, bacterial fluo-
rescent signatures from wounds have been shown to corre-
late with moderate to heavy bacterial loads.'**® Multisite
clinical trials assessing red bacterial porphyrin fluores-
cence in wounds reported a positive predicted value of
>95% for detecting bacterial loads of >10* CFU/g.">'"*

In addition to clinical studies, fluorescence detection of
bacteria has been evaluated in several pre-clinical stud-
ies.”®>° In vitro studies performed on agar supplemented
with ALA identified 28 common wound pathogens (Gram
positive, Gram negative, aerobes, and anaerobes) that fluo-
resce red when illuminated by the MolecuLight i:X device
(eg, Staphylococcus, Proteus, Klebsiella, Bacteroides).28
These studies also report that non-porphyrin-producing
bacteria (eg, Enterococcus, Streptococcus) do not emit
detectable red fluorescence, nor do most yeasts.28 Addi-
tional in vivo studies on wounds inoculated with plank-
tonic Staphylococcus aureus have demonstrated that no
exogenous additives or contrast agents are required to
elicit readily detectable red fluorescence, indicating that
bacteria in wounds can take up sufficient ALA from host
tissue to produce porphyrins.>® When supplemented with
ALA, red fluorescence from bacteria in biofilms have been
detected in vitro; bacterial-EPS matrix interactions were
confirmed by scanning electron microscopy (SEM) and

P WiLEy-L ¢

Key Messages

« successful removal of biofilm in wounds is con-
tingent upon accurate detection of bacterial
burden

« this study evaluated whether bacterial fluores-
cence could be detected in vivo using well-
established models of polymicrobial biofilm

« red fluorescence was detected in porphyrin-
producing bacteria under violet light
illumination

« wound bacteria encased in biofilm can be
detected by fluorescence imaging

histopathology.?® This red fluorescence signal from por-
phyrins does not distinguish between planktonic and
biofilm-encased bacteria, but it can provide point-of-care
information in real time for clinicians to visualise bacteria
and target their treatments and provides immediate feed-
back on treatment effectiveness.'®7%32

To our knowledge, in vivo assessments of detectable
fluorescence from bacteria in wound biofilms have not pre-
viously been reported. The current study had three aims:

1. Establish that detected red fluorescence is from bacte-
ria and not from a host immune cell response or other
factors by comparing murine models inoculated with
porphyrin-producing bacteria (Staphylococcus aureus,
Escherichia coli), non-porphyrin-producing bacteria
(Enterococcus faecalis, Streptococcus agalactiae), and
phosphate-buffered saline (PBS) control.

2. Determine in vitro whether bacteria in biofilms can
take up ALA from surrounding culture media within
a relatively short timeframe (24 hours).

3. Determine in vivo whether bacteria within biofilms
emit red fluorescence from endogenous porphyrins at a
level detectable by point-of-care fluorescence imaging.

2 | MATERIALS AND METHODS
2.1 | Murine chronic wound model
inoculated with monomicrobial planktonic
bacteria

Bacteria were freshly cultured and resuspended at a con-
centration of 4 MacFarland Standard (12.0 x 10° CFU/mL),
suspended in PBS. A total of 39 adult female NCr (ath-
ymic) mice (Charles River Laboratories) were surgically
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wounded and inoculated with 10 pL of bacterial inoculate
(12.0 x 108 CFU/mL) or sterile PBS as a negative control.
Two bilateral dorsal skin wounds were surgically incised
over the scapular regions on the mouse posterior. The
wound to the left of the spine was inoculated with bacte-
ria, while the wound to the right of the spine served as a
negative control. The wounds were covered with
Tegaderm to minimise cross-contamination. The experi-
mental groups were divided based on their mono-
microbial bacterial inoculate and included: S. aureus
(ATCC: 29213, n = 14 mice), E. faecalis (ATCC 49533,
n = 5), Pseudomonas aeruginosa (ATCC: 27853, n = 6), E.
coli (ATCC: 25922, n = 3), S. agalactiae (ATCC: 12386,
n = 3), and PBS control (n = 8). Mice were then imaged
every other day under anaesthesia up to 11 days. A subset
of mice was euthanised on Day 5 to evaluate bacterial
load and immune infiltration in the wound. This animal
study was performed at the University of Toronto Animal
Facility at the Donnelly Centre for Cellular and Biomo-
lecular Research following the Animal Use Protocol
20012241.

