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Significance: Oral wounds can lead to significant pain and discomfort as well
as affect overall general health due to poor diet and inadequate nutrition.
Besides many biological and pharmaceutical methods being investigated,
there is growing interest in exploring various biophysical devices that utilize
electric, magnetic, ultrasound, pressure, and light energy.

Recent Advances: Significant insight into mechanisms of these biophysical
devices could provide a clear rationale for their clinical use. Preclinical studies
are essential precursors in determining physiological mechanisms and eluci-
dation of causal pathways. This will lead to development of safe and effective
therapeutic protocols for clinical wound management.

Critical Issues: Identification of precise events initiated by biophysical devices,
specifically photobiomodulation—the major focus of this review, offers prom-
ising avenues in improving oral wound management. The primary phase re-
sponses initiated by the interventions that distinctly contribute to the
therapeutic response must be clearly delineated from secondary phase re-
sponses. The latter events are a consequence of the wound healing process and
must not be confused with causal mechanisms.

Future Direction: Clinical adoption of these biophysical devices needs robust
and efficacious protocols that can be developed by well-designed preclinical
and clinical studies. Elucidation of the precise molecular mechanisms of these
biophysical approaches could determine optimization of their applications for
predictive oral wound care.

SCOPE AND SIGNIFICANCE

FAILURE OR UNDUE PROLONGATION
of any of the wound healing phases

usually have a protracted time
course, but oral care products are a
US$10 billion industry that focuses

could be a potential threat to the
human body. Data from the United
States indicate that chronic wounds
affect around 6.5 million patients
with an estimated US$25 billion an-
nual expenditure on their treat-
ment.! This situation is expected to
grow rapidly worldwide due to an
increasing aging population as well
as a sharp rise in the incidence of
metabolic diseases such as diabetes
and obesity that profoundly affect
wound healing. Oral wounds do not
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on prevention of disease and damage
to hard and soft tissues in the oral
cavity. While wound healing in oral
soft tissues has many similarities
with dermal healing, it also has
some unique aspects, such as the
moist (saliva) environment, para-
keratinized mucosa, lack of dermal
appendages (hair follicles, sebaceous
glands), rapid turnover of oral epi-
thelia, polymicrobial niche with
complex biofilms, and a relatively
vigorous, cyclic mechanical (chew-
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ing, swallowing, or speaking) environment. A wide
range of developmental anomalies (e.g., cleft lip or
palate, ankyloglossia), infections (e.g., candida,
herpes, caries, periodontal disease), and immune
(e.g., lichen planus, recurrent aphthous ulcers) and
traumatic etiopathologies could lead to wounds in
the oral cavity.

TRANSLATIONAL RELEVANCE

Nonhealing oral wounds can result in significant
morbidity due to restriction of diet and routine oral
functions and, infrequently, lead to patient mortal-
ity. Any modality that could aid in wound closure by
promoting epithelial cell migration, fibroblast pro-
liferation, synthesis of extracellular matrix, and
wound contraction or by promoting neutrophil and
macrophage migration and function could have
significant clinical benefits. Conventional ap-
proaches have utilized pharmaceuticals and bio-
logical agents successfully, but all of them have
inherent limitations that could be potentially ad-
dressed with biophysical interventions outlined in
this review.

CLINICAL RELEVANCE

Given the unique aspects of oral healing and
rigorous pathophysiological demand from the na-
tive tissues, wounds in the oral cavity can have a
dramatic effect on the overall well being of the in-
dividual. Clinical dentistry has effectively focused
on comprehensive hard tissue management using
restorative (dentures, fillings) approaches. Soft
tissue management has largely been limited to
addressing the underlying infective or injurious
stimuli. Use of tissue grafts and artificial matri-
ces has been extensively tried, but are largely
prohibitive due to cost or anatomical site. The hard
tissue components of oral healing include bone
(alveolar—bone around tooth socket and jaws)
and teeth (predominantly dentin and cementum).
Novel biophysical approaches that promote inher-
ent healing and regenerative capacity of oral and
dental tissues are very attractive due to their
nonconsumable nature (unlike drugs and biologi-
cal), ease of access to oral wounds, and efficacy of
promoting the endogenous healing process that
would reduce frequent patient visits and reduce
cost of overall therapy.

BACKGROUND

The process of wound healing is predominantly
similar at all anatomical sites with four major
overlapping phases. The first phase consists of

clotting and coagulation; the second phase involves
inflammation at the wounded site; the third phase
consists of migration, proliferation, angiogenesis,
phagocytosis, and matrix synthesis. This is followed
by the final, fourth maturation phase that involves
tissue remodeling and reorganization (Fig. 1). Oral
wound healing has similar phases, but appears to
follow a more rapid course and healing with mini-
mal scar formation compared with wounds at other
sites (e.g., skin).? Both of these unique aspects of
oral wound healing are attributed to the presence
of excellent blood supply in the head and neck
region, antibacterial and prohealing properties of
saliva, as well as a more rapid turnover of the mu-
cosal keratinocytes (epithelium).

