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ABSTRACT

Objective: The purpose of this study was to assess the effects of hyperbaric oxygen (HBO) and near-infrared
light therapy on wound healing, Background Data: Light-emitting diodes (LED), originally developed for
NASA plant growth experiments in space show promise for delivering light deep into tissues of the body to pro-
mote wound healing and human tissue growth, In this paper, we review and present our new data of LED
treatment on cells grown in culture, on ischemic and diabetic wounds in rat models, and on acute and chronic
wounds in humans. Materials and Methods: In vitro and in vivo (animal and human) studies utilized a variety
of LED wavelength, power intensity, and energy density parameters to begin to identify conditions for each bi-
ological tissue that are optimal for biostimulation. Results: LED produced in vitro increases of cell growth of
140-200% in mouse-derived fibroblasts, rat-derived osteoblasts, and rat-derived skeletal muscle cells, and in-
creases in growth of 155~171% of normal human epithelial cells. Wound size decreased up to 36% in conjunc-
tion with HBO in ischemic rat models. LED produced improvement of greater than 40% in musculoskeletal
training injuries in Navy SEAL team members, and decreased wound healing time in crew members aboard a
U.S. Naval submarine. LED produced a 47% reduction in pain of children suffering from eral mucositis. Con-
clusion: We believe that the use of NASA LED for light therapy alone, and in conjunction with hyperbaric oxy-
gen, will greatly enhance the natural wound healing process, and more quickly return the patient to a prein-
jury/illness level of activity. This work is supported and managed through the NASA Marshall Space Flight
Center-SBIR Program.

INTRODUCTION

HE NEED TO CARE for a population with chronic wounds is a

growing challenge that requires innovative approaches.
Two approaches that specifically address the identified patho-
physiological processes involved in wound healing are hyper-
baric oxygen (HBO) therapy and light therapy. HBO therapy is
currently the standard of care for ischemic, hypoxic, infected,
and otherwise slowly healing, problem wounds. We believe

that the use of NASA light-emitting diodes (LED) for light
therapy alone, and in conjunction with HBO, will greatly en-
hance the natural wound healing process. This will save valu-
able time and resources for both patients and health care facili-
ties. Furthermore, improved wound healing will reduce the risk
of infection for the patient, decrease the amount of costly dress-
ings required, and more quickly return the patient to a prein-
jury/illness level of activity.

Laser light and HBO have been widely acclaimed to speed
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FIG. 1. Growth phase specificity of 3T3 fibroblasts; combined wavelengths; 4 J/cm2 versus 8 J/em2; 50 mW/cm2.

wound healing of ischemic, hypoxic, and infected wounds.!
Lasers provide low-energy stimulation of tissues that results in
increased cellular activity during wound healing.2:3

These activities include collagen production and angiogene-.
sis.* HBO therapy, which is currently standard therapy in the
treatment of diabetic ulcers, graft failures, radiation necrosis,
and other ischemic wounds, has also been shown to beneficially
affect these processes. However, there are a variety of instances
in which a patient who may benefit from HBO is unable or un-
willing to be treated in a high-pressure environment. These $it-
uations include lack of access to a facility equipped with HBO,
claustrophobia, and certain current or chronic medical condi-
tidns that would make HBO therapy contraindicated. In these
- instances, light therapy provides an alternative for the patient.

Wound healing has three phases: first, a substrate is laid
down, second, cells proliferate, and third, there is remodeling of
tissue. The data published so far suggests that laser biostimula-
tion produces its primary effect during the cell proliferation
phase of the wound healing process. It has been demonstrated
that mitochondria are receptive to monochromatic near-infrared
light and that laser light likely increases respiratory metabolism
of certain cells.235 Processes such as fibroblast proliferation,