2.2 |
model

In vitro polymicrobial biofilm

The biofilm media was made up of 50% bovine plasma
and 50% Bolton's broth, modified from previously
described in vitro polymicrobial biofilm models.**’
Media were inoculated with 1:1:1 ratio of wound patho-
gens S. aureus (ATCC 25923), Enterobacter cloacae
(ATCC 13047), and E.coli (ATCC 25922) at a 10’ CFU
inoculating dose of bacteria per biofilm in 7 mL of bio-
film media, with a sterile, scratched pipette tip acting as a
scaffold. Biofilms were incubated at 37°C with shaking at
220 rpm for 4 days. Where indicated, positive controls
were exposed to 5 mM of ALA for the last 24 hours of
incubation to induce red fluorescence. Post-incubation,
in vitro polymicrobial biofilms appear as growing semi-
solid masses attached to the pipette tip submerged in bio-
film media. To prepare for in vivo transplantation,
in vitro biofilms were lifted out of the biofilm media,
washed with 1 mL 1X PBS to remove planktonic cells,
and removed from the pipette tip with tweezers. These
semi-solid biofilms were then applied to the mouse
wound as described below and seen in Figure 3.

2.3 | Invitro assessment of ALA uptake
capability

Experiments were performed to determine the behaviour
and timeline of ALA uptake and subsequent biofilm

fluorescence. Three biofilms that had been exposed to
ALA for the last 24 hours of incubation (“ALA endoge-
nous”) were transferred to a chocolate agar (Thermo Sci-
entific, does not contain ALA) to observe relative
decreasing fluorescent signal over time. Three biofilms
grown in the absence of ALA were transferred to Porphy-
rin Test Agar (Remel, Thermo Scientific), which contains
ALA, the essential precursor for porphyrin production, to
observe the potential uptake of ALA over time (“ALA
exogenous”). As a negative control, three ALA negative
biofilms were transferred onto chocolate agar to confirm
no fluorescence induction. All were imaged with the
MolecuLight i:X device (standard and fluorescent modes)
at 24, 48, 72, and 96 hours.

2.4 | Murine chronic wound model
inoculated with biofilm

The non-lethal surgical excision mouse model was used to
study chronic infection, as previously described.>*3>3%4*
Adult, female, Swiss Webster mice were anaesthetised
with an intraperitoneal injection of sodium pentobarbital.
After a surgical plane of anaesthesia was reached, the
backs were shaved, and the mice were administered a
full-thickness, dorsal, 1.0 x 1.0 cm excisional skin wound
to the level of panniculus muscle with surgical scissors.
In vitro polymicrobial biofilms grown either in the pres-
ence (“ALA positive”) or absence of ALA (“ALA nega-
tive”) were transplanted into the wound bed,*” and
wounds were covered with a semipermeable polyure-
thane dressing (OPSITE dressing) to prevent contractile
wound healing and contamination.®> Mice were given
subcutaneous saline as fluid replacement and allowed to
recover under warming lights. This non-lethal, surgical
excision mouse model has been used by us and
others****>2%* to study chronic wound infections, and it
has been shown that the infections formed in these
wounds are biofilm-associated, display increased toler-
ance to antimicrobials, delay wound healing, and can be
easily monitored and analysed.”*>>*** Mice were
imaged with the MolecuLight i:X device (standard and
fluorescent modes) on Days 0 to 4; on Day 4, the mice
were euthanised with an intraperitoneal injection of
Fatal-Plus (Vortech Pharmaceuticals, Ltd.), and material
was extracted from the wound bed. This extracted mate-
rial was composed of material from the wound bed that
likely contained skin tissue, bacteria and biofilm, and
wound exudate and can be seen in Figure 3. Fluorescence
images were taken before and after washing the excised
wound bed material with 1X PBS to remove planktonic
cells. This mouse model was reviewed and approved by
the Institutional Animal Care and Use Committee of
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Texas Tech University Health Sciences Center (protocol num-
ber 07044). This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.

