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Combining Visible Light and Non-Focused Ultrasound
Significantly Reduces Propionibacterium acnes Biofilm
While Having Limited Effect on Host Cells
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Abstract: Bacterial biofilms are highly resistant to antibiotics and have been implicated in the
etiology of 60%–80% of chronic microbial infections. We tested a novel combination of low intensity
ultrasound and blue light against biofilm and planktonic bacteria. A laboratory prototype was built
which produced both energies uniformly and coincidently from a single treatment head, impinging
upon a 4.45 cm2 target. To demonstrate proof of concept, Propionibacterium acnes biofilms were
cultured on Millicell hanging inserts in 6-well plates. Hanging inserts with biofilms were treated
in a custom exposure chamber designed to minimize unwanted ultrasound reflections. Coincident
delivery of both energies demonstrated synergy over either alone, killing both stationary planktonic
and biofilm cultures of P. acnes. Reduction in biofilm bacteria was dose dependent on exposure
time (i.e., energy delivered). P. acnes biofilms were significantly reduced by dual energy treatment
(p < 0.0001), with a >1 log10 reduction after a 5 min (9 J/cm2) and >3 log10 reduction after a 30 min
(54 J/cm2) treatment (p < 0.05). Mammalian cells were found to be unaffected by the treatment. Both
the light and the ultrasound energies are at levels previously cleared by the FDA. Therefore, this
combination treatment could be used as a safe, efficacious method to treat biofilm related syndromes.

Keywords: biofilm; ultrasound; blue light; Propionibacterium acnes; bacteria; antibacterial

1. Introduction

Bacteria in biofilms have a dramatically altered phenotype compared to planktonic
bacteria with respect to growth rate and gene transcription. The biofilm phenotype also
differs from that of purely sessile cells, such as may be seen growing on agar plates [1].
Many genes necessary for planktonic metabolism are turned off, since the cells in a biofilm
are not rapidly dividing [2,3]. Other genes responsible for the biofilm phenotype are
upregulated. Due, in part, to the damping down of their metabolism, biofilm encased
bacteria are highly resistant to the effects of antibiotics, biocides and other drugs which
are used to eliminate planktonic bacteria [2]. Chronic use of antibiotics also leads to drug
resistance. Thus, when considering development of new treatment approaches, there are
justifiable reasons to consider treatments that do not rely on drug entities.

One such alternate approach is the use of various types of energy to generate bacteri-
cidal activity, including light and ultrasound. Planktonic bacteria are susceptible to killing
by light in the blue/violet spectrum (400–470 nm) [4,5]. Although the exact molecular
mechanism is not precisely known, the bactericidal effect of blue light involves excitation
of porphyrins or other chromophores within the bacteria, which produces toxic oxygen
products [6–8]. In an environment with low levels of free iron, such as found in human
tissue, conversion of porphyrin precursors to heme is restricted, thus leading to an excess
of porphyrins in the bacteria [9,10]. Porphyrin photoexcitation occurs maximally within
the Soret band (360–460 nm), with four smaller peaks between 500 and 635 nm (the green
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to red range) [9,10]. In the presence of oxygen, photosensitized porphyrins produce singlet
oxygen and hydroxyl free radicals, which are highly toxic to the cell [7,11].

Low intensity ultrasound has been explored for its action on planktonic bacteria and
biofilms. Although it does not have direct bactericidal activity, it may induce physical
or metabolic intracellular changes so that biofilms become susceptible to killing by bio-
cides, antibiotics, or other reagents. The exact mechanism of action for the low intensity
ultrasound effect on cells has not been fully established, but it may involve mechanical
deformation of the cellular membranes, leading to increased metabolic activity and oxygen
influx [12,13]. There is mounting evidence that the effects of low-dose ultrasound include
increased permeability of cell membranes [12,14]. Ultrasound perturbs the cell membrane
and stimulates active uptake, or permits passive uptake, through a temporary disruption
of the membrane or other structural cell component [13,15]. Thus, after application of low
intensity ultrasound, cells in biofilms become susceptible to bioactive molecules, including
antibiotics [16–18]. Ultrasound additionally induces an oxidative stress response through
deformation of cell membranes, with subsequent influx of oxygen, and induction of NO
production [19,20]. NO at low concentrations is a trigger for bacteria phenotype transition,
leading to dispersal of bacteria from a biofilm [21–23].

With an appreciation of the individual effects of light and ultrasound, it was postulated
that the combination of the two would synergize and promote bacteria killing and biofilm
elimination. A device delivering both energies from the same treatment head to the same
tissue volume was therefore developed. The combined energy was characterized for its
bactericidal activity. To explore the potential of using this technology to treat dermal
infections, the skin commensal Propionibacteria acnes was chosen for investigation. P. acnes
plays a pivotal role in the pathology of acne vulgaris, and can be found growing as biofilms
in situ, within follicles in sebum rich areas of the face and back [24,25]. To investigate
potential “off target” effects on host tissue, two mammalian cells lines were investigated
for gross damage after combined energy exposure.

2. Materials and Methods
2.1. Preparation of Bacteria Stocks

P. acnes strain 6919 (ATCC 6919) [26,27] was selected for biofilm production [24,28,29].
P. acnes bacteria were cultured 4 days on Brucella 5% sheep blood agar (Remel) at 37 ◦C
under anaerobic conditions using BD GasPaks, EZ Gas Generating Pouch systems (VWR).
Bacteria were harvested from plates, pelleted, resuspended in phosphate buffered saline
(PBS) containing 16% glycerol, and stored in 1 mL aliquots at −20 ◦C. All experiments
were performed starting with a frozen aliquot.

2.2. Biofilm Growth Optimization

Bacteria culture conditions were investigated for enhanced growth on Millicell®

hanging inserts with a polyethylene terephthalate (PET) membrane (4.45 cm2, 0.4 µm,
PIHT30R48, EMD Millipore, Burlington, MA), in 6-well culture plates (EMD Millipore
PIMWS0650). The following steps were optimized: culture medium for bacteria adherence
to PET membrane, seeding density, time for cell adherence, culture medium for continued
growth, and time of harvest. (Table 1). Presence of uniform biofilms was confirmed by
staining with Congo red (Fisher S25264), crystal violet, and Live/Dead BacLight reagents
(Fisher L7012) (data not shown).
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Table 1. Optimized biofilm growth conditions on hanging inserts.

Bacteria Inoculum (CFU
per Insert)

Adhering
Medium

Adhering Time
(h) Growth Medium Culture Time

(Days)
Biofilm

(CFU/Insert)

P. acnes, strain
6919 1–2 × 108

DMEM/F10 1:1
(Dulbecco’s mod.

Eagle’s
med./Ham’s F10),

Corning celgro

18–24
RCM (reinforced

clostridial
medium), Oxoid

4–7 107–109

CFU: Colony Forming Unit.

2.3. Biofilm Preparation for Experiments

Frozen aliquots of bacteria were thawed and diluted in adhering medium and 2 mL of
suspension inoculated into hanging inserts. Inserts were placed in 6-well plates containing
4 mL adhering medium/well and incubated at 37 ◦C (without shaking) in BD anaerobic
GasPaks™ (BD, Franklin Lakes, NJ). After incubation to allow for adherence, inserts with
adhered bacteria were moved to fresh 6-well plates, refreshed with growth medium (as
indicated in Table 1), and incubated for varying times at 37 ◦C. For the energy exposure
experiments, inserts were removed from the plates and rinsed firmly with 4 × 0.5 mL
sterile normal saline to remove loosely adhered cells, cell aggregates, or loosely adhered
biofilm. Remaining adherent biofilms were then ready for either energy exposure or biofilm
staining. For staining and evaluation of biofilm viability, LIVE/DEAD BacLight was used.