attachment and synthesis of collagen and procollagen, growth
factor production (including keratinocyte growth factor [KGF],
transforming growth factor [TGF], and platelet-derived growth
factor [PDGF]), macrophage stimulation, lymphocyte stimula-
tion, and greater rate of extracellular matrix production have
been reported with laser light treatment.”!4 Animal studies on
the enhanced wound healing effect of laser light of low-power
density have been performed in toads, mice, rats, guinea pigs,
~and swine.!516 Human studies with laser light have demon-
strated greater amounts of epithelialization for wound closure
and stimulation of skin graft healing..? An excellent review of
recent human experience with near-infrared light therapy for
wound healing was published by Conlan et al. in 1996.1
Lasers, however, have some inherent characteristics that
make their use in a clinical setting problematic, including limi-
tations in wavelength capabilities and beam width. The com-
bined wavelengths of the light for optimal wound healing can-
not be efficiently produced, the size of wounds that may be
treated is limited (due to laser production of a beam of light—a
fact inconsistent with treating large areas), heat production
from the laser light itself can actually damage tissue, and the
pinpoint beam of laser light can damage the eye. NASA devel-
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FIG.2. Growth phase specificity of osteoblasts; individual wavelengths; 8 J/cm?; 50 mW/cm2.
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FIG.3. Growth phase specificity of L-6 skeletal muscle cells treated with individual wavelengths at 8 J/cm?; 50 mW/cm2,

oped LEDs to offer an effective alternative to lasers. These
diodes can be configured to produce multiple wavelengths, can
be arranged in large, flat afrays (allowing treatment of large
wounds), and produce no heat. It is also of importance to note
that LED light therapy has been deemed a nonsignificant risk
by the FDA; thus, FDA approval for the use of LEDs in humans
for light therapy has been obtained.

NASA LED:s stimulate the basic energy processes in the mi-
tochondria (energy compartments) of each cell, particularly
when near-infrared light is used to activate the wavelength sen-
sitive constituents inside (chromophores, cytochrome systers).
Optimal light wavelengths (proven in prior studies of laser and
LED light)238,11~1417.18 5 speed wound healing include 680,
730, and 880 nm. These wavelengths can be produced accu-
rately by NASA LEDs, which have a bandwidth of 25 nm. The
depth of near-infrared light penetration into human tissue has
been measured spectroscopically.2319 Spectra taken from the
wrist flexor muscles in the forearm and muscles in the calf of
the leg demonstrate that most of the photons at wavelengths of
630-800 nm travel approximately 23 cm through the skin sur-
face (light input) and muscle, exiting at the photon detector.

Data collection and cataloging to elucidate the absorption coef-
ficients of the various human tissues are currently underway by
the principle investigator.

LED IN VITRO STUDIES.

In order to understand the effects of LEDs on cell growth and
proliferation, we have measured radiolabeled thymidine incor-
poration in vitro in several cell lines treated with LED light at
various wavelengths and energy levels. As previously reported,
3T3 fibroblasts (mouse-derived skin cells) responded extremely
well to laser and LED light exposure.810-13.202122 Cell growth
increased 150-200% over untreated controls, Additionally, os-
teoblasts (rat derived) have been reported to have increased

DNA synthesis and increased cellular growth rate when ex-

posed to laser light.23 With LED treatment, we have found that
these cells demonstrated a growth-phase specificity, responding
only when cells are in the growth phase. In these experiments,
fibroblasts seeded at a concentration of 500 cells/well and os-
teoblasts, seeded at a concentration of 1 X 103 cells/well, were
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FIG. 4. LED response at 4 J/cm?, 50 mW/cm? using individual wavelengths of 670, 728, and 880 nm (percentave change from

control versus number of hours after LED treatment).
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FIG.S. LED response at § J/cm?; 50 mW/cm? using individual wavelengths of 670, 728, and 880 nm (percentage change from

control versus number of hours after LED treatment).

seeded in 12-well plates with a well surface area of approxi-
mately 4 cm?. DNA synthesis was determined on the second,
third, and fourth days in culture for both fibroblasts (Fig. 1) and
osteoblasts (Fig. 2). Exposure to LED irradiation accelerated
the growth rate of fibroblasts and osteoblasts in culture for 2-3
days (growing phase), but showed no significant change in
growth rate for cells in culture at 4 days (stationary phase).
These data are important demonstrations of cell-to-cell contact
inhibition, which oceurs in vitro once cell cultures approach
confluence. This is analogous, in vive, to a healthy organism,
which will regenerate healing tissue, but stop further growth
whien healing is complete. It is important to note that LED treat-
“ment accelerates normal healing and tissue regeneration with-
out producing overgrowth or neoplastic transformation.