2.5 | Microbial analysis

Culture-based microbial analysis was conducted both in
house and through a College of American Pathologists
(CAP)-certified clinical diagnostic laboratory. In-house
microbial analysis was conducted by homogenising excised
mouse wound bed material in 1X PBS, which was then seri-
ally diluted and plated on selective and differential media to
determine CFUs for each bacterial species. Mannitol Salt
Agar (Fisher Scientific) was used to evaluate S. aureus, and
EMB (Levine) Agar (Fisher Scientific) was used to evaluate
E. coli and E. cloacae. Wound bed samples were also trans-
ported to the Clinical Laboratory Science Department at
Covenant Medical Center (Lubbock, Texas) in enriched
thioglycolate medium (Fisher Scientific) and evaluated on
the automated system BD Phoenix (Becton Dickinson,
M50). The polymicrobial nature of the ex vivo wound bed
samples was confirmed using both methods of evaluation.

2.6 | Histopathology

Histopathology was conducted at the Department of
Pathology, Texas Tech University Health Sciences Center
(Lubbock, Texas). Wound bed material (which may
include host tissue and biofilm) from biofilm-infected
mice were embedded in paraffin and sectioned to a thick-
ness of 5 pm, and slides were prepared. Slides were then
stained with Gram stain, and Periodic acid-Schiff (PAS)
matrix stains. Haematoxylin and Eosin (H&E) staining
was performed at the Pathology Research Project at Uni-
versity Health Network (Toronto, ON). Histopathological
analysis of wounds inoculated with planktonic bacterial
species was completed at the Pathology Research Project
(Toronto, ON). Wound bed material (which may include
host tissue and bacteria) was excised; embedded in paraf-
fin; sectioned to a thickness of 5 pm; and stained for H&E,
Gram, and macrophage content (F4/80+ antibody [clone
Cl:A3-1, MCA497, BioRad]). Stained slides were scanned
at 40x using an Aperio slide scanner (ScanScope AT2) and
imaged using Aperio ScanScope software.

2.7 | Scanning electron microscopy

SEM was conducted at the Texas Tech University College
of Arts and Sciences Microscopy Imaging Core Facility

(Lubbock, Texas). Excised wound bed material samples
were fixed in a solution of 2.5% glutaraldehyde and 2.0%
paraformaldehyde in 0.05 M sodium cacodylate buffer at
a pH of 7.4. After fixation, samples were rinsed in three
changes of 0.05 M sodium cacodylate buffer, postfixed in
1.0% osmium tetroxide in 0.05M sodium cacodylate
buffer, rinsed in buffer, dehydrated through a graded
series of alcohol, and dried at the critical point using a
Tousimis Autosamdri-814 dryer. The samples were then
mounted, sputter coated with a thin layer of Au/Pd Alloy
for conductivity, and imaged on the Hitachi S/N 4300
field emission scanning electron microscope. Four differ-
ent imaging magnifications—400, 3.5 K, 6 K, and 10 K—
were obtained. To obtain a systematic, unbiased set of
SEM images from each sample, regions to be imaged
were selected using the clock method, whereby images
are captured at the 12, 3, 6, and 9 o'clock positions rela-
tive to a random starting location.

