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Background. Biofilms affect >80% bacterial infections in human and are usually difficult to eradicate because of their inherent
drug resistance.

Methods. We investigated the effectiveness of antimicrobial blue light (aBL) (wavelength, 415 nm) for inactivating Acinetobacter
baumannii or Pseudomonas aeruginosa biofilms in 96-well microplates or infected mouse burn wounds.

Results. In vitro, in 96-well microplates, exposure of 24-hour-old and 72-hour-old A. baumannii biofilms to 432 J/cm® aBL re-
sulted in inactivation of 3.59 log;, and 3.18 log;( colony-forming units (CFU), respectively. For P. aeruginosa biofilms, similar levels
of inactivation—3.02 log,, and 3.12 log;, CFU, respectively—were achieved. In mouse burn wounds infected with 5 x 10° CFU of A.
baumannii, approximately 360 J/cm® and 540 J/cm? aBL was required to inactivate 3 log;o CFU in biofilms when delivered 24 and 48
hours, respectively, after bacterial inoculation. High-performance liquid chromatography analysis revealed the presence of endoge-
nous porphyrins in both A. baumannii and P. aeruginosa. TUNEL assay detected no apoptotic cells in aBL-irradiated mouse skin at

up to 24 hours after aBL exposure (540 J/cm?).
Conclusions.
proach for biofilm-related infections.
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Biofilms affect >80% of bacterial infections in human [1]. In
biofilms, live bacteria are clustered together in a highly hy-
drated extracellular matrix [2, 3]. Depletion of metabolic sub-
stances or accumulation of waste products in biofilms causes
bacteria to enter a slow or nongrowing (stationary) state [3].
Biofilms, as a consequence, are more tolerant of conventional
antimicrobial drugs and host defenses, compared with their
planktonic counterpart [4, 5], and are associated with persis-
tent infections [6, 7]. The situation is exacerbated by the in-
creasing emergence of multidrug-resistant bacterial strains,
particularly multidrug-resistant gram-negative bacteria [8].
New therapeutic approaches are required to tackle drug resis-
tance in biofilm-related infections [9].

A novel light-based antimicrobial approach, antimicrobial
blue light (aBL), has attracted increasing attention because of
its intrinsic antimicrobial effect without the involvement of ex-
ogenous photosensitizers [10-14]. The mechanism underlying
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the antimicrobial activity of aBL is still not fully understood.
A common hypothesis is that aBL excites the naturally occur-
ring endogenous photosensitizing chromophores (mainly
iron-free porphyrins) and subsequently leads to the production
of cytotoxic reactive oxygen species (ROS) [14]. In our previous
studies, we demonstrated that aBL selectively inactivated plank-
tonic bacterial cells (including multidrug-resistant strains)
while preserving host cells and that it successfully eliminated
acute infections in mouse wounds [15-17]. In the present
study, we further investigated the effectiveness of aBL inactiva-
tion of Pseudomonas aeruginosa and Acinetobacter baumannii
biofilms in 96-well microplates or mouse burn wounds with
established infections.

MATERIALS AND METHODS

Blue Light Source

For aBL irradiation, we used a prototype light-emitting diode
(LED; Vielight, Toronto, Canada) with peak emission at 415
nm and full-width at half maximum of 10 nm. The LED was
mounted on a heat sink to prevent the thermal effects on the
irradiated target. The irradiance on the surface of target was ad-
justed by manipulating the distance between the light source ap-
erture and the target and was measured using a PM100D
power/energy meter (Thorlabs, Newton, New Jersey).
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Bacterial Strains

The bacterial strains used in this study were P. aeruginosa
ATCC 19660 (strain 180) and a multidrug-resistant clinical iso-
late of A. baumannii. Both strains were made bioluminescent by
transfecting the lux operon into the bacterial strains as de-
scribed previously [18, 19], allowing real-time monitoring of
the bioluminescence from bacteria by using bioluminescence
imaging. The bacteria were routinely grown in brain heart infu-
sion (BHI) medium supplemented with 50 ug/mL kanamycin in
an orbital incubator (37°C; 1300g).