Classical surgical approaches, such as distraction
osteogenesis, tissue expansion for flap harvest, and
negative pressure therapy, rely on externally ap-
plied mechanical forces that induce cell prolifera-
tion and angiogenesis. These responses occur at the
clinical (millimeters to centimeters range) scale.
Micromechanical responses to biophysical inter-
ventions appear to operate along similar principles,
although at the molecular scale (microns to nano-
meters range) (Fig. 2).2 However, therapeutic dose
regimens for latter devices are poorly defined as yet
and have been relegated, unfortunately, as com-
plementary or adjunctive interventions.

When assessing molecular mechanisms, it is
important to distinguish the primary causal path-
ways that are directly modulated by the interven-
tional therapies. The secondary, downstream
effector pathways are a natural consequence of the
biological healing-regenerative response (Fig. 2).
The primary phase involves causal factor(s) that
sense and transduce the biophysical intervention
into a biochemical or biological response. These
events are necessary (lack of which prevents oc-
currence of therapeutic benefit) and sufficient, by
themselves, to generate the biological response.
Some reported examples of these causal events
include generation of highly reactive, transient
biochemical intermediates, changes in cellular io-
nic gradients, changes in cell polarity, and changes
in physical conformation of a biological factor,
among others. The secondary phase involves the
effector mechanisms that are sequelae of the rou-
tine, or improved biological responses, following
the therapeutic interventions. These events are
clearly necessary, but are not sufficient (cannot by
themselves initiate therapeutic response). It would
be prudent to note that there may often be factors
initiated (primary phase) by the intervention that
are also involved in the subsequent effector (sec-
ondary phase) responses. While investigating the
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Figure 1. Different stages of wound healing. (A) Hemostasis: wound closure starts with the first phase of clotting involving formation of immediate platelet plug,
followed by initiation of the coagulation cascade. Oral wounds have arich vascular supply and the salivary proteins which aid in forming a temporary hemostatic plug.
(B) Inflammation: the second phase involves migration of acute (neutrophils) and eventually chronic inflammatory (monocytes—macrophages and lymphocytes) cells
into the wound area. Moist oral mucosa possesses both innate (neutrophils and macrophages) and adaptive (immunoglobulins) immunities, which quickly resolve
inflammation. This is well supported by chemical and enzymatic actions of salivary constituents. (C) Proliferation: the third phase consists of migration and
proliferation of keratinocytes, endothelial cells, and fibroblasts that complete closure of wound. Proliferation and activation of fibroblasts to myofibroblasts hastens
wound closure. (D) Maturation: the final fourth phase involves remodeling and reorganization that can be partial (scarring) or complete (regeneration).

mechanisms of biophysical interventions, care
should be taken to focus on identifying the critical
pivotal factor(s) (causal events) that will aid in
gaining mechanistic insights.* A useful yardstick
often employed in the distinction of causal ver-
sus effector mechanisms is the temporal (time-
dependent) separation following an intervention.
However, this is largely restrictive due to current
technical limitations of assessing rapid biological
events, both at temporal and spatial length scales.
Significant improvements in technologies and in-
strumentation, such as super-resolution micros-

copy, in vivo imaging, spectroscopy, and single-cell
analyses, among many others, are allowing deci-
phering of molecular mechanisms at previously
unavailable biological scales.

NOVEL BIOPHYSICAL APPROACHES
FOR WOUND HEALING

To promote wound healing phases, several bio-
physical therapies have been utilized that employ
different basic principles. Two of the biophysical
techniques, microcurrent and electromagnetic
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Figure 2. Strategy of dissecting mechanistic events following interven-
tions. Wound healing progression over time has discrete biological re-
sponses that include immediate events (primary—direct and indirect) and
subsequent (secondary phase) events. The former represent a causal re-
lationship with the biophysical interventions, while the latter are effector
pathways that are a sequela of the wound healing process.

fields, are based on the premise that differences in
electrical potential along the different layers of the
skin or mucosa are determined by the asymmetric
expression of sodium and potassium ion pumps.
This is termed as transepithelial potential (TEP)
with the stratum corneum (outermost epithelial
layer) being electronegative, while subepithelial
layers are electropositive. Wound healing and tis-
sue regeneration are driven by a closed-loop self-
repair system that uses signals (electrical) to ini-
tiate repair following injury.® These biophysical
interventions appear to modulate the disrupted
endogenous electromagnetic fields and aid in re-
establishment of TEP.® The other three biophysical
therapies, namely ultrasound (US), pressure, and
light therapies, have been demonstrated to have
clinical benefits and their molecular mechanisms
appear to involve both biophysical and biochemical
perturbations. However, their precise primary bi-
ological targets remain to be fully elucidated.