2.4. Biofilm Exposure and Evaluation of Viable Bacteria

Rinsed inserts with adhered biofilms were placed in the custom designed chamber
containing 18 mL of sterile PBS (Figure 1). Approximately 7 mL of sterile saline was added
inside the insert to conduct ultrasound and light to the biofilms. The surface of the acrylic
cone, which emitted light plus ultrasound, was slightly submerged into the saline, and
located 16 mm above the biofilms. After energy exposure, the insert was removed from
the exposure chamber, and the PET membrane, to which the biofilms were attached, was
cut from the insert using a sterile scalpel. The membrane was placed in a plastic test tube
with 2 mL of PBS/0.2% Tween-80. Samples were vigorously vortexed and sonicated in
an Elmasonic S-60H bath sonicator (Elma Schmidbauer, Singen, Germany) for 2 × 10 min
at room temperature. Serial dilutions were made in PBS. The dilutions were plated onto
reinforced clostridial agar (RCA, Oxoid, Hampshire, UK) plates, with 2 plates/dilution.
For biofilm samples, data were reported as CFU per total 2 mL sample. Alternatively, for
further incubation of the biofilms after exposure, the insert was returned to the 6-well plate
with fresh growth medium. At time of harvest, the sample was processed as described
above. For control, or mock exposures, the insert with sample was placed in the same
exposure chamber as the test samples, but without light or ultrasound turned on. For
ultrasound/light exposure of planktonic bacteria, P. acnes was cultured anaerobically for
4–5 days at 37 ◦C in RCM broth, pelleted, OD600 adjusted to 0.1 with saline, and 20 mL of
suspension was added to the exposure chamber. Bacteria were exposed the same as the
biofilm samples, and the treated suspension was collected for sonication, followed by serial
dilution and plating.
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Figure 1. Experimental Setup (exploded view, left; photo, right).

2.5. Culture of Murine 3T3 and Human Primary Keratinocytes

Two mammalian cell types, murine fibroblasts (3T3) and human primary keratinocytes,
were evaluated for susceptibility to the energy treatment. Murine 3T3 cells were maintained
and passaged in DMEM containing L-glutamine (Gibco, Gaithersburg, MD), with 10% FCS
(HyClone, Logan, UT), and penicillin (60 U/mL)/streptomycin (60 µg/mL). Human pri-
mary epidermal keratinocytes were obtained from the ATCC (PCS-200-011) and passaged
and maintained in Dermal Basal Cell Medium (PCS-200-030) with Keratinocyte Growth kit
(PCS-200-040) factors, as per the ATCC directions. All cells were cultured at 37 ◦C in a 5%
CO2 incubator in T75 tissue culture flasks. To prepare for experiments, cells were harvested
from the T75 flasks and inoculated into transwell hanging inserts placed in 6-well plates,
containing 1 mL medium in the insert and 3–4 mL medium in the well. For exposure
experiments, cell cultures in hanging inserts were placed into the exposure chamber, with
conditioned culture medium remaining within the insert. Sufficient additional culture
medium was added to the insert to fill it to the top (approximately 6–7 mL). The exposure
chamber was filled with DMEM (Gibco). The exposure chamber was maintained at 37 ◦C
during exposures. Experiments were carried out on the bench top and, as such, sterility
could not be maintained, although aseptic procedures were followed.

2.6. Evaluation of Mammalian Cell Viability

After energy exposure, cells in hanging inserts were analyzed for viability. Alamar
blue (Invitrogen, DAL1025, Thermo Fisher Scientific, Waltham, MA) was added to the
culture medium in the insert as per the manufacturer’s directions. After incubation at
37 ◦C, 5% CO2, 1 mL aliquots were removed, and absorbance was measured at 570/600 nm
to determine the amount of alamar blue reduced by the mammalian cells—a measurement
related to the metabolic activity of the cells. Since there was not a standard curve relating
alamar blue reduction to viable cell number, cells were also assessed for viability using
trypan blue. Cells were removed from the PET membrane with trypsin treatment using
0.25% trypsin/EDTA (HyClone, SH30042.01), followed by fetal calf serum (100%) (Hy-
Clone) to block the trypsin. For viability analysis, 50% trypan blue was added to cells prior
to counting on a hemocytometer.
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2.7. Energy Exposure System

The laboratory exposure system (Figure 1) was designed to treat the experimental
samples with calibrated and repeatable levels of both light and ultrasound energy. An
ultrasound transducer was coupled to the central region of the large end of an AcrylicTM

frustum (truncated cone). LEDs encircled the transducer and were aimed at the narrow end
of the frustum to provide uniform light exposure across the target (i.e., hanging insert with
adhered biofilm or mammalian cells, or a planktonic bacteria suspension). The ultrasound
beam was designed to either insonify a central 16 mm2 zone or the entire surface of the
insert (4.45 cm2). Figure 2 shows the ultrasound field coverage patterns, where white is
indicative of maximum ultrasound pressure. The dashed lines represent the inner diameter
of the insert. Unless otherwise noted, for experiments described herein, the 4.45 cm2 zone
output was utilized. The system was calibrated using a custom ultrasound measurement
system [30]. The 36 LEDs had a narrow band output at 405 nm, and a 4-channel pulse-
width modulation light control was used, which permitted a 256:1 digital light level control
via laptop computer. The light output was measured by a calibrated radiometer (ILT400,
International Light Technologies, Peabody, MA). The overall system provided a wide range
of output necessary to investigate the light/ultrasound interactions involved in biofilm
treatment. Figure 1 shows the prototype device, as well as the custom exposure chamber in
which the transwell was suspended for biofilm exposure. The energy parameters used to
expose bacteria or mammalian cells are listed in Table 2.

Figure 2. Ultrasound pressure distribution pattern before (A) and after (B) modifications. Dotted
circles indicate the diameter of the hanging insert.

Table 2. Exposure parameters used to treat bacteria and mammalian cells.

Frequency Pressure Energy Intensity Wavelength

Ultrasound 456 kHz 280 kPa ~80 mW/cm2
(Isata.0) 3.3 mm

Light 9–144 J/cm2 30–100 mW/cm2 405 nm

2.8. Statistical Methods

Experiments were performed multiple times and representative data are shown.
Statistical evaluation of CFU numbers or mammalian cell numbers was performed using
GraphPad Prism v6.00 for Windows, and we chose one-way ANOVA for comparison of
multiple means or a t-test for comparison of only two means.

3. Results
3.1. Synergistic Bactericidal Action Achieved by Combining Light Plus Low Intensity
Non-Focused Ultrasound

Using the custom-built laboratory exposure system, planktonic bacteria and biofilms
were treated with either light or low intensity ultrasound, or both simultaneously. Plank-
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tonic bacteria (from a 4–5 days old stationary culture) were assessed first (Figure 3). Low
intensity ultrasound did not induce observable bactericidal activity when planktonic bac-
teria were exposed for 20 min. Light at 405 nm was bactericidal, as previously reported
by other investigators [31]. Importantly, in combination, the light plus low intensity ultra-
sound induced a synergistic bactericidal effect; that is, the reduction of bacteria CFU was
greater than just adding the effects of the two single energy sources (p < 0.05).

Figure 3. P. acnes planktonic culture (20 mL) exposed to either low intensity ultrasound, light at 405
nm, 80 mW/cm2 (96 J/cm2), or a combination of the two for 20 min, followed by serial dilution and
plating of 100 µL on RCA for CFU enumeration. Bars are mean ± std. dev., n = 2, p = 0.0003 (ANOVA
for differences of the means of the four determinations); p < 0.05 (t-test for differences of the means)
comparing the combination treatment versus either light alone or ultrasound alone.