Correlation of Bacterial Luminescence to Colony-Forming Units (CFU) in
Biofilms

Bacterial suspensions in BHI were incubated in 96-well micro-
plates (200 uL/well; approximately 10° CFU/mL) for 24 hours
to allow biofilm growth [20-22]. At the end of the incubation
period, biofilms were carefully washed twice with phosphate-
buffered saline (PBS) to remove nonadhesive bacteria, and
200 uL of PBS was added into each well. Biofilms in different
wells were then exposed to aBL at an irradiance of 100 mW/
cm? for different periods. After aBL exposure, biofilms were
subjected to both luminescence intensity measuring (in relative
light units [RLU]) by using a Victor-2 1420 multilabel plate
reader (EG&G Wallac, Gaithersburg, Maryland) and a colo-
ny-forming assay. For the colony-forming assay, each well
was carefully dashed and then vibrated by sonication for 1 mi-
nute. Suspensions were then collected and plated on BHI agar
after serial dilutions using the method described previously
[23]. Total numbers of CFU in the biofilms were determined
and linearly fitted with the corresponding bacterial
luminescence.

aBL Inactivation of Bacteria in Biofilms In Vitro

Bacterial suspensions in BHI broth were incubated in 96-well
microplates (200 uL/well; approximately 10° CFU/mL) for 24
or 72 hours to allow biofilm growth [20-22]. During incubation,
culture medium was changed every other day. At the end of in-
cubation, biofilms were carefully washed twice by using PBS,
and 200 uL of fresh PBS was added into each well. Biofilms
were then irradiated with aBL at an irradiance of 100 mW/
cm®. At varying time points after the initiation of aBL irradia-
tion, bacterial luminescence of the biofilms was measured using
the multilabel plate reader, and bacterial viability in biofilms
was estimated on the basis of the bacterial luminescence. The
experiment was performed in 4 replicates for each condition.

aBL Inactivation of Bacterial Biofilms in Mouse Burn Wounds

Adult female BALB/c mice aged 7-8 weeks and weighing
17-19 g were purchased from Charles River Laboratories (Wil-
mington, MA). All animal procedures were approved by the in-
stitutional animal care and use committees of Massachusetts
General Hospital (protocol 2014N000009) and accorded with
the guidelines of the National Institutes of Health.

Before the incurrence of thermal burn wounds in mice, mice
were anesthetized by intraperitoneal injection of a ketamine-
xylazine cocktail (100 mg/kg-20 mg/kg). A partial-thickness,
third-degree burn wound was made by exposing the depilated
area on the back of each mouse for 3 seconds to a brass block
(1 cm x 1 cm), which was heated to thermal equilibration with
boiling tap water. Sterile saline (0.5 mL intraperitoneally) was
administered to support fluid balance during recovery. Five
minutes following induction of thermal injury, bacterial sus-
pensions (50 uL) containing 5 x 10® CFU in PBS were inoculat-
ed on the burn sites and remained in place while the mice
recovered from anesthesia. A. baumannii was used as the
model pathogen in this experiment. At 24 or 48 hours after bac-
terial inoculation, when biofilms in the mouse burn wounds
were formed [24-27], aBL was delivered to the infected burn
wounds at an irradiance of 100 mW/cm?. Mice were given a
total light exposure of up to 360 J/cm* and 540 J/cm? in aliquots
for 24-hour-old and 48-hour-old burn wounds, respectively,
with bioluminescence imaging taking place after each aliquot
of light. For each condition (including untreated controls), a
group of 8-10 mice were used.

Bioluminescence Imaging In Vivo

The bioluminescence emission of bacteria in mouse burn
wounds was detected by using a Hamamatsu bioluminescence
imaging system (Hamamatsu Photonics KK, Bridgewater,
New Jersey). This system included an intensified charge-cou-
pled device camera (C2400-30H, Hamamatsu) developed for
imaging under extremely low light levels (down to photon lev-
els), a camera controller, a specimen chamber, and an image
processor (C5510-50, Hamamatsu). When set for photon
counting, the camera controller’s automatic amplification cir-
cuit was used for maximum sensitivity. An integration time of
2 minutes was used for bioluminescence image acquisition.
For each measurement, the background signal was subtracted
from the bioluminescence signal. The bioluminescence inten-
sity of the infections was quantified using Argus 5.0 software
(Hamamatsu).