Microcurrent

Microcurrent energy has been used for wound
care and is also known by terms such as micro-
current electrical stimulation, microamp therapy,
microamperage electrical stimulation, or low-in-
tensity electrical stimulation. Upon injury, the in-
jured tissue has a lower level of ATP due to a
disruption of the sodium—potassium pump, leading
to increased epithelial electrical resistance and
lower cellular capacitance, resulting in altered TEP.
Microcurrent energy reverses the cellular capaci-

tance by application of an extrinsic electrical stim-
ulus that promotes reestablishment of the TEP,
facilitating wound healing. Microcurrent energy
has been shown to induce polarized signaling of
epidermal growth factor (EGF), integrins, and
phosphoinositide 3 kinase/phosphatase and tensin
homolog (PISK/PTEN),” leading to biological re-
sponses, such as increase in cell division,® secretion
of growth factors,” ATP synthesis,” ! and promo-
tion of wound reepithelialization. Moreover, proto-
cols utilizing mono- and biphasic pulsed currents,
usually in the microampere, applied to wounds and
periulcer skin with spherical electrodes positioned
on the wound have demonstrated positive results
consistently (Fig. 3A).1%'3 Commercial acceptance
of this technology is already evident with various
products currently available in the market, such as
patterned metallic patches and bandages as well as
metallic nanoparticle-based therapies. Among sev-
eral applications, microcurrent electrical nerve
stimulation has been shown to reduce pain in tem-
poromandibular disorder patients compared with
occlusal splint therapy alone.'* There has been little
effort to directly assess efficacy of microcurrents in
oral soft tissue wounds, but a distinct application of
electrical energy to activate enamel (outermost,
calcified tooth structure) mineralization (EAER)
has been recently suggested, but few details are
available as yet.

Electromagnetic fields

Historically, magnets have been used for differ-
ent medical therapies, including wound healing,
with little information about its scientific ba-
sis.!®1® In 1957, Fukada and Yasuda from Japan
demonstrated the piezoelectric effect in bone. They
noted the ability of mechanical stress to generate
polarization in the healing bone and application of
an extrinsic electric field-generated strain within
the tissues.!” A wide range of studies, both in the
clinic and laboratory, have led to the use of elec-
tromagnetic fields (EMFs) in promotion of bone
and, more recently, cartilage healing. Their utility
in promoting soft tissue and skin healing is also
being currently explored. The molecular pathways
involved in EMFs have been outlined in a recent
review that indicates that application of EMF in-
duces expression of key growth factors in wounded
tissues.!® EMF is used for clinical applications as
either static or pulsed fields at low frequencies
ranging from 1 to 3mT (Fig. 3B). Application of a
low-power, static magnetic field over an excisional
wound has shown to improve wound healing,'®
while pulsed electromagnetic fields (PEMFs) have
been shown to promote neovascularization by in-
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Figure 3. Biophysical energies in current wound management. (A) Micro-
current: outline showing application of microcurrent energy using electrodes
positioned on opposite sides of a wound in mice. (B) Pulsed electromagnetic
fields (PEMFs): outline of induction of PEMFs on wounds in mice to promote
healing. (C) Ultrasound: outline showing MIST™ therapy that uses low-
frequency ultrasound delivered along with saline mist to the wound bed in mice.

ducing endothelial cell proliferation and lumeni-
zation through increased expression of fibroblast
growth factor-2 (FGF-2), a known inducer of an-
giogenesis.?° In the head and neck region, PEMF
therapy has been shown to have beneficial effects

on healing of mandibular fractures treated with
closed reduction,?! while its applications for oral
soft tissue healing are yet to be investigated.

Ultrasound

Ultrasound energy is an oscillating, sound pres-
sure wave with frequency ranging from 20 kilohertz
to several gigahertz. A major difference from its
popular use as a diagnostic modality is that thera-
peutic ultrasounds utilize higher intensities, either
focused or unfocused beams, and rely on both ther-
mal and mechanical interactions for their thera-
peutic benefits. The mechanical effects of US are
termed acoustic streaming and cavitation. Acoustic
streaming provides a direct driving force capable of
displacing ions and small molecules within the in-
teracting liquid media. Cavitation refers to forma-
tion of low-pressure vapor cavities due to rapid
change in pressure within liquid environments that
can implode, generating powerful shockwaves.??
Readers are referred to a recent review for more
details of its various medical applications.?? Both
high-frequency (1-4 MHz) and low-frequency (22.5—
40kHz) ultrasound have been shown to promote
wound healing. The healing effect of high frequency
appears to be largely dependent on heating (must
reach a temperature of 40-45°C for at least 5min),
while the low frequency appears to be predomi-
nantly dependent on its mechanical effects.?* US
therapy is noted to have distinct effects on specific
phases of wound healing, such as release of hista-
mine by degranulation of mast cells during the in-
flammatory phase, promoting resolution of the
acute phase to aid healing,?® accelerating fibrinoly-
sis,?® fibroblast recruitment and activation, as well
as collagen secretion in the proliferative stage as
well as angiogenesis,?’ all contributing to promoting
healing. A recent modification is the concurrent use
of a saline mist with noncontact low frequencies
termed MIST™ therapy (Celleration, Inc., Eden
Prairie, MN) (Fig. 3C).2® This therapy has been
shown to be a gentle, painless clinical protocol that
is capable of stimulating cells at the wound bed to
secrete more growth factors,?® increase collagen
synthesis, reduce inflammation, and induce vaso-
dilation.?® Although dentistry utilizes similar tech-
nologies routinely in debridement and disinfection
of periodontal defects, there has been limited direct
exploration of its utility in oral soft tissue healing.