3 | RESULTS
3.1 | In vivo detection of fluorescence

from bacteria

To evaluate if bacteria produce detectable fluorescence
in vivo, adult female NCr mice were wounded and inocu-
lated with various planktonic bacterial species (S. aureus,
E. coli, P. aeruginosa, E. faecalis, and S. agalactiae).
Mouse wounds then underwent fluorescence imaging
every 2 to 3 days up to a total of 11 days (Figure 1A). The
wound located on the dorsal to the left of the spine was
inoculated with a 10-puL bacterial suspension of
4 McFarland Standard of the specific bacterial species,
while the wound to the right of the spine acted as an
internal, non-inoculated control. Cross-contamination of
these wounds occurred in 84% (26/31) of the mice; there-
fore, a complete negative control group inoculated with
PBS was included in the analysis. Under violet light illu-
mination, porphyrin-producing bacteria such as S. aureus
produced visible red fluorescence as soon as 48 hours
after inoculation; red fluorescence peaked at Day 4 or
5 and dissipated as the experiment progressed
(Figure 1A). In contrast, P. aeruginosa produces
pyoverdines that emit a cyan fluorescence,”®** and as
such, a strong cyan fluorescent signal was detected in
wounds inoculated with P. aeruginosa as early as Day
1 and up to the endpoint on Day 8 (Figure 1B). Two to
three-days after inoculation, red fluorescence was detect-
able from mouse wounds inoculated with either S. aureus
or E. coli when illuminated by violet light, indicating that
these porphyrin-producing bacterial species produce red
bacterial fluorescence in vivo (Figure 1C). In all mice
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inoculated with either S. aureus or E. coli, red fluores-  emit any red fluorescence throughout the time course of
cence signals peaked 4 to 5 days post-wound inoculation. the experiment. These wounds effectively healed in the
As expected, mice inoculated with S. agalactiae and absence of any detectable red fluorescence over the
E. faecalis, which do not produce porphyrins, did not  course of 11 days, despite the inoculation and some
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FIGURE 1 Full-thickness skin wounds on NCr mice were inoculated with one of five bacterial species (Staphylococcus aureus,
Enterococcus faecalis, Pseudomonas aeruginosa, Escherichia coli, Streptococcus agalactiae) or phosphate-buffered saline as a control. These
wounds were imaged with the fluorescence imaging device every 2 to 3 days under standard (ST) and fluorescent (FL) light for up 11 days.
In each mouse, the wound on the right was intended to serve as a control, but contamination was observed in many mice. A, Representative
images of a mouse inoculated with Staphylococcus aureus. Red fluorescence was observed by Day 2 and peaked at Day 4. B, Representative
images of a mouse inoculated with Pseudomonas aeruginosa. Bright cyan fluorescence was observed by Day 1 and remained until the
endpoint of the experiment on Day 8. C, Representative standard and fluorescence images of mice inoculated with each bacterial species or
PBS negative control at Days 0 and 4 (peak fluorescence). The microbiology analysis shown for each bacterial species was completed at
endpoint
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obvious visual signs of bacterial presence (crust and exu-
date) in the wounds (Figure 1C). However, it is important
to note that several mice inoculated with S. agalactiae
developed systemic infection and were thus euthanised
before the end of the experiment (Day 11), between Days
2 and 9, with unhealed, non-fluorescing wounds. Sys-
temic infection was diagnosed by a veterinarian and
evidenced, in part, by severe weight loss and splenomeg-
aly. Given the distinct differences in bacterial fluores-
cence observed between wounds inoculated with
porphyrin-producing bacterial species and wounds inocu-
lated with non-porphyrin producing species S. agalactiae
and E. faecalis, these findings suggest that the host
immune cell response does not appreciably contribute to
the red fluorescence detected. The negative control
wounds inoculated with PBS did not display any detect-
able red fluorescence throughout the course of the
experiment.

Next, we sought to observe if there were gross differ-
ences in the immune response between the cohorts. A
subset of animals inoculated with either S. aureus,
E. faecalis, or PBS were euthanised on Day 5, at the peak
of bacterial fluorescence intensity in the bacteria-
inoculated groups, to investigate bacterial load and
immune infiltration. Quantitative microbiology culture
data and Gram staining of these wound bed samples con-
firmed the presence of S. aureus and E. faecalis in their
respective wounds. As a general indicator of immune
response, we chose to examine macrophage recruitment

24 hours
STimage FLimage

0 hours
STimage FLimage

(A)

ALA
endogenous

(B)

ALA
exogenous

S

Negative
control

FIGURE 2

48 hours
ST image
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via immunohistochemical staining. While macrophages
are not the only immune cell population, they are heavily
recruited to the wound site, and NCr mice lack T cells,
another major immune cell population. Within the first
1.5 mm of tissue from the surface, there was no signifi-
cant difference in macrophage recruitment to the wound
in either the PBS negative control group or the wounds
inoculated with E. faecalis compared with the red fluo-
rescing wound inoculated with S. aureus.