A series of experiments has recently been completed using
an L-6 musculoskeletal cell line (rat derived). These cells were
exposed to the LED light at both combined wavelengths and in-
dividual wavelengths (670, 728, and 880 nm), energy densities
of 4 and 8 J/cm?, and an intensity of 50 mW/cm2. Resulis
demonstrated a cell growth increase of about 140% over un-

treated controls, particularly at 8 J/cm? energy, as shown in
Figure 3. :

In addition, experiments are now complete using a normal
human epithelial cell line seeded in 12-well plates at a concen-
tration of 500 cells/well in order to possibly explain the contin-
ued, dramatic results of LED light therapy in preventing oral
mucositis in cancer patients. Cell growth increased 155% over
untreated controls at 670 nm and 4 J/cm? energy density (50
mW/cm? power density), as shown in Figure 4. An increase of
171% over untreated controls was obtained with a wavelength
of 880 nm and 8 J/cm? energy density (53 mW/em? power den-
sity), as shown in Figure 5.

Collagen synthesis of the HaCAT epithelial cells was deter-
mined by measuring tritiated proline incorporation using a
modified method described by Peterkofsky and Diegelmann.24
HaCAT epithelial cells were seeded in two 12-well tissue cul-
ture plates with 600 uL. DMEM containing 10% FBS, 1% peni-
cillin/streptomycin, and 6 uL L-proline [2,3-3H]. The media
was free of nonessential amino acids. One plate was used as the
control, and the other was treated with the 670-nm NASA LED
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FIG. 6. HaCAT epithelial cell collagen synthesis at 8 J/cm2, 50 mW/cm2, 670 nm. Shown in 24-h 3H proline incorporation.
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FIG.7. Change in wound size in rat ischemic wound model versus time (days).

at 8 J/em?2. After 24 h of incubation in 5% CO, at 37°C, two
200-uL aliquots of media were removed from each well. One
aliquot was used to quantitate total protein by trichloroacetic
acid (TCA) precipitation. The precipitated proteins were col-
lected by suction onto a glass fiber filter and allowed to dry
overnight at room temperature. The second aliquot was incu-
bated for 90 min at 37°C with highly purified bacterial collage-
nase that degraded the collagen in the sample. The remaining
noncollagen protein also underwent TCA precipitation. The
following day, scintillation fluid was added and the samples
were counted in a scintillation counter. Collagen content was
determined by subtracting the noncollagen protein from the to-
tal protein. Figure 6 shows that the HaCAT epithelial cells that
were NASA LED treated synthesized more than twice the
amount of collagen than that of the control cells. !

LED WOUND HEALING IN RATS

An ischemic wound is a wound in which there is a lack of
oxygen to the wound bed due to an obstruction of arterial blood

flow. Tissue ischemia is 2 significant cause of impaired wourd
healing, which renders the wound more susceptible to infection,
leading to chronic, nonhealing wounds. Despite progress in
wound healing research, there is still very little understanding
of what constitutes a chronic wound, particularly at the molecu-
lar level. Consequently, there is minimal scientific rationale for
treatment. '

In order to study the effects of NASA LED technology and
HBO therapy, we developed a model of an ischemic wound in
normal Sprague-Dawley rats. Two parallel, 11-cm incisions
were made 2.5 cm apart on the dorsum of the rats, leaving the
cranial and caudal ends intact. The skin was elevated along the
length of the flap, and two punch biopsies created the wounds
in the center of the flap. A sheet of silicone was placed between
the skin and the underlying muscle to act as a barrier to vascu-
lar growth, thus increasing the ischemic insult to the wounds.
The four groups, each consisting of 15 rats, in this study include
the control (no LED or HBO), HBO only, LED (880 nm) only,
and LED and HBO in combination. The HBO was supplied at
2.4 atm for 90 min, and the LED was delivered at a fluence of 4
J/cm? and 50 mW/cm? for 14 consecutive days. A future study
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FIG.8. Change in vascular endothelial growth factor (VEGF) concentration (ug/mg protein) versus time (days).







