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1 | INTRODUCTION

Up to 15 billion dollars of US health care expenditure each year is consumed by
treatment of poorly healing wounds whose etiologies are often associated with
aberrancies in tissue oxygenation. To address this issue, several modes of tissue
oxygen delivery systems exist, including Hyperbaric Oxygen Therapy (HBOT)
and Topical Oxygen Therapy (TOT), but their efficacies have yet to be fully sub-
stantiated. Micro/nanobubbles (MNBs), which range anywhere from 100 pm to
<1 pm in diameter and are relatively stable for hours, offer a new mode of oxygen
delivery to wounds. The aim of this article is to systematically review literature
examining the use of TOT for wound healing and use of MNBs for tissue oxygen-
ation using the MEDLINE database. The search yielded 87 articles (12 MNB arti-
cles and 75 TOT articles), of which 52 met the inclusion criteria for this literature
review (12 MNB articles and 40 TOT articles). Additionally, we present an analy-
sis on the efficacy of our MNB generating technology and propose its use as a
wound healing agent.

KEYWORDS

micro/nanobubbles, nanobubbles, tissue oxygenation, topical oxygen therapy,
wound healing

species aid in the oxidative killing of bacteria and, in low
concentrations, act as cellular messengers to promote activi-

Oxygen is the most important element of life, playing a part
in almost every cellular function. The process of oxidative
phosphorylation requires oxygen to produce energy that is
needed for the everyday operation of cellular machinery.'
Oxygen is also involved in a host of other processes, includ-
ing the oxidative killing of bacteria, angiogenesis, collagen
formation and the re-epithelisation of wounds.> Because
oxygen homeostasis is so crucial to life, it is of no surprise
that nature has evolved intricate systems for efficiently
extracting oxygen from the atmosphere and transporting it
to tissues.

The process of normal wound healing consists of three
phases: inflammation, proliferation and tissue remodelling.
In each of these steps, oxygen plays an important role.! For
example, during the inflammatory phase, reactive oxygen

ties involved in wound healing.3 During the proliferative
phase, oxygen increases keratinocyte differentiation and
migration and fibroblast and endothelial cell production, as
well as re-epithelisation through growth factor activation by
reactive oxygen species.” > Oxygen is also required for myo-
fibroblast differentiation, enzyme-mediated posttranslational
hydroxylation and collagen cross-linking.'®'* Finally, the
process of angiogenesis itself proceeds more efficiently and
is maintained by sufficient oxygenation of the tissue through
vascular endothelial growth factor (VEGF) production.>!%!3

Under normal conditions, the partial pressure of serum
oxygen (pO,) is typically around 100 mmHg, and once at
the capillary level, oxygen can diffuse up to 64 pm to suffi-
ciently nourish the skin.'® Studies have shown that the nec-
essary transcutaneous oxygen levels (tcPO,) for normal skin
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is 30 mmHg or greatelr.17 Levels of tcPO, lower than
30 mmHg are insufficient for tissue diffusion and lead to
abnormal wound healing.18 Under ideal conditions, when
tissue oxygen pressure is greater than 30 mmHg, normal
granulation tissue develops, and the wound follows the nat-
ural course of healing.18 However, wounds with 13 to
30 mmHg of oxygen show an accumulation of necrotic
debris and little or no granulation tissue, leading to slower
or even stalled healing.'® Finally, in skin with less than
13 mmHg of oxygen tension, the wound becomes gangre-
nous because there is insufficient oxygenation to support
the most basic metabolic activities.'®

Researchers once believed that the sole source of oxy-
gen available for biochemical processes in wound healing
was derived from the systemic circulation. It is now
thought, and supported by several studies, that skin can uti-
lise oxygen from the atmosphere. In vitro studies show that
oxygen passes through the stratum corneum and up to
0.30 mm of the superficial dermis.'®*° Similarly, in vivo
oxygen sensing assays, which are still being developed and
perfected, demonstrate that oxygen passes up to 0.25 to
0.40 mm below the skin surface.*!

Today, chronic wound treatment consumes 6 to 15 bil-
lion dollars in US health care costs, much of which is attrib-
uted to conditions that are associated with aberrancies in
oxygen delivery.”> Whether it is chronic non-healing
wounds caused by peripheral vascular disease, diabetes mel-
litus, pressure ulcers or chronic venous insufficiency, oxy-
gen is one of the limiting reagents. Thus, since the advent
of hyperbaric oxygen therapy (HBOT) by Henshaw in
1662, medicine has sought to improve oxygen delivery to
poorly healing tissue.*?