Next, biofilms were tested for sensitivity to the combination energy treatment. P. acnes
biofilms were prepared as described in the Materials and Methods section, placed in the
exposure chamber, and exposed to the combination of light and ultrasound. To directly
examine the energy effect, biofilms were stained for the presence of viable cells using
Live/Dead BacLight reagents and observed with a fluorescence microscope (Figure 4). In
these experiments, therapeutic light exposure illuminated the entire biofilm surface (the
total 4.45 cm2 membrane), but the ultrasound insonified only a 16 mm2 area centered in
the light field (cf Figure 2, top). Therefore, biofilm reduction from the combination of
the two energy sources could be distinguished from reduction by light alone. As seen in
Figure 4A, there was a viable biofilm uniformly adhered to the PET membrane (green color
indicates live cells). After exposure, as observed with lower magnification, the biofilm was
qualitatively reduced where the two energy sources overlapped, compared to the light
alone area, as indicated by the lack of green color (Figure 4B). With higher magnification
(Figure 4C), it could be observed that bacteria in the overlap treatment area were directly
killed by the simultaneous energy combination, where dead bacteria were stained red
and living bacteria were stained green. Therefore, P. acnes biofilms were being killed by
the combination treatment, which was not observed under these energy conditions in the
light-alone treatment area.
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Figure 4. P. acnes biofilm: (A) Untreated control, magnification = 100×; (B) Exposure border. Biofilm exposed to low
intensity ultrasound + light (left region, light @30 mW/cm2 for 30 min or 54 J/cm2) or light only (right region, light @
30 mW/cm2 for 30 min or 54 J/cm2). Magnification = 10×; (C) Biofilm exposed to low intensity ultrasound + light (light @
30 mW/cm2 for 30 min or 54 J/cm2). Magnification = 100×.

To quantify biofilm reduction after dual energy exposure, experiments were conducted
in which the ultrasound field covered the entire transwell insert (4.45 cm2). After exposure,
the biofilms were harvested and CFU enumerated. There was reduction of the biofilms
by each energy source alone (Figure 5); however, combining the two energies resulted in
a synergistic effect similar to that observed with planktonic bacteria. The combination
treatment was significantly better than either individual energy source alone (p < 0.05).

Figure 5. P. acnes biofilm exposed to either low intensity ultrasound 456 kHz@250 kPa, light at
405 nm, 80 mW/cm2 (144 J/cm2), or a combination of the two for 30 min, followed by harvesting
of the biofilm and serial dilution and plating on RCA for CFU enumeration. Bars are the mean ±
std. dev., n > 2, p = 0.0002 (ANOVA for differences of the mean of the four determinations); p < 0.05
(t test for differences of the means) comparing the combination treatment versus either light alone or
ultrasound alone.

In some experiments, the saline supernatant from the hanging inserts was collected
after treatment to determine the number of surviving CFU released from the PET membrane
during treatment. CFU recovered in the saline after dual energy treatment numbered fewer
than the CFU released from the mock sample during the 30 min incubation (3- to 100-fold
less), and were an insignificant fraction of the initial total biofilm CFU (p > 0.05, data not
shown). Thus, as observed in Figure 4, the predominant mechanism of biofilm reduction
by dual energy treatment was direct killing of the bacteria within the P. acnes biofilm.
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It was of interest to know whether the synergistic bactericidal effect could be achieved
by sequential rather than simultaneous exposure of biofilms to the two energies. Therefore,
P. acnes biofilms were exposed to 15 min of light, followed by 15 min of ultrasound, or
vice versa, with a 10 min rest between exposures. For comparison, biofilms were exposed
to 15 min × 1, or 15 min × 2, of light plus ultrasound combined. Results indicated that
delivering 15 min of light followed by a 10 min rest, then 15 min of ultrasound, or vice
versa, yielded equivalent biofilm reduction. This was most likely due to the bactericidal
effect of the light on the bacteria within the biofilms. The sequential application was
less effective compared to delivering either a single 15 min exposure of the combination
energies simultaneously, or two 15 min exposures of the combination (Table 3).

Table 3. Comparison of CFU remaining in P. acnes biofilms after energy treatment.

Energy Treatment Time CFU *

Mock control 0 2.2 (0.73) × 108

Light and ultrasound simultaneously 15 min 2.85 (0.24) × 105

Light and ultrasound simultaneously 15 min, 15 min 9.2 (1.7) × 103

Light alone then ultrasound alone 15 min, 15 min 2.8 (0.3) × 106

Ultrasound alone then light alone 15 min, 15 min 2.6 (0.1) × 106

P. acnes biofilms were exposed to light at 405 nm, @ 80 mW/cm2 plus low intensity ultrasound, or light followed
by ultrasound, or vice versa, or no energy exposure (mock). * Data are the mean (std. dev), n > 2; p < 0.0001
(ANOVA for differences of the means), p < 0.0001 (t test for differences of the mean comparing #2 with #4 or #5).

3.2. Kinetics of Biofilm Reduction and Regrowth after Exposure

P. acnes biofilms were exposed a single time for 30 min to the combination of light
and ultrasound, and either harvested immediately for CFU determination or returned to a
fresh 6-well plate for continued culture. As previously observed, a single 30 min exposure
led to an immediate reduction of bacteria within the biofilm (Figure 6). The CFU number
harvested at 24 h post-exposure was further reduced. Thus, a single 30 min dual energy
treatment induced declining biofilm CFU numbers over approximately 24 h.

Figure 6. P. acnes biofilms ± exposure to simultaneous ultrasound plus light @ 80 mW/cm2 (144 J/cm2

for 30 min), with either immediate plating (0 h) or continued growth for 24 h, followed by plating.
Bars are the mean ± std. dev., n ≥ 4, p < 0.0001 (ANOVA for differences of the mean) for the three
determinations, p = 0.0082 (t-test for differences of the means) comparing the samples exposed at
time 0 and harvested at time 0 versus exposed at time 0 and harvested 24 h post-exposure.
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In subsequent experiments, additional exposure times were examined to determine
what minimal dose of the dual energies could cause biofilm reduction lasting, or increasing,
over 24 h. Biofilms were mock treated or exposed for 5, 15, or 30 min, and either harvested
for CFU determination immediately (0 time post treatment, bars on left) or returned to
6-well culture plates for an additional 24 h incubation (bars on right) (Figure 7). After a
5 min exposure, there was an immediate drop in P. acnes biofilm CFU compared to the mock
sample harvested at 0 time (~1 log10). When the 5 min exposed biofilm was incubated
another 24 h and then harvested, the CFU number was reduced compared to the mock
control harvested at 24 h (~1 log10), but the CFU did not continue to decrease compared to
the 5 min sample harvested at 0 time. Following a 15 min exposure, the CFU count was
immediately reduced compared to the mock sample harvested at 0 time (~2 log10), and this
decline continued when the sample was incubated for an additional 24 h. After a 30 min
treatment, there was a reduction in CFU to the lower limit of detection for the experiment
(≤102 CFU/mL) at 0 time, which persisted to the 24 h post-treatment point. Therefore, a
15–30 min treatment was sufficient to prevent biofilm regrowth for 24 h post-treatment.

Figure 7. Comparison of CFU remaining in P. acnes biofilms either untreated (green bars) or after
simultaneous energy treatment (ultrasound plus light@80 mW/cm2). CFU were determined immedi-
ately after exposure (black bars on left) or cultured for an additional 24 h after exposure (black bars
on right). Data shown are the mean ± std. dev, n > 4, p < 0.0001 (ANOVA for differences of the mean)
comparing the four determinations across means at 0 time after exposure, or at 24 h after exposure.

To determine how long a single dual energy exposure of P. acnes would reduce the
CFU number compared to an untreated control harvested at time 0, biofilms were exposed
a single time (30 min) and returned to incubation at 37 ◦C until indicated harvest time
(Figure 8). The viable biofilm remaining at 24 h post-treatment began to regrow after 48 h
(Day 2). Compared to the mock control sample harvested at time 0, by 96 h post-treatment,
P. acnes CFU number had nearly returned to the 0 time starting density; however, the
CFU number remained significantly reduced compared to the 0 time untreated control
(p = 0.001).
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Figure 8. Time course of P. acnes biofilm death/regrowth after a single 30 min energy treatment with
ultrasound and light (light @ 80 mW/cm2). Comparison of CFU remaining in P. acnes biofilms after
exposure. Data shown are the mean (±std. dev) n > 4. p < 0.0001 (ANOVA for differences of the
mean) of the five determinations, and p = 0.001 (t-test for differences of the mean) for Day 4 compared
with Day 0 control.