3.2 | Invitro detection of fluorescence
from bacteria within biofilms

For bacteria within a biofilm to fluoresce red, the bacteria
need to be able to take up ALA from the host through
the biofilm matrix. To our knowledge, this capability had
not been previously evaluated. In vitro experiments were
performed to determine the behaviour and timeline of
exogenous ALA uptake and biofilm-encased bacterial
fluorescence.  Polymicrobial  biofilms  containing
porphyrin-producing species were grown in ALA (“ALA
endogenous”) and transferred to chocolate agar (does not
contain ALA) and then imaged every 24 hours
(Figure 2A). Porphyrin red fluorescence was detected
from these biofilms, but a decline in red signal was
observed at 72 and 96 hours, most notably around the
edges. In contrast, polymicrobial biofilms grown without
ALA supplementation (“ALA exogenous”) produced no

96 hours

STimage FLimage

72 hours

FLimage STimage FLimage

In vitro assessment of ALA uptake capability. A, Polymicrobial biofilms exposed to ALA for the last 24 hours of incubation

(ALA endogenous) were transferred to chocolate agar and underwent standard (ST) and fluorescence (FL) imaging (n = 3). B, Polymicrobial
biofilms lacking §-aminolaevulinic acid (ALA) (ALA exogenous) were transferred to Porphyrin Test Agar, which is supplemented with ALA,
to observe uptake of ALA and production of porphyrin over time (n = 3). C, ALA-negative biofilms were transferred onto chocolate agar as a
negative control (n = 3). All biofilm plates were imaged every 24 hours up to 96 hours
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ALA negative

ALA positive

FIGURE 3

Day 4
(excised tissue)

In vivo detection of fluorescence from bacteria within biofilms. Wounds were inoculated with polymicrobial biofilms grown

in the absence of 8-aminolevulinic acid (ALA) (ALA negative, n = 12). As a positive control, a subset of wounds were inoculated with

biofilm grown in the presence of supraphysiological levels of ALA (ALA positive, n = 3). Standard (inset) and fluorescence images were

captured daily from Days 0 to 4. Red fluorescence in the ALA negative group was evident on fluorescence images by Day 1, and fluorescent

signal intensified up to Day 4 when wounds were excised, washed, and reimaged. Compared with Day 4 in vivo fluorescent signals, red

fluorescent signal from excised wound bed material was decreased, much of which was because of a portion of the biofilm biomass being

retained on the bandage

red fluorescence signature when they were initially trans-
ferred to Porphyrin Test Agar, (chocolate agar sup-
plemented with ALA, Figure 2B). However, within
24 hours of ALA exposure, detectable red fluorescence
was observed, and these biofilms continued to fluoresce
bright red through the 96-hour timepoint. Liquid from
the biofilm spread into the surrounding media, resulting
in the red fluorescing “halo” observed around the bio-
film. Biofilms grown without ALA and transferred to nor-
mal chocolate agar without supplemented ALA served as
negative controls (Figure 2C), and no red fluorescence
was produced, supporting the notion that ALA and sub-
sequent porphyrin production are required for the emis-
sion of detectable red fluorescence in vitro. The
polymicrobial nature of the biofilms was confirmed
through selective and differential plating of the
homogenised biofilms (n = 4). The mean bacterial con-
centrations per biofilm were S. aureus (2.6 x 10° CFU),
E. coli (4.0 x 10* CFU), and E. cloacae (7 x 10° CFU).

3.3 | Invivo detection of fluorescence
from bacteria within biofilm

To assess whether polymicrobial bacteria encased in
biofilms produce detectable red fluorescence in vivo,

Mouse 2 Mouse 1

Mouse 3

FIGURE 4 Scanning electron microscopy images of in vitro
polymicrobial biofilms transplanted into in vivo murine chronic
wound model. Left panel is at 3,500x magnification; right panel is
at 10,000x magnification (n = 4). Images from three different
mouse wounds are shown. Boxes indicate regions of magnification
in right panel. Arrows denote regions of bacterial-matrix
interaction. Scale bars represent 50 pM
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Gram Stain

H&E Stain

PAS Stain

FIGURE 5 Histopathology confirms bacteria is encompassed in matrix of excised red fluorescing wound bed material. Four days after
inoculation, wound bed material was excised from the wound bed and embedded in paraffin, and slides were prepared (n = 6). Slides were
stained for Gram, haematoxylin and eosin (H&E), and Periodic acid-Schiff (PAS). Gram staining appears dark pink because of a high
prevalence of matrix. Yellow arrows indicate immune cells in regions of host-derived matrix; black arrows indicate bacterial aggregates; blue
arrows indicate bacterial-derived matrix; white dashed line indicates delineation between host- and bacterial-derived matrix. Both 15X (left
panel) and 40X (right panel) images of the same region are shown. White scale bars represent 200 pm (left panel) or 50 pm (right panel).