HBOT is defined as 100% oxygen delivered systemi-
cally at 2 to 3 times atmospheric pressure.** Tt is thought
that HBOT increases the pO, of oxygen systemically by
10 to 15 times the normal value, creating a gradient that
allows oxygen to diffuse into hypoxic tissue.”> The Under-
sea and Hyperbaric Medical Society indicates the use of
HBOT for several conditions, including decompression
sickness, acute thermal burns, arterial insufficiencies, refrac-
tory osteomyelitis, and compromised grafts and flaps as
well as necrotising and anaerobic soft tissue infections.?® In
addition, new studies have revealed a possible regenerative
component to HBOT therapy where the release of progeni-
tor cells has been demonstrated with its use.”” While HBOT
has advocates and numerous studies, and randomised clini-
cal trials point to its efficacy,”®>! HBOT occasionally
causes vasoconstriction, cellular toxicity and tissue dam-
age.>**%3 HBOT works through oxygenation of the sys-
temic circulation, and thus, conditions that limit blood flow,
such as peripheral vascular disease, limit the therapeutic
effects of HBOT.?? In addition, new studies demonstrate
that healing tissue relies more on oxygen diffusion rather
than the blood oxygen-carrying capacity.*> The paucity of

Key Messages

o The aim of this article is to systematically review literature on
topical oxygen therapy and micro/nanobubbles as they pertain
to tissue oxygenation and wound healing

e The MEDLINE search yielded 87 articles (12 MNB articles
and 75 TOT articles), of which 52 met the inclusion criteria
for this literature review (12 MNB articles and 40 TOT
articles)

e In this paper, we also present an analysis of the efficacy of
our micro/nanobubble generating technology and propose its
use as an agent for wound healing

e Our findings suggest that micro/nanobubbles may serve as a
simple, efficacious and cost-effective solution for the delivery

of oxygen to chronic wounds

blood vessels in ischaemic wound areas forces oxygen to
diffuse over large distances of 150 pm or more in order to
reach hypoxic tissue at the base of ulcers, limiting the
effects of HBOT.?* Finally, HBOT is expensive, time con-
suming, and requires patients to leave their homes for treat-
ment, all of which limit its utility and compliance.’

The limitations of HBOT, coupled with recent advances
in medical technology over the past several years, necessi-
tated the development of topical oxygen wound therapies
(TOT). The purpose of this review is to systematically
investigate the basic science and clinical literature of the dif-
ferent modes of TOT currently available and to introduce
micro/nanobubbles (MNBs) as a novel therapeutic modality
for oxygen delivery to wounds. Recognising that these topi-
cal therapies are relatively new and varied, the presented
studies are limited in scope and design and cannot be com-
pared with the extent of studies that relate to HBOT. How-
ever, it is also recognised that topical therapies may have
distinct and excellent advantages both in terms of simplicity
of application and in physiological modes of action.

2 | STUDY DESIGN

A PubMed literature search was conducted on June 10th to
search for articles on TOT and MNBs in relation to wound
healing. Keywords included the following: “topical oxygen
therapy,” “topical gaseous oxygen,” “topical dissolved
oxygen,” “topical oxygen emulsion,” “topical hyperbaric,”
“oxygen generating wound dressing,” “‘microbubbles,
nanobubbles,” “nanodroplets,” “wound healing,” “pressure
ulcer” and “diabetic foot ulcer”. This search strategy was
refined after conducting individual searches for terms previ-
ously used to terms used to describe TOT and MNBs. Addi-
tionally, our search strategy was reviewed independently by
a librarian. Referenced articles from the selected studies

9 <,

LLINT3



SAYADI ET AL.

were further evaluated for potential inclusion in our analy-
sis. In total, 75 unique studies were identified from our
TOT search, and 12 unique articles on MNBs as they per-
tain to liquid ventilation and wound healing were acquired.