3.3. Comparison of Light Plus Ultrasound to Erythromycin for Biofilm Reduction

The previous experiments revealed the biocidal nature of combining light with low in-
tensity ultrasound toward P. acnes biofilm, and the kinetics of death/regrowth after a single
treatment. This energy combination was compared to an antibiotic, erythromycin (Fluka,
45703-10-F), against a P. acnes strain (6919) sensitive to erythromycin (MIC = 0.06 µg/mL)
(data not shown) [28,32]. Biofilms were incubated with erythromycin for 24 h, harvested,
and CFU determined. Alternatively, P. acnes biofilms were treated with light plus ultra-
sound for 5 or 30 min, and CFU was determined immediately after treatment.

Erythromycin significantly reduced the P. acnes biofilm (p < 0.0001), but the reduction
was less than 1 log10 at the optimal concentration of 1 µg/mL (Figure 9). This is in general
agreement with the reported antibiotic resistance of biofilm versus planktonic P. acnes [28].
In comparison, the combination energy exposure reduced P. acnes biofilms by ~1 log10
within 5 min (94%, p < 0.0001), and >3 log10 after 30 min treatment (>99.9%, p < 0.0001).
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Figure 9. Dose–response curve of P. acnes biofilm treatment with erythromycin. Biofilms were either untreated (green bars)
or treated for 24 h with the drug, then harvested and CFU enumerated for each treatment dose. Alternatively, P. acnes
biofilms were exposed to a combination of light at 405 nm plus low intensity ultrasound for increasing exposure times, then
biofilm was immediately harvested and CFU enumerated. Data shown are the mean (±std. dev), n > 4, for erythromycin
p < 0.0001 (ANOVA for differences of the mean), and p < 0.0001 for dual energy exposure (ANOVA for differences of
the mean).

3.4. Treatment of Mammalian Cells with Simultaneous Light Plus Low Intensity Ultrasound

For the clinical application of light plus ultrasound, host cells should be relatively
unaffected at energy levels which deliver significant bactericidal activity. Fibroblasts
(murine 3T3 cells) and keratinocytes (primary, human) were tested for sensitivity to the
combination treatment.

3T3 cells were optimized for growth in hanging inserts. Cell inoculum number was
titrated, and an optimal seeding concentration found to be 0.4–0.5 × 106 cells/insert, which
yielded 1.19 × 106 ± 0.24 × 106 cells/insert at 24 h. Cells appeared viable and healthy
with Live/Dead staining. Conditions to enhance cell stability during exposure experiments
included maintaining the temperature at 37 ◦C throughout the experiment and using
DMEM with 10% FCS in the insert. These conditions enhanced the survival of mock treated
samples; however, there was still a large variability of recovered cells after mock treatment.
Therefore, to correct for cell numbers after mock or energy treatment, the percent cell
viability (after trypan blue staining) is reported. Since exposure to light at 405 nm is a more
potential safety concern for mammalian cells than exposure to low level ultrasound, light
intensity was varied, while ultrasound was held constant (at 456 kHz@300 kPa). Cells were
exposed as indicated in Table 4, and either harvested for viable cell counts after exposure
or returned to the incubator for overnight growth. Due to the lack of sterility during the
experiments and presence of nutrient rich medium favoring the outgrowth of contaminants,
cells could not be cultured for longer than 24 h post-exposure without some contamination.
Data shown are pooled from two independent experiments performed in duplicate.
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Table 4. 3T3 cells mock treated or exposed to light plus ultrasound; cell viability measured immediately after exposure (Day
0) or 24 h later (Day 1).

Light Energy(J/cm2)
Recovered Cell Numbers

Day 0
% Cell Viability

Day 0
Recovered Cell Numbers

Day 1
% Cell Viability

Day 1

12 1.8–6.0 × 105 95.6–96.6 0.7–1.0 × 106 96.8–96.8
23 2.2–3.5 × 105 90.9–95.0 0.7–0.8 × 106 96.6–96.8
46 1.4–6.0 × 105 89.3–93.3 0.5–0.7 × 106 96.5–90.3
58 3.0–4.5 × 105 88.4–91.1 0.4–0.6 × 106 93.8–96.5

Mock 1.8–9.6 × 105 95.1–98.0% 0.3–1.2 × 106 94.3–97.7%

Data shown are the range of values for the experiment performed twice, in duplicate, p = 0.78 (ANOVA for differences of the mean among
Day 1 results).

Exposing 3T3 fibroblasts to ultrasound plus light, with light intensity ranging from 12
to 58 J/cm2, yielded cell viability and cell number values which fell within the range of the
mock treated samples. There was a slight trend toward fewer cells with increasing light
exposure at Day 1, but these values were no different than the range of values found among
the mock samples, and the trend was not significant (p = 0.78, ANOVA for difference of
the means).

Human primary keratinocytes were optimized for growth on the hanging inserts by
comparing inoculation concentration, medium volumes, and time post passage of parent
cultures prior to seeding of inserts. Trypsinization of keratinocytes on the hanging inserts
did not give reliable quantification of cell number or viability; therefore, that method was
abandoned. Optimal seeding was found at 4 × 104 cells/insert in 4 mL total medium.
Cultures were used at 48 h post seeding for experiments. Cells were used at passage
number less than 9. Keratinocytes were exposed to ultrasound and light, in the same
manner as the 3T3 cells, with increasing light intensity (and keeping total ultrasound
output constant). After exposure, Alamar blue was added to the insert, with continued
incubation at 37 ◦C and 5% CO2. Data shown are the range of results from two experiments
performed in duplicate (Table 5).

Table 5. Human keratinocytes mock treated or exposed to light plus ultrasound; cell viability
measured immediately after exposure (Day 0) or 24 h later (Day 1).

Light Energy (J/cm2)
Alamar Blue % Reduction

Day 0
Alamar blue % Reduction

Day 1

12 9–20% 19–26%
23 9–13% 17–21%
46 9–9% 15–22%
58 6–9% 30–30%

Mock 6–18% 29–33%
Data shown are the range of results for the experiment performed twice, in duplicate, p = 0.05, (ANOVA for
differences of the mean among Day 1 results).

The percent reduction of Alamar blue is an indication of the metabolic activity of the
keratinocytes; the higher the percent reduction (from an oxidized to a reduced form of the
dye), the more metabolic activity is being exhibited by the test cells. The percent of Alamar
blue reduction in cells exposed to light plus ultrasound at Day 0 was not different from that
of the mock cells (p > 0.05), and slightly lower than the mock cells at Day 1, although this
was only of borderline significance (p = 0.05, ANOVA for differences of the mean). Cells
were also analyzed using Live/Dead BacLight stain after light plus ultrasound treatment
(light at 58 J/cm2) in situ (Figure 10). No gross differences were observed between the
mock and energy exposed cells at Day 1 post-exposure.
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Figure 10. Live/Dead stain of human keratinocytes: (A) mock treated; (B) treated with light (58 J/cm2

light) plus ultrasound (B, right) at Day 1 post-treatment.

The results obtained after exposing mammalian cells to low intensity ultrasound
simultaneously, with increasing blue light intensity, suggest that ultrasound with light
energy to a maximum of 58 J/cm2 did not cause significant harm to these cells in vitro,
up to 24 h after exposure. This is in comparison to the ≥10-fold reduction and >100-fold
reduction of P. acnes biofilms exposed a single time to either 9 J/cm2 or 24–48 J/cm2,
respectively, using the same in vitro test system.

4. Discussion

The key innovation of combining light and non-focused ultrasound stemmed from
the realization that the combination of low, safe levels of light and ultrasound could act
synergistically in a therapeutic manner, and that it was possible to combine these two
energy types in a single treatment device. The next innovation was the application of this
dual energy approach to reduce bacteria viability within biofilms.

Both ultrasound and light can, in some respects, affect bacteria and biofilms. Inter-
action of bacteria with each energy component relies on different molecular or physical
entities; therefore, combining them should be complementary. Low intensity ultrasound
can have dramatic but non-lethal effects on biofilms which render the bacteria more sus-
ceptible to antibiotics or chemical biocides [18,33–36]. Blue/violet light (400–470 nm) is
directly bactericidal, most likely by interacting with porphyrins to produce singlet oxygen
and hydroxide radicals [5,37–39] which lead to a loss of membrane integrity [7,31]. Al-
though the biocidal mechanism of action for the combination of blue light and low intensity
ultrasound is speculative, it appears that ultrasound’s mechanical stress on bacteria makes
bacteria more susceptible to the biocidal nature of light, or, in some fashion, exacerbates
the damage light causes.