Representative images of each stain

biofilms (1:1:1 ratio of S. aureus, E. coli and E. cloacae;
107 CFU/biofilm) were grown in vitro in the absence of
ALA (“ALA negative”) and transplanted on to chronic
mouse wounds using an established protocol.>*3%3%44
These wounds then underwent daily fluorescence imag-
ing up to 4 days. Under violet light illumination, red fluo-
rescence was detected in all biofilm-inoculated mouse
wounds within 24 hours (Figure 3). Over the same time
course, bright red fluorescence was observed in mice in
the “ALA positive” control group containing poly-
microbial biofilms that were grown in the presence of
supraphysiological levels of ALA prior to transplantation.
After euthanising the mice, a full-thickness excision of
wound bed biofilm material (resembling slough or a scab,
see in vivo images) was conducted using scissors. This
biofilm material from the wound beds was washed with
1X PBS to remove any planktonic bacterial cells. Under
violet light, red fluorescence persisted from excised and

washed wound bed material, indicating detectable fluo-
rescence from bacteria encased within the biofilm matrix.
These in vivo data confirm previous in vitro work®® indi-
cating that the violet wavelength (405 nm) excitation
light and emitted porphyrin red fluorescence can pene-
trate the bacteria-derived biofilm EPS and/or host-
derived matrix surrounding these bacteria, and the
porphyrin-producing bacteria found within the EPS
matrix can be detected by fluorescence imaging in vivo.
SEM imaging (n = 4) and histopathology (n = 4) were
used to confirm the presence of biofilm (Figures 4 and 5).
Both methods demonstrated close morphological co-
localisation of biofilm-associated matrix with bacteria;
association with both rod and cocci bacteria was evident
on SEM images (Figure 4). The presence of a matrix sur-
rounding these bacteria supports the presence of biofilm,
consistent with other researchers who use these methods
to determine the presence of biofilm in wounds.*”***’
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The polymicrobial nature of the biofilms was confirmed
through selective and differential plating of the
homogenised ex vivo wound bed (n = 3) and confirmed
through culture-based diagnostics at a CAP-certified clin-
ical laboratory. The final mean bacterial concentrations
were S. aureus (4.62x10° CFU/g), E. coli
(7.69 x 10° CFU/g), and E. cloacae (1.81 x 10° CFU/g);
these species correspond with the rods and cocci
observed in the SEM images. Our interpretation of bacte-
rial cells or aggregates within the extracellular matrix as
indicative of biofilm in clinical samples has previously
been demonstrated by other groups using SEM*">! and
Transmission Electron Microscopy (TEM).>?

Next, we aimed to see, through the histopathological
analysis of biofilm-inoculated mice, whether we could
distinguish between a host and bacteria-derived matrix.
Histopathology staining showed regions of bacterial
aggregates embedded in the matrix (both bacterial-
derived and host-derived, see discussion; Figure 5). The
histopathology images demonstrated a clear delineation
between bacterial cells or aggregates embedded in the
bacterial-derived matrix versus the host-derived matrix.
The bacteria-derived matrix was assumed to have formed
in vitro as it was devoid of immune host cells; the host-
derived matrix surrounding this region was indicated by
the infiltration of immune cells (assumed to be primarily
neutrophils and macrophages).’>** Clinically, both
bacteria- and host-derived matrices contribute to the
pathogenesis of biofilm-associated infections.’>>® Our
results are in line with prior studies which suggest that
the host immune cells (primarily neutrophils and/or
macrophages) have difficulty penetrating the mechanical
barrier of the bacteria-derived biofilm EPS.>’>° Thus, the
regions denoted in Figure 5 containing a high density of
immune cells are indicative of host-derived matrix com-
pared with the bacteria-derived matrix, which are devoid
of immune cells and contain aggregates of bacteria. The
interpretation of histopathology results reported here is
consistent with previous in vivo and clinical studies that
similarly used Gram stain,*”**®' H&E,***"** and
PAS®>® to evaluate the presence of biofilm in clinical
samples.