3 | SELECTION CRITERIA AND DATA
COLLECTION

All abstracts were assessed if they used any form of TOT or
MNBs as a source of oxygen delivery. Articles were gener-
ally excluded if they considered the use of MNBs or TOT
for purposes other than wound healing and oxygen delivery.
The full text of each article was read critically by a research
assistant (J.P. or Z.0.) to ensure each article met selection
criteria. Each summary and article was then read and cross-
referenced for completeness (L.S.). In total, 52 articles
(12 MNB and 40 TOT) were included for the review. For
additional information, see the PRISMA diagram for TOT
and MNB papers (Figures 1 and 2)

4 | A.A GENERAL OVERVIEW OF
THERAPEUTIC TOPICAL OXYGEN

With a growing understanding of the limitations of HBOT,
a variety of TOT methodologies were developed to provide
more effective external oxygen delivery, bypass circulatory
issues and increase accessibility. The FDA classifies topical

)
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oxygen chambers for extremities as class II medical prod-
ucts.”® As such, TOT may be subject to regulation by the
FDA, but it clears the way for future therapies. To be an
effective TOT, a product needs oxygen to diffuse through
the liquid or solid phase of the tissue and migrate into
oxygen-deficient cells.>® In this review, we will examine
literature on the 4 main categories of TOT: (1) Topical pres-
surise oxygen therapy (TPOT), (2) Topical continuous oxy-
gen therapy (TCOT), (3) Wound dressing that release
oxygen, or (4) Topical oxygen emulsion. For each modality,
we will first review animal and in vitro literature followed
by translational research and case studies. Additionally, we
will present a study comparing topical dissolved oxygen
and topical gaseous oxygen on tissue oxygenation. We will
also review existing literature on MNBs when used for the
purpose of tissue oxygenation. Finally, Table 1 further
describes the study model and sample size for each TOT
article reviewed.

5 | B. TOPICAL PRESSURISED OXYGEN
THERAPY

Topical Pressurised Oxygen Therapy (TPOT) involves the
use of a chamber or bag, which encloses the affected areas
while administering 100% oxygen at a pressure that is
slightly above 1 atm.”’ This reduces costs, allows for in-
home treatment, and minimising the potential side effects
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associated with HBOT.?’ Additionally, TPOT, unlike

HBOT, provides no risk of systemic oxygen toxicity and,
thus, can be administered until the wound is healed.”’

Initial laboratory studies on TPOT were performed by
Fries et al and Gordillo et al who investigated the effects of
TPOT on excisional dermal wounds in pigs while evaluat-
ing wound oxygenation levels.*®* The authors demon-
strated improved healing, increased VEGF expression and
improved neovascularisation compared to the controls.”
Both studies found an increase in wound oxygenation and
reported pO, measurements of 40 mmHg in the TPOT-
treated wounds, which was more than 4 times that which
was measured in the control groups.*®?° Rao et al exposed
rats with ischaemic limb wounds to TPOT, showing
increased collagen fibre accumulation, better neovasculari-
sation and a significant decrease in healing time in the
wounds treated with TPOT compared to the controls.*’

Translational research supports literature on TPOT
obtained from animal models. Contrasting TPOT with
HBOT, Gordillo et al performed a clinical study in 2008 on
32 patients receiving HBOT and compared them with
25 patients receiving TPOT.*' A statistically significant
improvement in wound size was observed in the TPOT-
treated wounds, while no significant improvement was
found in the HBOT-treated wounds.*! Similarly, in a retro-
spective analysis of 58 wounds in 32 patients who received
TPOT, Gordillo et al reported a 75% overall healing rate
over 9 months of treatment in 2004.*

with reasons
(n=0)

FIGURE 2 MNB flow diagram: 423 articles
were obtained from search terms. After
reviewing all 423 abstracts, only 12 articles met
the inclusion criteria for complete full-text
assessment. These 12 articles were incorporated
in the systematic review

A series of clinical studies were performed by Black-
man et al to assess the effects of TPOT vs a conventional
compression dressing (CCD) on the healing of diabetic
foot ulcers (DFUs). Of the 28 patients enrolled in the
study, 17 received TPOT 5 times a week, while 11 received
CCD.* The TPOT-treated wounds were significantly
(P = 0.04) more likely to show complete epithelialisation
using TPOT (82.4%) than the CCD-treated wounds
(45.5%).43 In addition, there was a significant difference in
the median wound closure time in the wounds subjected to
TPOT versus compression (56 vs 93 days, respectively).*?
Tawfick et al studied the benefits of TPOT over CCD in
83 patients with refractory venous ulcers (RVU).** After
12 weeks, significantly more ulcers healed using TPOT
(80%) than CCD (35%), and the median healing time was
significantly shorter using TPOT (45 days) when com-
pared with CCD (182 days).** Additionally, Tawfick
et al reproduced the study with similar results in a larger
sample of patients.*’