Pressure (negative and positive pressure)
Accumulation of interstitial fluid within wounds
can greatly impede the natural healing process.
Application of pressure, if applied effectively, can
facilitate reabsorption of fluid by veins and lym-
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phatics, leading to improved wound healing. Use of
negative pressure appears to be more effective
compared with positive pressure (compression
therapy). The biological response to these thera-
pies has been attributed to multiple actions, such
as removal of wound exudate, retaining a moist
environment, reduction of edema and bacterial
burden, physical approximate wound margins, and
increased wound perfusion. These result in pro-
moting leukocyte and fibroblast migration into the
wounds, which, in turn, secrete growth factors for
improving the healing milieu.?° It has been noted
that negative pressure energy requires significant
adjunctive clinical pain management, although the
biological basis for this phenomenon is unclear.?!
Clinical conditions, which are amenable to nega-
tive pressure therapies, include wounds with lym-
phatic damage, venous stasis ulcers, diabetic
wounds, and wounds with fistulae. Given the
complex mechanical and fluid (saliva) oral envi-
ronment, there has been little effort at using either
negative or positive pressure in oral wound man-
agement. A major technological advance that ap-
pears to be necessary is development of appropriate
miniaturized devices for use within the oral cavity.

Photobiomodulation

There appears to be ample anecdotal scientific
literature for the use of light in wound care from
sterilization, desiccation, and promotion of healing.
The use of phototherapy briefly gained notoriety in
the early 1900s with Niel Finsen’s work that used
concentrated light radiation for treatment of lupus
vulgaris and was awarded the 1903 Nobel Prize in
physiology or medicine. However, the precise bio-
logical basis of these observations was unclear.
Numerous studies since then have precisely char-
acterized the biochemical pathways for vitamin D
metabolism, the visual photoreception in the ret-
ina, and, more recently, nonvisual photoreceptive
pathways that maintain circadian rhythm. The
invention of the LASER (light amplification by
stimulated emission of radiation) in 1960 led to
initial health concerns over its electromagnetic na-
ture. High-energy, ionizing electromagnetic radia-
tions, such as gamma, X-ray, and ultraviolet, are
well known to generate DNA damage and genotoxi-
city. However, high-power visible and infrared lasers
are nonionizing and are very popular as surgical
tools due to their precision and concurrent photoco-
agulation (bloodless surgical fields). Interestingly,
Mester et al., in 1968, showed that laser treatments
at low doses were able to stimulate hair growth and
promote wound healing in mice, suggesting that la-
sers have biostimulatory responses.®%33

With the advancement of technology and in-
creased knowledge about the beneficial effect of
laser, both coherent (lasers) and noncoherent
(light-emitting diode [LED]) light sources have
been routinely used for therapy. Treatments us-
ing low-dose light therapies are known by various
names, such as soft laser, cold laser, low-level
light/laser therapy, biostimulation, or photo-
biomodulation (PBM). The latter term, PBM,
appears to be the most suitable descriptor of the
process and is defined as a form of phototherapy
that utilizes nonionizing sources (including
broadband light, LEDs, and lasers) in the visible
and infrared spectrum that result in therapeutic
benefits, such as alleviation of pain or inflam-
mation, immunomodulation and promotion of
wound healing, and tissue regeneration. PBM is
a nonthermal process involving endogenous
chromophores that elicit photophysical (linear
and nonlinear effects) and photochemical events
at various length scales, resulting in beneficial
photobiological responses. Its clinical application
is termed as PBM therapy. Low-dose laser re-
sponses have been noted to follow a biphasic re-
sponse that is best described by the Arndt—Schulz
law, where a weak stimulus is noted to improve a
specific biological function and a stronger stim-
ulus elevates it further. However, after its peak
response is achieved, further increase of stimulus
strength results in a negative response.?* The
biological mechanisms contributing to these bi-
phasic responses are yet unclear, but the follow-
ing sections outline our current understanding of
PBM therapy.

Molecular mechanisms of PBM

The effects of low-dose laser appear to involve
both photochemical and photoacoustic (photome-
chanical) effects. The action spectra for biological
responses have been noted to be within the visible
to near-infrared range (400-1,000nm) that is
generally referred to as the optical window of PBM.
While most studies previously have focused on the
use of 660 and 810 nm, other studies with 400, 632,
680, 840, 904, 940, 980, and 1,064nm have all
demonstrated distinct therapeutic benefits. The
redundancy noted with some of these wavelengths
raises interesting questions about the identity and
nature (modified biochemical states) of biological
chromophores potentially contributing to the clin-
ical responses noted.

PBM mechanisms can be broadly categorized
into primary and secondary phases based on the
time from intervention. Primary phase events are
considered causal and are further subcategorized
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into direct events—that result from interaction of
radiant energy with biological tissues—and the
indirect events—that immediately follow former
events. Both are transient in nature, critical (nec-
essary and sufficient), and induce potent down-
stream biological responses that contribute to the
secondary phase events. Given the limited reper-
toire of biological molecules and pathways, it is
very likely that key biological molecules or path-
ways play critical roles in both primary and sec-
ondary phase events and care should be taken to
distinguish between their roles.