4 | DISCUSSION

It is well established that biofilms contribute to the chro-
nicity of wounds,®” yet detection of bacterial burden and
biofilm at the point of care remains a challenge. This
study is the first to demonstrate that red fluorescence is
readily detected from biofilm-associated bacteria in vivo
using a point-of-care fluorescence imaging device. The
in vivo detection of red fluorescence from bacteria

embedded in biofilm reported here builds on previous
in vitro work®® and confirms that fluorescence imaging
can detect (but not distinguish between) both planktonic
and biofilm-encased bacteria.

One aim of this work was to establish that red or cyan
fluorescence detected under violet light illumination is
emitted from bacteria and not from an immune response
or other host factors. It is well established that many bac-
teria fluoresce red when excited by violet light because of
intrinsic porphyrin production®>**® and that Pseudomo-
nas spp. uniquely produces a virulence factor,
pyoverdine,***®®% which is likely the compound
responsible for the cyan fluorescence observed in this
study. In vitro studies to assess red fluorescent porphyrin
production require supplementing of media with an
essential precursor, ALA.?® Based on clinical studies,
ALA is readily available within tissues to facilitate endog-
enous porphyrin production and fluorescence detec-
tion.">*”7° Our findings build on prior in vitro work® by
demonstrating that red and cyan fluorescent signals are
readily detectable from bacteria-inoculated mouse
wounds illuminated with violet light. Consistent with
these previous in vitro findings, mouse wounds inocu-
lated with porphyrin-producing bacteria produced a
detectable red fluorescent signal that increased in inten-
sity over time, up to 5 days, after which wound healing
and clearance of the bacteria may have been responsible
for reducing the signal. This increase in bacterial red
fluorescence intensity observed over time may be caused
by the uptake of ALA from host tissues, as well as
increasing bacterial load as the infection progresses over
time. As expected, cyan fluorescence was only observed
when wounds were inoculated with P. aeruginosa. Non-
porphyrin-producing bacterial species have been shown
to not produce a red or cyan fluorescent signal in vitro.*®
In line with this, we did not detect red or cyan fluores-
cent signals from wounds inoculated with known non-
porphyrin-producing bacterial species (specifically
S. agalactiae and E. faecalis). These findings confirm that
the observed red fluorescence is emanating specifically
from bacteria and not bacteria-associated inflammation
or other co-localised host responses. These host responses
would be similar between the cohorts of infected mice,
independent of the bacteria's ability to produce
porphyrins.

There is clinical consensus that biofilm matrix must
be disrupted to enable bacterial removal’'; however,
there remains no consensus on how to readily and con-
sistently identify a biofilm in a wound and monitor anti-
biofilm treatment efficacy. Bacterial aggregation with
EPS matrix in close association is a hallmark of biofilm
that is identified at high (~1,000X) magnifications with
SEM.”> However, SEM imaging is a time- and labour-
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intensive process that is not suitable for routine clinical
diagnosis. Histopathology and fluorescence microscopy”*
may be used to detect co-location of bacterial and matrix
stains, but similar to SEM, these methods are time
intensive. Furthermore, these microscopic methods
cannot distinguish between a bacterial and host-derived
matrix, although the importance of the EPS matrix
being of bacterial origin has been questioned in recent
years.”*”> Next-generation sequencing to confirm the
presence of EPS matrix and wound blotting to identify a
matrix’* have recently emerged as new technologies
that may detect biofilm. However, none of these
methods provide immediate identification of biofilm at
the point of care, as well as distribution of the bacteria
across the wound. The results of our study demonstrate
point-of-care detection of bacterial fluorescence within
a biofilm in a well-established pre-clinical model.
Although the red fluorescence from porphyrins could
not distinguish between planktonic and biofilm-
associated bacteria, it could provide immediate clinical
information to guide treatments targeting bacterial
eradication, such as mechanical disruption (eg, debride-
ment), as well as providing immediate feedback on the
effectiveness of those treatments.'®*”**> The impor-
tance of identifying potential biofilm in wounds is
driven by several factors, including: (1) the high preva-
lence of biofilm in chronic wounds (60%-80%*"7%77)
and its tremendous impact on wound healing,
(2) the need for clinicians to target regions of biofilm
and bacterial bioburden to mechanically disrupt the
bacterial and host-derived matrices to facilitate access
of antimicrobial agents for bacterial removal, and
(3) the ability of biofilm to reform within 24 hours of
aggressive debridement if the bacteria is not thoroughly
removed.** This biofilm reformation is likely enhanced
because of regions of biofilm going undetected and is
therefore not addressed during mechanical disruption
efforts.”