To investigate the combination of low intensity ultrasound and light applied to bacteria
in vitro, a device delivering both energies coincidentally was constructed. This device has
a novel construction such that the ultrasound and light energy travel through an acrylic
cone and impinge upon the same three-dimensional volume. A custom treatment chamber
was engineered to accommodate treatment of biofilm grown in transwells. The transwell
has a membrane made of PET upon which the biofilms were grown. Because the thin PET
membrane is essentially transparent to ultrasound, the energy waves passed through the
target cell layer and membrane, and were then absorbed by castor oil in the lower chamber.
This prevented the ultrasound energy from reflecting back and provided for consistent
ultrasound exposures, and also more closely simulated the exposure conditions found
in-vivo. The exposure chamber system also allowed mammalian cells and planktonic
bacteria to be treated with the same conditions as those used for the biofilms.
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Planktonic P. acnes grown to stationary phase were not killed by low intensity ultra-
sound alone within the treatment period. This agrees with previous reports [40]. Light
alone was bactericidal under these conditions but, with the addition of ultrasound, the bac-
tericidal effect was significantly increased. This synergy was also observed when treating
P. acnes biofilms. The combination energy treatment led to significant bacteria killing. This
was demonstrated with Live/Dead viability staining of the biofilms, as well as biofilm CFU
quantification. Maximum reduction of biofilm CFU was observed when both energies were
delivered simultaneously, versus sequentially, to the biofilms. This indicates that the syner-
gistic mechanism was dependent on short lived phenomena, which therefore implies that
the two energies must be delivered concurrently. A similar finding was made by Pitt and
coauthors, in which they saw the need for simultaneous low intensity ultrasound delivery
with an antibiotic to increase antibiotic efficacy against planktonic and biofilm bacteria. In
their work, low intensity ultrasound alone did not have biocidal action. It only enhanced
antibiotic efficacy if delivered simultaneously with the antibiotic [41]. This would indicate
a short-lived effect which quickly dissipates after removal of the ultrasound source.

Low intensity ultrasound could affect bacteria through either direct or indirect means.
Bacteria are essentially transparent to ultrasound. That is, ultrasound waves pass through
them with little absorption or interaction [42]. The mechanical effect of low intensity
ultrasound pressure on bacteria is most likely related to its indirect effect on membrane
integrity. Specifically, the passage of the ultrasound wave can create mechanical shear
stress on the bacterial membrane. Further, ultrasound, even at low intensities, may induce
stable cavitation on a microscale, which would amplify the shear stress effects. These
hydrodynamic stresses may affect the permeability of the bacteria cell membrane, [42]
which, in turn, could lead to an increase of oxygen within bacteria during energy exposure.
An increased oxygen level would enhance killing mediated by light, as the production
of toxic oxygen products through porphyrin interaction is dependent on cellular oxygen
concentration [5,38]. Additionally, the mechanical stress effect on the bacteria could induce
a biochemical stress effect, leading to the generation of intracellular nitric oxide [43]. Nitric
oxide is a potent stimulator of biofilm dissemination, causing phenotypic changes in the
bacteria [22]. The presence of NO could contribute to the biofilm disintegration observed
with ultrasound alone. The number of CFU harvested ~24 h after treatment was found
to be lower than the number of CFU harvested immediately after treatment. Continuing
conversion of the bacteria within the biofilms to a non-adherent planktonic state could help
explain this effect. Alternatively, creation of low levels of toxic products could initiate a
slow cascade leading to eventual cell death of bacteria residing within the biofilm. The
slow nature of the cascade might not interfere in outgrowth on nutrient agar until a critical
level of cell damage occurred.

In terms of therapeutic implications of the results, one of the most widespread and
important skin conditions in the United States is acne vulgaris, with approximately 8–10
million people afflicted with moderate to severe (inflammatory) acne. [44] Severe acne
can lead to permanent facial scarring, depression, low self-esteem, and low quality of
life for patients [44]. Importantly, current standard-of-care treatments for acne may be
costly, require multiple doctor visits, have associated (serious) safety issues, and are not
always effective [45–47]. The etiology of acne is multifactorial and is related to the presence
of underlying P. acnes in pilosebaceous follicles [24,48]. Reduction or elimination of the
bacteria leads to relief from inflammatory symptoms [28,49–51]. Treatment of acne vulgaris
with blue light has been pursued but has not been widely adopted due to insufficient
treatment efficacy [47]. The combination of ultrasound with light reported herein may
positively affect acne treatment in vivo if the synergistic biocidal action observed in vitro
can be replicated within the dermis. In comparison to a chemical agent used for acne
treatment, erythromycin, the combination of energies was superior at killing P. acnes in a
mature biofilm.

By keeping both energies at levels and wavelengths which have been shown to be,
or are considered, safe (less than 100 mW/cm2 ISATA.0 for ultrasound and light outside
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of the ultraviolet range at 405–427 nm), the combination technology is expected to have
minimal impact on normal dermal tissue. Although beneficial effects from individual
use of both low intensity ultrasound and blue light have been reported in the scientific
literature, safety must be a consideration for use of our dual energy exposure, since the
two energies have not previously been combined in clinical use. The beneficial bioeffects
of low power ultrasound include stimulation of extravasation of white cells, increased
neutrophil antibacterial activity, and stimulation of collagen formation [52–55]. Known
beneficial effects of blue light include transient stimulation of NO production (which
leads to vasodilation in mammalian tissue), reduction of inflammation, and reduction of
pro-inflammatory markers TNF-∞ and MMP-2 [56–58].

Blue light in the visible spectrum has been adopted for treatment of certain skin
conditions, and safety associated with this clinical use has been investigated. The US
Food and Drug Administration (FDA) has cleared several blue light devices for Over the
Counter (OTC) use for acne and/or wrinkle treatment. Numerous studies have reported
no harmful effects of blue light (405–420 nm) on adult human skin (including whole body
treatment at 43.7 J/cm2 daily for 5 days, repeated 7 times) [59–67], reviewed in [5]. For
patients undergoing whole body blue light treatment, no harmful effects on primary blood
cells were observed, nor were depletion of dendritic cells from the dermis, DNA damage,
or early photo-aging [59,60]. On a cellular level, work with blue light at 405 nm, up to
15 J/cm2, indicates no harm to in vitro cultured cells [56,62], nor does it induce genotypic
changes [63]. However, there are also reports that blue light (400–450 nm) with fluence
levels >66 J/cm2 may be detrimental to cultured skin cells (as determined metabolically
by Alamar blue reduction) [64,65]. In investigations into the use of blue light (415 nm)
for burn wound treatment, using a murine model, Zhang and co-authors determined that
there was “no significant DNA damage detected in mouse skin by means of a skin TUNEL
assay after a blue light exposure of 195 J/cm2” [66]. Although long term cancer risk from
blue light cannot be absolutely ruled out, current evidence argues against it. Indeed, based
on recent research, exposure to blue light increases pathways which are anti-inflammatory,
antioxidative, and protect against cancer [67].

Using our experimental setup, exposure of mammalian cells to the dual energies of
light plus ultrasound did not lead to gross disruption, decline, or death of the cells, and
was analogous to mock treatment of the cells. Mammalian cells were resistant to harm
from the exposure intensity level used to successfully treat P. acnes biofilms (>100-fold
reduction). Although only 0–24 h post-exposure results could be collected, it is expected
that major damage would be observed within this time frame, similar to that observed for
in vitro energy treated biofilms.

The combination of blue light and low intensity ultrasound presents an innovative
approach for treating P. acnes biofilms. Additional work indicates that the treatment is
also biocidal toward Staphylococcus aureus, Staphylococcus epidermidis, and Escherichia coli
biofilms (manuscript in preparation). Therefore, this approach may be a new method to
eliminate clinical biofilms without the necessity of drugs.