Kalliainen et al retrospectively looked at 58 wounds in
32 patients using TPOT and showed that 65.5% of the
wounds healed.*® Copeland et al performed a retrospective
chart review examining 4127 wounds.*” Using their TPOT
protocol, 59.4% of chronic wounds decreased in size, while
41.6% of wounds showed no healing.*’” Chronic wounds
that were smaller and younger than 1-year-old experienced
the greatest benefit from TPOT.*” Both studies concluded
that TPOT improved wound healing.***’
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TABLE 1 Reviewed topical oxygen therapy study characteristics
Number of Wounds/Patients
Group TOT subtype Study model Treated
Fries et al*® TPOT Basic Science: Porcine dermal wound 20 wounds
Gordillo et al*! TPOT Basic Science: Porcine dermal wound 20 wounds
Rao et al* TPOT Basic Science: Rat ischemic limb wound 12 wounds
Gordillo et al*! TPOT vs HBOT Clinical: Non-randomised study HBOT: 32 patients; TPOT: 25 patients
Gordillo et al*? TPOT Clinical: Retrospective analysis of wounds 58 wounds/32 patients
Blackman et al*>  TPOT vs conventional compression dressing ~ Clinical: DFU TPOT: 17 patients; CCD: 11 patients
Tawfick et al TPOT vs conventional compression dressing ~ Clinical: RVU TPOT: 67 patients; CCD: 65 patients
Tawfick et al TPOT vs conventional compression dressing ~ Clinical: RVU TPOT: 46 patients; CCD: 37 patients
Kalliainen et al*®  TPOT Clinical: Retrospective analysis of complex wounds 58 wounds/32 patients
Copeland et al*’  TPOT Clinical: Retrospective analysis of wounds 4127 wounds/3462 patients
Fischer*® TPOT Clinical: Various wound type: ulcer, sores etc. 52 patients
Ignacio et al*’ TPOT Clinical: Grade III leg and foot ulcers 15 patients
Heng et al’' TPOT Clinical: Leg ulcers of various etiologies 6 patients
Heng'” TPOT Clinical: Gangreous wounds 24 wounds/15 patients
Heng et al* TPOT Clinical: Gangreous wounds 40 patients/79 wounds
Upson™* TPOT Clinical: 2 Case reports: leg ulcers from ischemia 2 patient
Leslie et al>® TPOT Clinical: Prospective randomised control on DFU 12 patients
Agarwal et al> TPOT Clinical: Human necrotising wound and trauma 3 wounds/3 patients
wound
Landau and TPOT + LEL Clinical: DFU 100 patients
Schattner®
Landau et al>® TPOT + LEL Clinical DFU + CVU 374 patients
Nie et al’’ TPOT + bFGF Clinical: 2 degree burn 34 wounds/25 patients
Kaufman et al®®  TCOT Basic Science: Guinea pig 3rd degree burns 8 wounds
Tracey et al® TCOT: Epiflo Basic Science: Dermal wounds in horse model 4 hourses; 16 wounds
Kaufman et al®>  TCOT Basic Science: Guinea pig dermal wound 4 wounds
Woo et al®! TCOT: Epiflo Clinical: Chronic wounds 9 patients
Yu et al®® TCOT Clinical: DFU 10 patients
Banks and Ho®®  TCOT: Epiflo Clinical: Stage IV pressure ulcers 3 patients
Roe et al'® TGO vs TDO Basic Science: Human skin samples Skin samples

Gueldner et al®*

Chandra et al®®

Lo et al®

Zellner et al®®

Paola et al

Ivins et al”°

Almeleh’!
Kellar et al®®
Lietal”

Liet al™
s

Davis et a

Onouye et al

Wound dressing: Ox66

Wound dressing: TOT oxygen generating
wound dressing

Wound dressing: Microfluidic bandage

Wound dressing: Dissolved oxygen dressing

Wound dressing: SOS

Wound dressing: Oxyzyme hydrogel

Wound dressing: Oxyge delivering hydrogel
Wound dressing: Oxygen-enriched dressing
TOE Perfluorocarbon Oxygen emulsion