Primary phase

The primary effects of PBM involve photochem-
ical and photophysical events that occur within
seconds to minutes of treatment. The key process
involving conversion of irradiant energy requires a
primary photoacceptor that usually has two parts, a
chromophore (absorbs light) and a functional pro-
tein. These rapid photobiological responses would
also be spatially limited due to their extremely re-
active nature as well as diffusion limitations of
compartmentalized biological (e.g., intra- vs. ex-
tracellular) systems. This makes elucidation of
these primary events currently very challenging
due to technical limitations in investigating bio-
logical systems. Nonetheless, attempts to further
dissect the temporal sequence of responses suggest
there are two distinct events within the primary
phase response—direct and indirect events.

Primary direct events (sensors). The first stepis
converting the physical form of light energy as it
interacts with biological tissues. From our under-
standing of classical phototransduction visual
pathway and spectroscopic techniques, there appear
to be two distinct direct primary events. The first
involves absorption of photons and transfer of en-
ergy to generate photochemical intermediates (Type
I or II photoreactions). Absorption by a biological
chromophore results in release of electrons through
an oxidation—reduction (redox) reaction, generating
reactive species that have a wide range of biological
targets initiating potent, long-term biological re-
sponses.>>3® Photoacceptors in the visible spectrum
are well characterized and could contribute to the
observed clinical benefits from visible light treat-
ments. However, the distinct benefits noted with
near and mid-infrared light treatments do not have
known photoacceptors within this spectrum, raising
interesting questions if there are unique, yet un-
described, biological candidates. Alternatively, near
infrared (NIR)-biological tissue interactions may
involve a nonlinear optical phenomenon, generating

higher harmonic effects that could subsequently
utilize photoacceptors in the visible spectrum.?’

The second group of interactions involves a
physical perturbation of the molecular structure
(photoacoustic—photomechanical). These interac-
tions result in changes in conformation of a molecule
that facilitates its physiological functions.® Besides
the direct effects of low-dose lasers on the confor-
mational structure of biological molecules, the bio-
chemical (reactive oxygen species [ROS]) events
could also secondarily generate biologically signifi-
cant conformational changes. Both these events
essentially act as sensors that occur extremely rap-
idly, occurring within fractions of seconds. Some
examples of well-characterized mammalian photo-
acceptors include seven dehydrocholesterol (vita-
min D3 in skin), rhodopsin (rod cells in retina),
photopsin (cones cells in retina), melanopsin (pho-
tosensitive ganglion cells in retina), cytochrome C
oxidase (CCO) (mitochondria), flavins, porphyrins,
and NADPH, among others. It should be noted that
both of these photochemical and photoacoustic
events in excessive amounts could result in detri-
mental damage to biological targets in a dose-de-
pendent manner, perhaps accounting for the
observed biphasic clinical effects noted with PBM
therapy. However, there appear to be multiple reg-
ulatory steps in subsequent downstream events
that can either amplify or dampen decisive biologi-
cal responses, such as effective substrate concen-
trations, catalysts, inhibitors, or scavengers, among
others. The precise molecular events involved in
this initial key step in light—biological tissue inter-
actions need careful exploration of these events and
will be critical to our understanding of PBM clinical
dosing and therapeutic responses.

Primary indirect events (transducers). Gen-
eration of extremely transient biochemical inter-
mediates or conformational activation of biological
molecules immediately results in cascading biolog-
ical reactions. These latter events can be catego-
rized as the primary indirect effects or transducers,
which encompass sequential events occurring over
seconds to minutes. These events appear to be ex-
quisitely coupled to the nature and location of the
primary photoacceptor molecule as well as the
pathophysiological context (disease/disorders).
Some of the major primary indirect events noted
with PBM therapy are summarized below.

Small molecules: Photoabsorption and transfer
of electrons (redox reaction) to oxygen species re-
sult in formation of radicals collectively called
ROS. Many of these ROS are well characterized,
such as superoxide, hydrogen peroxide, and hy-
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droxyl radicals. Transfer of energy to nitrogen leads
to generation of nitric oxide (NO), which, in turn,
can react with superoxide anion (Oy ™) produced by
inflammatory cells, forming peroxynitrite (ONOO ™),
both of which have been suggested to contribute to
PBM responses.>® Seminal work by Karu described
one of the primary photoacceptors of visible light as
CCO, a component of the mitochondrial respiratory
chain.*® These investigators demonstrated that the
absorption spectra obtained for different oxidation
states of CCO correlated with the action spectra for
the biological responses to light.*!**? It has also been
observed that exposure of purified CCO enzyme to a
helium-neon (633 nm) laser leads to increased oxi-
dation and electron transfer.*® The normal physio-
logical role of CCO is to maintain the proton motive
force across the inner mitochondrial membrane.
Photoabsorption by CCO results in disruption of the
electron transfer process leading to increased ATP
production.'® The ATP produced by the laser treat-
ment has been shown to modulate a wide range of
biological responses, including activation or syn-
thesis of DNA, RNA, proteins, enzymes, and other
cellular components needed to improve perfor-
mance and repair or regenerate cells and tissues.
Another prominent effect of photoabsorption by
CCO is dissociation of noncovalently bound ligand
(NO) from its metal (Fe/Cu redox centers). CCO has
two ligands, namely oxygen (covalent bond) and
NO (coordinate bond), the latter being a competi-
tive inhibitor for oxygen-driven respiration.** NO
binds to the reduced binuclear heme—copper (CuB/
a3) center of CCO in a reversible and competitive
manner. As coordinate bonding (CCO and NO) is
much weaker than covalent bonding (CCO and O,),
visible and NIR light are easily able to dissociate
NO.*? One of the direct effects of NO released from
CCO by the light results in vasodilatation and has
been shown to involve cGMP-mediated activation
of Ca-sensitive K (Kc) channels (Fig. 4).%¢ Broadly,
the released NO has been shown to promote potent
wound healing responses, such as in keratinocyte
and tenocyte proliferation, endothelial migration
and lumenization, macrophage function, angio-
genesis in ischemic limb injuries, reduction of re-
perfusion injury, and vasodilation, and promote
stem cell differentiation, among others.*"~>2
Kinases, enzymes, hormones, and growth
factor: Among its many biological targets, PBM
(632 nm)-generated ROS has been shown to activate
Src that has potent effects on cell proliferation, at-
tachment, migration, and survival.?® Src is a non-
receptor tyrosine kinase that can interact with a
large number of biological pathways, including
EGF, MAPK, FAK, and STAT3, among others.’*