5. Patents

The following patents relate to the work reported in this manuscript: 8,206,326,
8,574,174, 8,979,775, 9,498,650, 9,649,396, 10,207,125,1,0792,510.

Author Contributions: Conceptualization, M.E.S. and T.M..; methodology, T.M.; software, M.E.S.;
calibration and validation, M.E.S.; formal analysis, T.M.; investigation, T.M and M.E.S.; writing—
original draft preparation, T.M.; writing—review and editing, M.E.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported in part by the National Institute of Arthritis and Muscu-
loskeletal and Skin Diseases of the NIH under Award Number R43AR067650.

Data Availability Statement: Data available upon request.



Microorganisms 2021, 9, 929 16 of 18

Acknowledgments: Murine 3T3 cells were obtained from M. Bryans, Montgomery Community
College, Blue Bell, PA.

Conflicts of Interest: At the time that the research was conducted, both authors were employed by
Photosonix Medical, Inc. (Fort Washington, PA, USA) At the time of this submission, neither author
is employed by the company.

References
1. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections. Science 1999, 284,

1318–1322. [CrossRef] [PubMed]
2. Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002, 15,

167–193. [CrossRef] [PubMed]
3. Musk, D.J.; Hergenrother, P.J. Chemical countermeasures for the control of bacterial biofilms: Effective compounds and promising

targets. Curr. Med. Chem. 2006, 13, 2163–2177. [CrossRef] [PubMed]
4. Kjeldstad, B.; Johnsson, A. An action spectrum for blue and near ultraviolet inactivation of Propionibacterium acnes; with

emphasis on a possible porphyrin photosensitization. Photochem. Photobiol. 1986, 43, 67–76. [CrossRef] [PubMed]
5. Dai, T.; Gupta, A.; Murray, C.K.; Vrahas, M.S.; Tegos, G.P.; Hamblin, M.R. Blue light for infectious diseases: Propionibacterium

acnes, Helicobacter pylori and beyond? Drug Resist Update 2012, 15, 223–236. [CrossRef] [PubMed]
6. Kjeldstad, B.; Christensen, T. Porphyrin photosensitization of bacteria. Adv. Exp. Med. 1985, 193, 155–159.
7. Malik, Z.; Hanania, J.; Nitzan, Y. Bactericidal effects of photoactivated porphyrins—An alternative approach to antimicrobial

drugs. J. Photochem. Photobiol. 1990, 5, 281–293. [CrossRef]
8. Lubart, R.; Lipoxski, A.; Nitzan, Y.; Friedmann, H. A possible mechanism for the bactericidal effect of visible light. Laser Ther.

2010, 20, 17–22. [CrossRef] [PubMed]
9. Taylor, M.N.; Gonzalez, M.L. The practicalities of photodynamic therapy in acne vulgaris. Br. J. Dermatol. 2009, 160, 1140–1148.

[CrossRef] [PubMed]
10. Shu, M.; Kuo, S.; Wang, Y.; Jiang, Y.; Liu, T.Y.; Gallo, R.L.; Huang, C.M. Porphyrin metabolisms in human skin commensal

propionibacterium acnes bacteria: Potential application to monitor human radiation risk. Curr. Med. Chem. 2013, 20, 562–568.
[PubMed]

11. Carraro, C.; Pathak, M. Studies on the nature of in vitro and in vivo photosensitisation reactions by psoralens and porphyrins. J.
Investig. Dermatol. 1988, 90, 267–275. [CrossRef]

12. Bartley, J.; Young, D. Ultrasound as a treatment for chronic rhinosinusitis. Med. Hypotheses 2009, 73, 15–17. [CrossRef]
13. Qian, Z.; Sagers, R.; Pitt, W. Investigation of the mechanism of the bioacoustics effect. J. Biomed. Mater. Res. 1999, 44, 198–205.

[CrossRef]
14. Shi, W.-Y.; Schafer, M.; Dubin, S.; O’Conner, M.; Ozturk, C.; Chou, M.-C. Skin temperature and impedance measurement in

ultrasound wound treatment. In Proceedings of the 1996 Fifteenth Southern Biomedical Engineering Conference, Dayton, OH,
USA, 29–31 March 1996; pp. 348–350.

15. Garcia, O.; Schafer, M.E. The effects of nonfocused external ultrasound on tissue temperature and adipocyte morphology. Aesthetic
Surg. J. 2013, 33, 117–127. [CrossRef]

16. Pickering, S.A.; Bayston, R.; Scammell, B.E. Electromagnetic augmentation of antibiotic efficacy in infection of orthopaedic
implants. J. Bone Jt. Surg. Br. 2003, 85, 588–593. [CrossRef]

17. Carmen, J.C.; Roeder, B.L.; Nelson, J.L.; Beckstead, B.L.; Runyan, C.M.; Schaalje, G.B.; Robison, R.A.; Pitt, W.G. Ultrasonically
enhanced vancomycin activity against Staphylococcus epidermidis biofilms in vivo. J. Biomater. Appl. 2004, 18, 237–245.
[CrossRef]

18. Erriu, M.; Blus, C.; Szmukler-Moncler, S.; Buogo, S.; Levi, R.; Barbato, G.; Madonnaripa, D.; Denotti, G.; Piras, V.; Orrù, G.
Microbial biofilm modulation by ultrasound. Current concepts and controversies. Ultrason. Sonochem. 2014, 21, 15–22. [CrossRef]

19. Sugita, Y.; Mizuno, S.; Nakayama, N.; Iwaki, T.; Murakami, E.; Wang, Z.; Endoh, R.; Furuhata, H. Nitric oxide generation directly
responds to ultrasound exposure. Ultrasound Med. Biol. 2008, 34, 487–493. [CrossRef]

20. Suchkova, V.N.; Baggs, R.B.; Sahni, S.K.; Francis, C.W. Ultrasound improves tissue perfusion iischemic tissue through a nitric
oxide dependent mechanism. Thromb. Haemost. 2002, 88, 865–870. [CrossRef]

21. Barraud, N.; Hassett, D.J.; Hwang, S.-H.; Rice, S.A.; Kjelleberg, S.; Webb, J.S. Involvement of nitric oxide in biofilm dispersal of
Pseudomonas aeruginosa. J. Bacteriol. 2006, 188, 7344–7353. [CrossRef]

22. Barraud, N.; Storey, M.V.; Moore, Z.P.; Webb, J.S.; Rice, S.A.; Kjelleberg, S. Nitric oxide-mediated dispersal in single- and
multi-species biofilms of clinically and industrially relevant microorganisms. Microbial. Biotechnol. 2009, 2, 370–378. [CrossRef]

23. Schlag, S.; Nerz, C.; Birkenstock, T.A.; Altenberend, F.; Gotz, F. Inhibition of staphylococcal biofilm formation by nitrite. J. Bacteriol.
2007, 189, 7911–7919. [CrossRef]

24. Jahns, A.C.; Lundskog, B.; Ganceviciene, R.; Palmer, R.H.; Golovleva, I.; Zouboulis, C.C.; McDowell, A.; Patrick, S.; Alexeyev,
O.A. An increased incidence of Propionibacterium acnes biofilms in acne vulgaris: A case-control study. Br. J. Dermatol. 2012, 167,
50–58. [CrossRef]