Data from established biofilm models suggest that
bacterial metabolism can be slowed when those bacteria
are encased in a biofilm.*>®" This has relevance to the
current study as the detected fluorescent bacterial por-
phyrins are a by-product of bacterial metabolism (the
heme biosynthesis pathway); therefore, slowing of bacte-
rial metabolism, when in a biofilm, could blunt porphy-
rin production relative to bacteria in a planktonic state.
In this study, while both the polymicrobial biofilm and
monomicrobial planktonic bacteria-infected wounds pro-
duced red fluorescence when porphyrin-producing bacte-
ria were present, the relative intensity of the red
fluorescence was not quantified. Uncontrolled variables
such as final bacterial loads and clear differences in
wound healing between the two models (bacteria in

78,79
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biofilm vs planktonic) along with the difference in
immune status of the strains used for each model
prevented a direct comparison and clear conclusions on
this matter.

5 | LIMITATIONS

In this study, the presence of biofilm was confirmed
through both SEM and histopathology, which demon-
strates close bacterial-matrix interaction in the skin
wounds. SEM is the gold standard for biofilm confirma-
tion*>!; however, it should be acknowledged that it is
not possible with any method to definitively distinguish
between bacterial and host-derived matrix, pre-clinically
or clinically, and even when attempted, this confirmation
is typically used for research purposes’ and is not feasi-
ble for routine patient care and treatment planning.

As it is challenging to clinically establish what is and
is not a biofilm, efforts to test fluorescence from definitive
biofilm in this study needed to be performed pre-
clinically in a mouse model. There are inherent limita-
tions to pre-clinical studies that cannot completely
recapitulate all factors, which may play a role in clinical
biofilm fluorescence detection. These factors include
many other potential bacterial species in the biofilm envi-
ronment®?; their various interactions and virulence fac-
tors; and the presence of host tissue, which emits its own
fluorescent signals, for example, blood on the wound or
in granulation tissue, which absorbs some of the violet
excitation light."® Therefore, studies to confirm fluores-
cence detection of bacterial biofilm in clinical samples
are warranted. Despite the limitations of pre-clinical
work, in vitro and in vivo biofilm studies have been
instrumental in our current knowledge of biofilm in
wounds,>> including the foundational understanding of
the tolerance of biofilm bacteria to antibiotics and
antimicrobials,® synergism of bacterial species within a
biofilm enhancing virulence and antimicrobial
tolerance,>*’*%>%* biofilm's ability to impair wound
healing,”® and methods of biofilm eradication.**>*® The
current work represents further advances in developing
methods of detecting bacteria in biofilm.

6 | CONCLUSIONS AND CLINICAL
IMPLICATIONS

The results of the current study show that bacteria within
biofilm emit detectable fluorescence in a well-established
polymicrobial biofilm model, although this fluorescent
signal does not distinguish between planktonic and
biofilm-associated bacteria. This has important clinical
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implications as identifying regions of potential biofilm
may aid in more efficient detection and disruption via
mechanical debridement and other methods. Wounds
heal faster and patients have better outcomes with fewer
complications when biofilm and bioburden are efficiently
managed.”®*>®” This emphasises the clinical need to
detect biofilm during wound management. Earlier detec-
tion of bacterial burden with fluorescence imaging—
potentially within biofilm and certainly in regions of high
bacterial load—has been shown to reduce reliance on
antimicrobials and antibiotic prescribing®”*""*® and
improve 12-week healing rates in chronic wounds.*®*° In
these clinical studies, detection of bacterial burden at the
point of care facilitated enhanced wound hygiene, pri-
marily through aggressive, targeted cleansing and
mechanical disruption (debridement).*”**® These find-
ings, together with the high prevalence of biofilm in
chronic wounds and therapeutic potential of mechanical
disruption,”"®>#¢ suggest the possibility that targeting of
bacteria through debridement may prevent biofilm from
becoming well established in the wound or may facilitate
biofilm disruption at an earlier stage when the bacteria
can more easily be eradicated. The ability to detect poten-
tial biofilm and associated bacterial burden at the point
of care would be a key component of that clinical
strategy.
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