High-Performance Liquid Chromatography (HPLC) Analysis of the
Pr of Endog Porphyrins in Bacterial Cells

To determine the presence of endogenous photosensitizing por-
phyrins in bacterial cells, HPLC analysis was performed by
using an Agilent’s new 6430 Triple Quad LC/MS System (Agi-
lent Technologies, Lexington, Massachusetts) after the extrac-
tion of endogenous porphyrins from bacterial cells. The
method of extracting endogenous porphyrins was similar to a
protocol reported previously [28]. In brief, overnight bacterial
cultures were centrifuged at 13 500g for 5 minutes and then
washed using PBS. The pellets of bacteria were collected and re-
suspended in 1.0 mL of extraction solvent (ratio of ethanol to
dimethyl sulfoxide to acetic acid, 80:20:1 [vol/vol/vol]) and
stored at —80°C for 24 hours. The cell walls of bacteria were
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then disrupted by sonication for 20 minutes. After centrifuga-
tion (at 13 500 x g for 6 minutes), the supernatant was collected,
filtered through a Sep-Pak C;s-Cartridge, and injected into a
HPLC column for reverse-phase chromatography. Detection
of porphyrins from the extracts was performed using a fluores-
cence spectrophotometer interface with the HPLC column at an
excitation spectrum of 405 nm and an emission spectrum of
630 nm. A standard mixture of porphyrins (Porphyrin Prod-
ucts) and a standard protoporphyrin IX (Pp IX; Sigma Aldrich)
were used for HPLC peak identification.

TUNEL Assay of Apoptotic Cells in aBL-Irradiated Mouse Skin
aBL-irradiated mouse skin was examined for the presence of ap-
optotic cells, using a TUNEL assay in which fragmented DNA
from apoptotic cells undergoes end labeling with fluorophore.
Skin biopsy specimens were collected before and 0 hours and
24 hours after aBL exposure. The biopsy samples were fixed
in 10% phosphate-buffered formalin (Fisher Scientific) for
24 hours, processed, and then embedded in paraffin. Serial
4-um-thick tissue sections were analyzed using the DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI) accord-
ing to the manufacturer’s protocol. Briefly, following deparaffi-
nization and rehydration, sections were fixed, permeabilized
with proteinase K for 8-10 minutes, and repeatedly fixed.
Cover slips of 50 puL of terminal deoxynucleotidyl transferase
mix was applied to sections for 1 hour at 37°C in a humidified
chamber. After removal of the cover slips, the sections were im-
mersed in SSC buffer (2x) for 15 minutes, washed with PBS,
and mounted with medium including DAPI (Vectashield, Vec-
tor Laboratories). Fluorescence images were captured using a
FluoView FV1000-MPE confocal microscopy (Olympus Cor-
poration, Tokyo, Japan) with fluorescein isothiocyanate as the
fluor and DAPI as the nuclear counterstain.

For the positive control, tissue sections were treated with
DNase I to induce DNA fragmentation, using RQ1 RNase-
free DNase (catalog no. M6101; Promega). Briefly, after protein-
ase K treatment, the tissue sections were treated with 10 unit/mL
of DNase I for 10 minutes at room temperature, and then the rest
of the steps of the TUNEL assay were followed.

Statistic Analyses
Data are presented as the mean + SD, and differences between
means were compared for significance by one-way analysis of
variance (ANOVA). P values of <.05 were considered statisti-
cally significant.