25. Jahns, A.C.; Eilers, H.; Ganceviciene, R.; Alexeyev, O.A. Propionibacterium species and follicular keratinocyte activation in acneic
and normal skin. Br. J. Dermatol. 2015, 172, 981–987. [CrossRef]

http://doi.org/10.1126/science.284.5418.1318
http://www.ncbi.nlm.nih.gov/pubmed/10334980
http://doi.org/10.1128/CMR.15.2.167-193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932229
http://doi.org/10.2174/092986706777935212
http://www.ncbi.nlm.nih.gov/pubmed/16918346
http://doi.org/10.1111/j.1751-1097.1986.tb05592.x
http://www.ncbi.nlm.nih.gov/pubmed/3952162
http://doi.org/10.1016/j.drup.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22846406
http://doi.org/10.1016/1011-1344(90)85044-W
http://doi.org/10.5978/islsm.20.17
http://www.ncbi.nlm.nih.gov/pubmed/24155508
http://doi.org/10.1111/j.1365-2133.2009.09054.x
http://www.ncbi.nlm.nih.gov/pubmed/19239465
http://www.ncbi.nlm.nih.gov/pubmed/23231351
http://doi.org/10.1111/1523-1747.ep12455986
http://doi.org/10.1016/j.mehy.2008.12.049
http://doi.org/10.1002/(SICI)1097-4636(199902)44:2&lt;198::AID-JBM10&gt;3.0.CO;2-P
http://doi.org/10.1177/1090820X12469627
http://doi.org/10.1302/0301-620X.85B4.12644
http://doi.org/10.1177/0885328204040540
http://doi.org/10.1016/j.ultsonch.2013.05.011
http://doi.org/10.1016/j.ultrasmedbio.2007.08.008
http://doi.org/10.1055/s-0037-1613315
http://doi.org/10.1128/JB.00779-06
http://doi.org/10.1111/j.1751-7915.2009.00098.x
http://doi.org/10.1128/JB.00598-07
http://doi.org/10.1111/j.1365-2133.2012.10897.x
http://doi.org/10.1111/bjd.13436


Microorganisms 2021, 9, 929 17 of 18

26. Sasaki, N.; Takazoe, I. Comparison of the biologic characteristics in two serotypes of Propionibacterium acnes. J. Dent. Res. 1980,
59, 1073. [CrossRef]

27. Webster, G.F.; Leyden, J.J. Characterization of serum-independent polymorphonuclear leukocyte chemotactic factors produced by
Propionibacterium acnes. Inflammation 1980, 4, 261–269. [CrossRef]

28. Coenye, T.; Peeters, E.; Nelis, H.J. Biofilm formation by Propionibacterium acnes is associated with increased resistance to
antimicrobial agents and increased production of putative virulence factors. Res. Microbiol. 2007, 158, 386–392. [CrossRef]

29. Holmberg, A.; Lood, R.; Mörgelin, M.; Söderquist, B.; Holst, E.; Collin, M.; Christensson, B.; Rasmussen, M. Biofilm formation by
Propionibacterium acnes is a characteristic of invasive isolates. Clin. Microbiol. Infect. 2009, 15, 787–795. [CrossRef]

30. Schafer, M.E.; Lewin, P.A. A computerized system for measuring the acoustic output from diagnostic ultrasound equipment.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 1988, 35, 102–109. [CrossRef]

31. Ashkenazi, H.; Malik, Z.; Harth, Y.; Nitzan, Y. Eradication of Propionibacterium acnes by its endogenic porphyrins after
illumination with high intensity blue light. FEMS Immunol. Med. Microbiol. 2003, 35, 17–24. [CrossRef]

32. Ross, J.I.; Eady, A.E.; Cove, J.H.; Jones, E.C.; Ratyal, A.H.; Miller, Y.W.; Vyakrnam, S.; Cunliffe, W.J. Clinical resistance to
erythromycin and clindamycin in cutaneous propionibacteria isolated from acne patients is associated with mutations in 23S
rRNA. Antimicrob. Agents Chemother. 1997, 41, 1162–1165. [CrossRef] [PubMed]

33. Smith, A.W. Biofilms and antibiotic therapy: Is there a role for combating bacterial resistance by the use of novel drug delivery
systems? Adv. Drug Del. Rev. 2005, 57, 1539–1550. [CrossRef] [PubMed]

34. Peterson, R.V.; Pitt, W.G. The effect of frequency and power density on the ultrasonically-enhanced killing of biofilm-sequestered
Escherichia coli. Colloids Surf. B Biointerfaces 2000, 17, 219–227. [CrossRef]

35. Bigelow, T.; Northagen, T.; Hill, T.M.; Sailer, F.C. The destruction of Escherichia coli biofilms using high-intensity focused
ultrasound. Ultrasound Med. Biol. 2009, 35, 1026–1031. [CrossRef]

36. Torlak, E.; Sert, D. Combined effect of benzalkonium chloride and ultrasound against Listeria monocytogenes biofilm on plastic
surface. Lett. Appl. Microbiol. 2013, 57, 220–226. [CrossRef]

37. Hamblin, M.R.; Viveiros, J.; Yang, C.; Ahmadi, A.; Ganz, R.A.; Tolkoff, M.J. Helicobacter pylori accumulates photoactive
porphyrins and is killed by visible light. Antimicrob. Agents Chemother. 2005, 49, 2822–2827. [CrossRef]

38. Maclean, M.; MacGregor, S.; Anderson, J.; Woolsey, G. The role of oxygen in the visible-light inactivation of Staphylococcus
aureus. J. Photochem. Photobiol. B Biol. 2008, 92, 180–184. [CrossRef]

39. Guffey, J.S.; Wilborn, J. In vitro bactericidal effects of 405 nm and 470 nm blue light. Photomed. Laser Surg. 2006, 24, 684–688.
[CrossRef]

40. Pitt, W.G.; McBride, M.O.; Roper, R.J.; Sagers, R.D.; Lunceford, J.K. Ultrasonic enhancement of antibiotic action on Gram-negative
bacteria. Antimicrob. Agents Chemother. 1994, 38, 2577–2582. [CrossRef]

41. Rediske, A.M.; Hymas, W.C.; Wilkinson, R.; Pitt, W.G. Ultrasonic enhancement of antibiotic action on several species of bacteria.
J. Gen. Appl. Microbiol. 1998, 44, 283–288. [CrossRef]

42. Runyan, C.; Carmen, J.; Beckstead, B.L.; Nelson, J.L.; Robison, R.A.; Pitt, W.G. Low-frequency ultrasound increases outer
membrane permeability of Pseudomonas aeruginosa. J. Gen. Appl. Microbiol. 2006, 52, 295–301. [CrossRef]

43. Rafferty, S. Nitric oxide synthases of bacteria—And other unicellular organisms. Open Nitric Oxide J. 2011, 3 (Suppl. 1-M4), 25–32.
[CrossRef]

44. Bhambri, S.; Del Rosso, J.Q.; Bhambri, A. Pathogenesis of acne vulgaris: Recent advances. J. Drugs Dermatol. 2009, 8, 615–618.
45. Berke, R.; Singh, A.; Guralnick, M. Atopic dermatitis: An overview. Am. Fam. Physician 2012, 86, 35–42.
46. James, W.D. Acne. N. Engl. J. Med. 2005, 352, 1463–1472. [CrossRef]
47. Thiboutot, D.; Gollnick, H.; Bettoli, V.; Dréno, B.; Kang, S.; Leyden, J.J.; Shalita, A.R.; Lozada, V.T.; Berson, D.; Finlay, A.; et al.

New insights into the management of acne: An update from the Global Alliance to Improve Outcomes in Acne Group. J. Am.
Acad. Dermatol. 2009, 60, S1–S15. [CrossRef]

48. Leyden, J.J. The evolving role of Propionibacterium acnes in acne. Sem. Cutan. Med. Surg. 2001, 3, 139–143. [CrossRef]
49. Burkhart, C.G.; Burkhart, C.N. Expanding the microcomedone theory and acne therapeutics: Propionibacterium acnes biofilm

produces biological glue that holds corneocytes together to form plug. J. Am. Acad. Dermatol. 2007, 57, 722–724. [CrossRef]
50. Burkhart, C.N.; Burkhart, C.G. Microbiology’s principle of biofilms as a major factor in the pathogenesis of acne vulgaris. Int. J.