Using a combination of Src luciferase reporters and
immunoblotting, the investigators noted that the
ability of laser-generated ROS increased Src activ-
ity that could be abrogated by prior neutralization
with ROS scavengers, catalase, or superoxide dis-
mutase. Activation of Src closely correlated with the
cell survival fraction in a laser dose-dependent
manner. Another study noted that the ability of low-
dose laser (810nm) treatments increased acetyl-
cholinesterase (AChE) activity in saline-suspended
human erythrocytes without disrupting its mem-
brane electrochemical potential.®® The biological
functions of erythrocyte AChE appear to involve
hemopoiesis and cell-cell interactions that mediate
cell growth and differentiation.’®®” The clinical
significance of increased AChE activity following
PBM treatments is unclear, although it has been
correlated in hereditary spherocytosis with lipid
reorganization of RBC membranes.

Growth hormone is an anabolic peptide hormone
that stimulates tissue growth, proliferation, regen-
eration, and rejuvenation. It has been noted to in-
crease bone mineralization, muscle mass,
gluconeogenesis, and lipolysis, and stimulate the
immune system, among others. The somatotrophic
cells of the anterior pituitary have some storage
granules with both growth hormone and cyto-
chrome oxidase within them. Treatment with LED
(670nm) was noted to increase growth hormone
secretion in both their in vivo rat and in vitro pitu-
itary gland cultures.”® The investigators noted that
the released hormone appeared to be partly due to
disaggregation of oligomeric isoforms. This suggests
that PBM treatments could directly modulate hor-
mone secretion from an endocrine gland.

Transforming growth factors-f (TGF-f) are a su-
perfamily of multifunctional cytokines involved in
cellular proliferation, differentiation, and physio-
logical homeostasis.”® TGF-f1 is secreted as an in-
active (latent) precursor consisting of a native
(mature) TGF-f dimer noncovalently associated
with latency-associated peptide (LAP), which forms
the small latent complex (TGF-f—LAP). For the
TGF-f pathway to be activated, it has to be dissoci-
ated from its latent complex, allowing the dimer to
bind its surface receptor, TGF-SRII, which subse-
quently recruits and activates an intracellular re-
ceptor, TGF-SRI.®® TGF- is known to be a potent
chemoattractant for early inflammatory cells like
neutrophils and monocytes/macrophages.’* How-
ever, the overall effect of TGF-§ on the secondary
inflammatory cells, specifically on T lymphocytes, is
largely inhibitory, thereby inhibiting autoimmu-
nity. TGF-f plays a prominent role in the prolifera-
tion, resolution, and remodeling of the wound tissue
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Figure 4. Mechanisms of photobiomodulation (PBM). Interaction of light and biological tissues leads to generation of transient and extremely reactive chemical
intermediates, reactive oxygen species (R0S), in both extracellular and intracellular compartments. These ROS can react rapidly with various components inducing
potent cellular responses. Among the best characterized pathways, intracellular photoabsorption by cytochrome C oxidase disrupts mitochondrial function,
resulting in increased ATP synthesis and nitric oxide (NO) release. A recently elucidated extracellular pathway noted generation of ROS-mediated activation of
transforming growth factor-f1 (TGF-$1) following PBM therapy. Both intracellular and extracellular pathways induce specific signal transduction pathways that
recruit transcription factors leading to a concerted gene expression contributing to therapeutic PBM effects on wound healing.