RESULTS

Bacterial Luminescence Linearly Correlated to the Number of CFU in
Biofilms

As shown in Figure 1, there was a good linear correlation be-
tween the bacterial luminescence of P. aeruginosa biofilms
and the number of CFU of bacteria in P. aeruginosa biofilms.
The line regression resulted in an R* value of 0.9148 and a
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Figure 1. Correlation of bacterial luminescence to the number of colony-forming

units (CFU) in Pseudomonas aeruginosa biofilms. Bacterial luminescence is ex-
pressed in relative light units (RLU).

P value of <.0001. A similar result was observed in A. baumannii
biofilms (data not shown).

aBL Effectively Inactivated Bacterial Biofilms In Vitro

For A. baumannii, 72-hour-old biofilms were slightly more re-
sistant to aBL than 24-hour-old biofilms. When an exposure of
432 J/cm? aBL had been delivered (by irradiation for 72 minutes
at an irradiance of 100 mW/cm?), inactivation of 3.59 log; and
3.18 log;o CFU was achieved for 24-hour-old and 72-hour-old
biofilms, respectively (Figure 2A). For P. aeruginosa, the extent
of aBL-induced inactivation was similar for bacteria in 24-hour-
old and 72-hour-old biofilms. When an exposure of 432 J/cm®
aBL had been delivered, inactivation of 3.02 log; and 3.12 log;
CFU was achieved for bacteria in 24-hour-old and 72-hour-old
biofilms, respectively (Figure 2B). In contrast, all biofilms with-
out being exposed to aBL only showed modest viability loss dur-
ing the equivalent period (<0.27 log;o CFU for A. baumannii
biofilms and <0.42 log;, CFU for P. aeruginosa biofilms).

aBL Effectively Inactivated Bacterial Biofilms in Infected Mouse Burn
Wounds

Figure 3A is a set of bacterial luminescence images from a rep-
resentative mouse burn wound infected with 5 x 10° CFU of A.
baumannii and exposed to aBL 24 hours after bacterial inocu-
lation. Gram stain of the histological section of a representative
skin specimen (harvested 24 hours after inoculation) demon-
strated the presence of A. baumannii biofilms on the surface
of infected burn wounds 24 hours after inoculation (Figure 3B).
The bacterial luminescence was almost completely eradicated
after an exposure of 360 J/cm? aBL had been delivered (by irra-
diation for 60 minutes at an irradiance of 100 mW/cm?).
Figure 3C shows the dose-response curves of mean bacterial
luminescence in mouse burn wounds infected with 5 x 10® CFU
of A. baumannii and treated with aBL 24 and 48 hours, respec-
tively, after bacterial inoculation. The infections were more re-
sistant to aBL therapy 48 hours after inoculation than 24 hours
after inoculation. To achieve inactivation of 3 log;, CFU of A.
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Figure 2. Antimicrobial blue light inactivation of bacterial biofilms in 96-well mi-
croplates. A, Acinetobacter baumannii biofilms. B, Pseudomonas aeruginosa bio-
films. Bars denote standard deviations.

baumannii in mouse burn wounds, approximately 360 J/cm?
and 540 J/cm® aBL was required 24 hours and 48 hours, respec-
tively, after inoculation (P = .06). This difference is because infec-
tions 48 hours after inoculation were located more deeply in
mouse skin than infections 24 hours after inoculation. The bac-
terial luminescence of the mouse burn wounds without exposure
to aBL remained almost unchanged during the equivalent period
(data not shown; P <.001).

HPLC Analysis Revealed the Pr of End
Both A. baumannii and P. aeruginosa

HPLC files of the porphyrin extracts from A. baumannii, the

g Porphyrins in

porphyrin extracts from P. aeruginosa, and standard Pp IX
are shown in Figure 4. The emission intensity peaks in the chro-
matograms (Figure 4A and 4B) indicate the presence of endo-
genous porphyrins in both A. baumannii and P. aeruginosa.
For A. baumannii, 3 principal emission intensity peaks were de-
tected at the retention times of approximately 18.5 minutes,
20.3 minutes, and 21 minutes, respectively, with a total running
time of 30 minutes (Figure 4A). For P. aeruginosa, in addition to
the emission intensity peaks observed in the chromatogram of

A. baumannii, an emission intensity peak at the retention time
of 17.5 minutes, suggesting the presence of Pp IX, was observed
(Figure 4B). For both bacterial strains, the emission intensity
peak at 18.5 minutes was predominant. However, this emission
intensity peak was not detected in the standard mixture of por-
phyrins composed of uroporphyrin, heptaporphyrin, hexapor-
phyrin, pentaporphyrin, coproporphyrin, and mesoporphyrin
IX (data not shown).