Dermatol. 2003, 42, 925–927. [CrossRef]
51. Allen, H.B.; Vaze, N.D.; Choi, C.; Hailu, T.; Tulbert, B.H.; Cusack, C.A.; Joshi, S.G. The presence and impact of biofilm producing

staphylococci in atopic dermatitis. JAMA Dermatol. 2014, 150, 260–265. [CrossRef] [PubMed]
52. Loike, J.D.; Plitt, A.; Kothari, K.; Zumeris, J.; Budhu, S.; Kavalus, K.; Ray, Y.; Jacob, H. Surface acoustic waves enhance neutrophil

killing of bacteria. PLoS ONE 2013, 8, e68334. [CrossRef] [PubMed]
53. Khanna, A.; Nelmes, R.T.; Gougoulias, N.; Maffulli, N.; Gray, J. The effects of LIPUS on soft-tissue healing: A review of the

literature. Br. Med. Bull. 2013, 8, 169–182. [CrossRef] [PubMed]
54. Bohari, S.P.; Grover, L.M.; Hukins, D.W. Pulsed-low intensity ultrasound enhances extracellular matrix production by fibroblasts

encapsulated in alginate. J. Tissue Eng. 2012, 3. [CrossRef] [PubMed]
55. Iwashina, T.; Mochida, J.; Miyazaki, T.; Watanabe, T.; Iwabuchi, S.; Ando, K.; Hotta, T.; Sakai, D. Low-intensity pulsed ultrasound

stimulates cell proliferation and proteoglycan production in rabbit intervertebral disc cells cultured in alginate. Biomaterials 2006,
27, 354–361. [CrossRef]

http://doi.org/10.1177/00220345800590061701
http://doi.org/10.1007/BF00915027
http://doi.org/10.1016/j.resmic.2007.02.001
http://doi.org/10.1111/j.1469-0691.2009.02747.x
http://doi.org/10.1109/58.4160
http://doi.org/10.1111/j.1574-695X.2003.tb00644.x
http://doi.org/10.1128/AAC.41.5.1162
http://www.ncbi.nlm.nih.gov/pubmed/9145890
http://doi.org/10.1016/j.addr.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15950314
http://doi.org/10.1016/S0927-7765(99)00117-4
http://doi.org/10.1016/j.ultrasmedbio.2008.12.001
http://doi.org/10.1111/lam.12100
http://doi.org/10.1128/AAC.49.7.2822-2827.2005
http://doi.org/10.1016/j.jphotobiol.2008.06.006
http://doi.org/10.1089/pho.2006.24.684
http://doi.org/10.1128/AAC.38.11.2577
http://doi.org/10.2323/jgam.44.283
http://doi.org/10.2323/jgam.52.295
http://doi.org/10.2174/1875042701103010025
http://doi.org/10.1056/NEJMcp033487
http://doi.org/10.1016/j.jaad.2009.01.019
http://doi.org/10.1053/sder.2001.28207
http://doi.org/10.1016/j.jaad.2007.05.013
http://doi.org/10.1111/j.1365-4632.2003.01588.x
http://doi.org/10.1001/jamadermatol.2013.8627
http://www.ncbi.nlm.nih.gov/pubmed/24452476
http://doi.org/10.1371/journal.pone.0068334
http://www.ncbi.nlm.nih.gov/pubmed/23936303
http://doi.org/10.1093/bmb/ldn040
http://www.ncbi.nlm.nih.gov/pubmed/19011263
http://doi.org/10.1177/2041731412454672
http://www.ncbi.nlm.nih.gov/pubmed/22798984
http://doi.org/10.1016/j.biomaterials.2005.06.031


Microorganisms 2021, 9, 929 18 of 18

56. Fischer, M.R.; Abel, M.; Lopez Kostka, S.; Rudolph, B.; Becker, D.; von Stebut, E. Blue light irradiation suppresses dendritic cells
activation in vitro. Exp. Dermatol. 2013, 22, 558–560. [CrossRef]

57. Shnitkind, E.; Yaping, E.; Geen, S.; Shalita, A.R.; Lee, W.-L. Anti-inflammatory properties of narrow-band blue light. J. Drugs
Dermatol. 2006, 5, 605–610.

58. Zandi, S.; Kalia, S.; Lui, H. UVA1 Phototherapy: A concise and practical review. Skin Ther. Lett. 2012, 17, 1–8.
59. Kleinpenning, M.M.; Smits, T.; Frunt, M.H.A.; Van Erp, P.E.J.; Van De Kerkhof, P.C.M.; Gerritsen, R.M.J.P. Clinical and histological

effects of blue light on normal skin. Photodermatol. Photoimmunol. Photomed. 2010, 26, 16–21. [CrossRef]
60. Becker, D.; Langer, E.; Seemann, M.; Seemann, G.; Fell, I.; Saloga, J.; Grabbe, S.; Von Stebut, E. Clinical efficacy of blue light full

body irradiation as treatment option for severe atopic dermatitis. PLoS ONE 2011, 6, e20566. [CrossRef]
61. Kawada, A.; Aragane, Y.; Kameyama, H.; Sangen, Y.; Tezuka, T. Acne phototherapy with a high-intensity, enhanced, narrow

band, blue light source: An open study and in vitro investigation. J. Dermatolog. Sci. 2002, 30, 129–135. [CrossRef]
62. Monfrecola, G.; Lembo, S.; Cantelli, M.; Ciaglia, E.; Scarpato, L.; Fabbrocini, G.; Balato, A. The effect of visible blue light on the

differentiation of dendritic cells in vitro. Biochimie 2014, 101, 252–255. [CrossRef]
63. Zeina, B.; Greenman, J.; Corry, D.; Purcell, W.M. Antimicrobial photodynamic therapy: Assessment of genotoxic effects on

keratinocytes in vitro. Br. J. Dermatol. 2003, 148, 229–232. [CrossRef]
64. Zeina, B.; Greenman, J.; Corry, D.; Purcell, W.M. Cytotoxic effects of antimicrobial photodynamic therapy on keratinocytes

in vitro. Br. J. Dermatol. 2002, 146, 568–573. [CrossRef]
65. Liebman, J.; Born, M.; Kolb-Bachofen, V. Blue-light irradiation regulates proliferation and differentiation in human skin cells. J.

Investig. Dermatol. 2009, 130, 259–269. [CrossRef]
66. Zhang, Y.; Zhu, Y.; Gupta, A.; Huang, Y.; Murray, C.K.; Vrahas, M.S.; Sherwood, M.E.; Baer, D.G.; Hamblin, M.R.; Dai, T.

Antimicrobial blue light therapy for multi-drug resistant Acinetobacter baumannii infection in a mouse burn model: Implications
for prophylaxis and treatment of combat-related wound infections. J. Infect. Disease 2014, 209, 1963–1976. [CrossRef]

67. Patel, A.D.; Rotenberg, S.; Messer, R.L.W.; Wataha, J.C.; Ogbureke, K.U.; McCloud, V.V.; Lockwood, P.; Hsu, S.; Lewis, J.B. Blue
light activates phase 2 response proteins and slows growth of A431 epidermoid carcinoma xenografts. Anticancer Res. 2014, 34,
6305–6313.

http://doi.org/10.1111/exd.12193
http://doi.org/10.1111/j.1600-0781.2009.00474.x
http://doi.org/10.1371/journal.pone.0020566
http://doi.org/10.1016/S0923-1811(02)00068-3
http://doi.org/10.1016/j.biochi.2014.02.001
http://doi.org/10.1046/j.1365-2133.2003.05091.x
http://doi.org/10.1046/j.1365-2133.2002.04623.x
http://doi.org/10.1038/jid.2009.194
http://doi.org/10.1093/infdis/jit842

	Introduction 
	Materials and Methods 
	Preparation of Bacteria Stocks 
	Biofilm Growth Optimization 
	Biofilm Preparation for Experiments 
	Biofilm Exposure and Evaluation of Viable Bacteria 
	Culture of Murine 3T3 and Human Primary Keratinocytes 
	Evaluation of Mammalian Cell Viability 
	Energy Exposure System 
	Statistical Methods 

	Results 
	Synergistic Bactericidal Action Achieved by Combining Light Plus Low Intensity Non-Focused Ultrasound 
	Kinetics of Biofilm Reduction and Regrowth after Exposure 
	Comparison of Light Plus Ultrasound to Erythromycin for Biofilm Reduction 
	Treatment of Mammalian Cells with Simultaneous Light Plus Low Intensity Ultrasound 

	Discussion 
	Patents 
	References