by promoting keratinocytes, endothelial, and fibro-
blast cell migration, as well as matrix synthesis.
We previously noted the ability of NIR-PBM
therapy to promote oral wound healing in human
oral extraction wounds.®? In this study, we noted
that the laser wounds appeared to have increased
TGF-$1 by immunohistochemistry compared with
the nonlaser-treated control wound from the same
patient. This observation suggested that there may
be a direct effect of the laser treatment on latent
TGF-f1 complexes, which are present in abundance
from the degranulated platelets following hemo-
stasis. This clinical observation was further ex-
plored in the laboratory using a wide range of

biochemical, molecular, and transgenic approaches.
Low-power laser treatments were noted to generate
ROS that interacts with a specific amino acid resi-
due on the latent TGF-f1, methionine 253 on LAP,
resulting in a conformation change leading to its
activation (Fig. 4).%® Using a dentin—pulp healing
model, low-power laser treatments were noted to
induce tertiary dentin, a normal sequela of tooth
pulp wound healing. Furthermore, using condi-
tional transgenic mice that specifically removed
TGF-SRII from the dentin-forming cells (odontoblasts
and dental stem cells), the key role of TGF-f1 in
mediating this process was clearly outlined. Thus,
activation of TGF-£1 by PBM therapy contributes
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to both oral mucosal and pulp-dentin wound
healing. The ability of laser-generated ROS-acti-
vated TGF-f1 offers significant clinical utility and
significant avenues for future investigations.
Transcription factors: ROS generation from
light treatments can lead to modulation of antiox-
idants, protein modification, and induction of gene
expression following cellular stress.®* These ROS-
mediated responses are detected by numerous
mechanisms within the cell, especially in the en-
doplasmic reticulum (ER) that detects redox-
modified, misfolded, or aggregated proteins. In
mild damage scenarios, the ER response involves
either a reparative process that utilizes chaperones
such as the heat shock proteins or degradation by
the proteosomal pathway. In extreme cases, due to
excessive damage, the ER response invokes cell
death pathways involving autophagy and apopto-
sis. One example of ROS stress-mediated redox
change in proteins is generation of cysteine-
mediated disulfide linkages. Cysteine residues do
not form disulfide bonds unless the intracellular
redox balance is shifted toward oxidative stress.
The formation of disulfide bonds generally leads to
alteration of both conformation and activity of a
number of enzymes, most notably of phosphatases.
Inactivation of a specific phosphatase by the oxi-
dative stress could result in prolonged activity of
kinases within the cell that can result in persistent
intracellular signal cascade and transcriptional
changes.®®

Cell stress responses are mediated by tran-
scription factors initiated by changes in the cellular
redox state. Among them, some prominent players
include redox factor-1 (Ref-1)-dependent activator
protein-1 (AP-1), Jun and Fos, nuclear factor kap-
pa-B (NF-xB), p53, activating transcription factor/
cAMP response element-binding protein (ATF/
CREB), and hypoxia-inducible factor-1o (HIF-1a).
It has been demonstrated that NF-«xB can be acti-
vated in mouse embryonic fibroblasts by 810 or
980 nm laser treatments. Furthermore, it was ob-
served that NF-xB activation was dependent on
induction of ROS and this could be abrogated by
laser treatments in the presence of antioxidants.
These observations indicate that PBM modulates
mitochondrial respiration and activates redox-
sensitive NF-xB signaling through generation of
ROS.?¢ Similarly, it has been shown that PBM
(both 660 and 780 nm) improves the healing of skin
flaps by enhancing the amount of new vessels
formed in the tissue by modulating vascular en-
dothelial growth factor (VEGF) secretion and HIF-
1o expression in a dose-dependent manner.®® PBM
has also been shown to rescue dendritic atrophy in

the brain by upregulating brain-derived neuro-
trophic factor (BDNF) expression through induc-
tion of CREB.®7 Overall, the controlled expression
and activity of transcriptional factors in response
to laser-generated cellular stress are capable of
coordinating a broad range of beneficial responses.

Secondary phase

Once the primary phases of light—biological tis-
sue interactions are initiated, they induce myriad,
downstream, secondary effector pathways that in-
volve transcriptional and translational responses.
These secondary phase responses usually take
hours to days and have a distinct long-term impact
on functional recovery. These secondary responses
in wound healing include induction of autocrine or
paracrine signaling, cell migration, proliferation or
differentiation, matrix synthesis, angiogenesis, and
vascular remodeling, among others. PBM effects on
wound healing have been shown to positively affect
each of the four phases of wound healing. In the
hemostatic phase, PBM has been noted to promote
platelet aggregation and activation. In the inflam-
matory phase, it is known to promote proliferation
and degranulation of mast cells.®® In the pro-
liferative phase, it induces proliferation of cells
(fibroblasts, keratinocytes, osteoblasts, and chon-
drocytes) as well as induces matrix synthesis.®® In
the maturation phase, PBM therapy improves re-
organization and remodeling of wounds, aiding in
improved tensile strength and restoring functional
architecture of repaired tissues.”®

Various types of lasers have been used to pro-
mote oral wound healing of both hard and soft tis-
sues.”™ PBM has been noted to enhance
epithelization and improve wound healing after
gingivectomy and gingivoplasty operations.’®
There are also numerous reports of improved
healing following surgical use of high-power lasers
compared with routine scalpel excisions.”* This can
be potentially attributed to the low-power (PBM)
zones around areas of high-power surgical laser
use. The popular use of high doses (photothermal)
or blue light sources (<400 nm) is based on their
antimicrobial effects that ensure reduced patho-
genic burden, promoting healing. This is akin to
the more popular ultraviolet phototherapy or dye-
enhanced, visible, or NIR light treatments termed
photodynamic therapy. These techniques utilize
either simple dyes (toluidine blue, psoralen, por-
phyrin derivatives) or immune agents (antibody
tagged to metallic nanoparticles) that enhance
photoabsorption and increase photodestructive ef-
fects. These efforts are particularly relevant for the
oral cavity due to the presence of a large commen-
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sal microbiota that harbors opportunistic
pathogenic strains. Investigators have