No Apoptotic Cells Were Detected in aBL-Irradiated Mouse Skin
Immunofluorescence pictures of representative mouse skin
before and 0 hours and 24 hours after a single aBL exposure
(540 J/cm®), shown in Figure 5, revealed no presence of apopto-
tic cells in aBL-irradiated mouse skin. Fluorescence detected in
the positive control (mouse skin section treated with DNase I)
indicated the presence of apoptotic cells.

DISCUSSION

Our previous studies showed that aBL irradiation at a wave-
length of 415 nm successfully inactivated planktonic bacterial
cells (A. baumannii, P. aeruginosa, and Staphylococcus aureus)
in suspensions and significantly reduced the bacterial burden in
acute infections of mouse burn wounds or skin abrasion wounds
when aBL was initiated shortly (ie, 30 minutes) after bacterial
inoculation [15-17]. In the present study, we first demonstrated
that aBL (wavelength, 415 nm) successfully eradicated A. bau-
mannii or P. aeruginosa in biofilms in vitro. Our results are sup-
ported by a recent study from Mckenzie et al [29], showing the
successful inactivation of P. aeruginosa in biofilms by using aBL
at a wavelength of 405 nm. In that study, the investigators ob-
served inactivation of 3.72 log;o CFU of P. aeruginosa in bio-
films when 168 J/cm?® aBL had been delivered. We then
further demonstrated, for the first time, the successful aBL in-
activation of A. baumannii in biofilms in infected mouse burn
wounds by using only a single exposure of aBL. To the best of
our knowledge, the present study is the first to show the effec-
tiveness of aBL inactivation of gram-negative bacteria in bio-
films in vivo. In addition, our results showed that, under the
aBL exposure for treating infections in mice, no apoptosis was
activated by aBL in mouse skin.

It is well known that biofilms can be difficult to eradicate by
using traditional antibiotics and that a 100-1000-fold increase
in antimicrobial tolerance/resistance in biofilm cells, compared
to planktonic cells, has been reported [30]. Many mechanisms
operate together to produce a high total biofilm-specific toler-
ance/resistance [3], including failure of antibiotics to penetrate
the biofilm [31], slow growth rate [31], altered metabolism [31],
oxygen gradients [32], persister cells [33], subpopulations in
biofilms [34], sub-minimum inhibitory concentrations of anti-
biotic [35], mutation [36], quorum sensing [37], and genetic
transfer [38]. The results from the present study are promising
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Figure 3. Antimicrobial blue light (aBL) inactivation of biofilms in infected mouse burn wounds. A, Successive bacterial luminescence images from a representative mouse
burn wound infected with 5 x 108 colony-forming units of Acinetobacter baumannii and exposed to 360 J/cm? aBL 24 hours after bacterial inoculation. B, Gram-stained section
of a representative mouse skin burn wound specimen showing the presence of A. baumannii biofilms (arrows). The skin sample was harvested 24 hours after bacterial in-
oculation. €, Dose-response curves of mean bacterial luminescence of mouse burn wounds infected with 5 x 108 A. baumannii and treated with aBL 24 hours (n = 10) and 48

hours (n = 10) after bacterial inoculation. Bars denote standard deviations.

in that aBL is biofilm-penetrating for both early stage (24-h old)
and mature (>48-h old) biofilms.