Nd:YAG and Er:YAG lasers, have used a
combination of their antimicrobial and
adjacent PBM effects to improve hard
(bone) and soft tissue (periodontal liga-
ment attachment, gingiva) healing. How-
ever, clinical results thus far have been

TAKE-HOME MESSAGE

largely pursued periodontal defects where e Various biophysical devices can promote wound healing.

a variety of protocols, especially with o Specific molecular mechanisms vary between each modality.

e The time-dependent biological responses to specific intervention may
offer insights into their molecular mechanisms.

e Photobiomodulation is increasingly popular for wound care and specifi-
cally suitable for oral wound care. While some of its mechanisms are
well worked out, others are being actively explored.

equivocal and there remain more questions
about the rigor and robustness of specific treat-
ment protocols.

The anti-inflammatory effects of PBM therapy
have been well documented with direct effects on
both pro- and anti-inflammatory factors, such as
IL-1, IL-8, Cox1, and 2, among others.”>"® The in-
flammatory phase plays a key role in clearing debris
and promoting migration of keratinocytes and fi-
broblasts for healing to progress. The ability of PBM
to modulate inflammation and subsequent immune
microenvironment could contribute synergistically
to its therapeutic benefits. The effects of PBM on
promoting wound healing have focused on induction
of cytokines and growth factor expression. PBM has
been shown to induce several growth factors, in-
cluding bFGF, FGF-1, FGF-2, PIGF, NGF, IGF-1,
HGF, SCF, TGF-f, and VEGF, over longer time
periods (hours to days).”” Many of these factors are
capable of directly affecting key players in wound
healing components, such as keratinocytes, fibro-
blast proliferation and migration, wound contrac-
tion, inflammatory cells (neutrophils, monocyte—
macrophage), neovascularization, matrix synthesis,
and remodeling.”®®° For example, Medrado et al.
used a 670 nm gallium—aluminum-arsenide (GaA-
1As) diode laser to study cutaneous wound healing
in rats. They noted a clear reduction in edema and
inflammation along with increased myofibroblasts
and collagen fibers in the laser-treated wounds after
3 days compared with control wounds.?! The laser-
treated cutaneous wound demonstrated increased
desmin and alpha-smooth muscle actin-positive fu-
siform cells that corresponded with greatest reduc-
tion in wound size, indicating a potent effect of
laser treatments on wound contraction. There are
numerous reports on the positive effects of various
lasers in Refs.,5%% but there are also several re-
ports with negative or no effects.®* While a similar
device and dosimetry were apparently used, lack
of details on precise parameters makes it difficult
to interpret these negative results.®>#¢ This em-
phasizes the need to further understand PBM
mechanisms that will aid in optimizing effective
clinical protocols.

FUTURE DIRECTIONS

The field of wound care management needs in-
novative new approaches. The biophysical inter-
ventions outlined in this review provide exciting
new potential avenues. Oral wounds could be spe-
cifically more amenable to PBM due to their su-
perficial nature and easy accessibility. Clinical
efficacy of many of these forms of energies has been
distinctly demonstrated in laboratory and animal
models, as well as in human studies. Future
adoption of these technologies will be based on a
better understanding of their mechanisms that will
aid in mainstream adoption for wound care.

SUMMARY

This review focuses on novel biophysical energies
to promote wound healing. Among all the biophys-
ical energies to promote wound healing discussed in
this review, PBM therapy appears to have been well
investigated compared with the other biophysical
approaches and is particularly more suitable to the
oral wound environment. The use of these bio-
physical devices offers significant utility for clinical
management, and exciting new advances offer in-
novative opportunities to develop safe and effective
oral wound management regimens.
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Abbreviations and Acronyms

AChE = acetylcholinesterase
AP-1 = activator protein-1
ATF/CREB = activating transcription factor/cAMP
response element-binding protein
BDNF = brain-derived neurotrophic factor
bFGF = basic fibroblast growth factor
CCO = cytochrome C oxidase
EAER = electrically accelerated and
enhanced remineralization
EGF = epidermal growth factor
EMF = electromagnetic field
ER = endoplasmic reticulum

FGF = fibrablast growth factor
HGF = hepatocyte growth factor
HIF-1o. = hypoxia-inducible factor-1o
IGF = insulin-like growth factor

KGF = keratinocyte growth factor
LAP = latency-associated peptide

LED = light-emitting diode
NF-xB = nuclear factor kappa-B
NGF = nerve growth factor
NIR = near infrared
NO = nitric oxide
PBM = photobiomodulation
PEMF = pulsed electromagnetic field

PIGF = placental growth factor

PI3K/PTEN = phosphoinositide 3 kinase/

phosphatase and tensin
homolog
ROS = reactive oxygen species
Ref-1 =redox factor-1
SCF=stem cell factor
TEP = transepithelial potential
TGF-f3 = transforming growth factor-f
US = ultrasound

VEGF = vascular endothelial growth factor