A common hypothesis for the effect of aBL is that aBL excites
the endogenous photosensitizing chromophores (mainly iron-
free porphyrins) and subsequently leads to the production of
cytotoxic ROS [14]. Where do the iron-free porphyrins in

bacterial cells come from? There are 2 possible sources: (1) bac-
teria synthesize the free porphyrins as a byproduct of heme bio-
synthesis [39] and (2) bacteria (especially heme auxotrophs)
take up heme as a source of iron, with iron-free porphyrins re-
maining after the iron is removed. In the present study, we are
the first to reveal the presence of endogenous porphyrins in

1384 o JID 2016:213 (1 May) e Wang et al



x10 -1 |FLD1 - C:Ex=405, Em=630 3.d
24 —

22

A baum;afzmz

184

16

Q2

{1 L 1 1 1 1 L 1 i —

[EA AN

| ||1

064 | | |

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

x10 -1 |FLD1 - C:Ex=405. Em=6301d

P. aeruginosa |

1.6

12

\

W

|
|
14 I
|
|

08 AT -

o e

064~ e =]
04

HPANLENNEEE 1

|
|| [ |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

FLD1 - C:Ex=405, Em=630 3.d

2]

P\
J il DA PaN

o

——— ]

w

NZEAN

o = N

[\

3 4 56 7 8 9 1 1 1213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Response Units vs. Acquisition Time (min)

Figure 4. High-performance liquid chromatography chromatograms of porphyrin extracts from Acinetobacter baumannii (A), porphyrin extracts from Pseudomonas aeruginosa

(B), and standard protoporphyrin IX (Pp IX; C).

both A. baumannii and P. aeruginosa cells by using HPLC anal-
ysis. Studies by other investigators demonstrated the presence of
coproporphyrin, uroporphyrin, heptacarboxyl porphyrin, and
Pp IX in other bacterial species that are sensitive to aBL, includ-
ing Propionibacterium acnes [40], Helicobacter pylori [41],

Porphyromonas gingivalis [42], Prevotella intermedia [42], and
Aggregatibacter actinomycetemcomitans [43]. However, none
of these porphyrins, except a small amount of Pp IX in P. aer-
uginosa, were detected in our study. This difference is probably
due to the different bacterial species investigated and the
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Before aBL 0 h after aBL

24 h after aBL

Positive.control

Figure 5. TUNEL assay of apoptotic cells in mouse skin before and 0 hours and 24 hours after antimicrobial blue light exposure (540 J/cm?). The positive control was treated

with DNase |. Nuclei were stained blue with DAPI.

different growth media used. In most of the previous studies,
either slowly growing bacterial species [40,41] were investigated
or blood/hemin-supplemented growth media [42, 44] were
used. Therefore, in previous studies there might be enough nutri-
tion to support bacterial heme synthesis, whereas in our study both
A. baumannii and P. aeruginosa were fast growing and BHI without
additional nutrition was used as the medium. The bacteria were
tested in a stationary phase of growth and the process of heme pro-
duction might be limited because of nutrition restriction. Nonethe-
less, the fluorescence detected by HPLC indicated the presence of
endogenous porphyrins that can be excited by aBL. The predomi-
nant emission intensity peak at 18.5 minutes was close to that of
Pp IX (at 17.5 minutes), suggesting that these porphyrins might
be Pp IX-like derivatives. Further studies, such as the use of electro-
spray ionization tandem mass spectrometry, are warranted to iden-
tify the structures of these Pp IX-like derivatives.

On the other hand, there is a possibility that porphyrins are
not the only endogenous photosensitizing chromophores pre-
senting in bacteria. Other endogenous photosensitizing chro-
mophores (eg, flavins and cytochromes) may also exist in
bacteria and contribute to the effect of aBL inactivation [14].
Further studies are needed to investigate this possibility.

There is a limitation of aBL in its extent of light penetration,
like all other light-based therapeutic and diagnostic approaches.
In this study, we only tested the efficacy of aBL inactivation of
biofilms on the surface of burned mouse skin, a site at which
systemic drug delivery itself may be limited, suggesting that
light-based therapies may complement systemic antibacterial
therapies in settings of burn wound and other skin infections.
For deeply seated biofilms, interstitially delivered light may also
be a consideration, and we are in the process of developing a
microneedle-array patch that can help deliver aBL interstitially
to deeply seated biofilms [45].
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