TOE Perfluorocarbon Oxygen emulsion

TOE Perfluorocarbon Oxygen emulsion

Other: Oxygen mist

Basic Science: Human fibroblasts and human
keratinocytes

Basic Science: Porcine full-thickness surgical
wounds

Basic Science: 13-week old mice full-thickness
surgical wound

Basic Science: Porcine full-thickness surgical
wound

Clinical: DFU

Clinical: Leg ulcers

Clinical: 2nd Degree Burn
Clinical: Healthy human subject skin
Basic Science: Perfluorocarbon Oxygen Emulsion

Basic Science: TOE Perfluorocarbon
Oxygen Emulsion

Basic Science: 2nd degree partial thickness Porcine
wounds

Clinical: Post CO, Laser Resurfacing

n/a

5 pigs, 4 wounds per pig, 2 control
& 2 treated

5 mice with 5 wounds treated w/ oxygen

compared to controls

4 pigs, 8 wounds treated with oxygen
vs control

218 patients, 110 treated with oxygen
vs the rest control

31 patients; only outcome of 5 patients
reported

2 wounds/2 patients

50 subjects, no wounds

6 pigs, 6 wounds treated TOE vs control

6 pigs, 6 wounds treated TOE vs control

8 pigs, 40 wounds per pig treated with
oxygen vs control

3 wounds/3 patients

Abbreviations: CVU, chronic venous ulcer; DFU, diabetic foot ulcer; LEL, low energy laser; SOS, super-oxidised solution; TCOT, topical continuous oxygen therapy;
TGO, topical gaseous oxygen; TOE, topical oxygen emulsion; TOT, topical oxygen therapy; TPOT, topical pressuried oxygen therapy; RVU, refractory venous ulcer.
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From a clinical standpoint, Fischer was one of the first
to utilise TPOT on patients with pressure sores and skin
ulcers. He administered pure oxygen at 22 mmHg at 2 to
8 liters/minute.*® The result revealed that TPOT improved
the healing time and suppressed bacterial growth in diabetic
foot ulcers, venous stasis ulcers and pressure sores. Simi-
larly, Ignacio et al tested TPOT at 16 to 20 mmHg 2 times
a day for 45 minutes on grade-III ulcers and reported com-
pete healing in 11 of his 15 patients (73.3% healing rate).*’

For 15 patients who failed standard-of-care treatment for
gangrenous wounds, Heng et al administered TPOT for
4 weeks. After seeing a significant decrease in ulcer size, a
larger randomised control study was conducted with
40 patients and 79 wounds.'”>® At 12 months, 90% of the
ulcers in the TPOT group healed compared with 22% in the
control group.’® Heng et al observed a statistically signifi-
cant decrease in wound size and an increase in capillary den-
sity. Interestingly, in another study using TPOT on 6 patients
with leg ulcers of various etiologies, in 1986, Heng
et al reported histological signs of endothelial toxicity after
8 weeks of TPOT treatment, which reversed 1 to 2 weeks
post-cessation of the therapy.”’ These toxic effects mani-
fested clinically in white areas within the bed of granulation
tissue and were attributed to HBOT super-oxide radical for-
mation, which leads to highly toxic free oxygen radicals.

In order reduce the cost associated with prefabricated
TPOT, Agarwal et al used a disposable bag and oxygen cyl-
inder connected to a suction catheter to create a makeshift
TPOT delivery device.”” Patients with necrotising soft tissue
infections and large post-traumatic
improved healing, earlier granulation tissue development
and reduced hospital stays with this new technique.>>

Leslie et al performed a prospective randomised control
study in 28 patients with diabetic foot ulcers (DFUs), 12 of
whom received TPOT for 2 weeks.”® No significant
difference was seen in the number of microorganisms or
healing rates when compared to the controls.”® Upson per-
formed a case study on 2 recalcitrant leg ulcers and found
that the use of TPOT with cleanings, debridement and
change in positioning improved the rate of wound
healing.>*

Clinicians have also tested TPOT in combination with
other adjunctive modalities. Landau and Schattner studied
the combined effect of low-energy lasers (LEL) and TPOT
on DFUs in an open, uncontrolled study. TPOT was admin-
istered 2 to 3 times a week, followed by treatment with a
helium-neon low-energy laser.”> Of the 100 patients who
underwent this combined therapy, 81% were cured after
25 + 13 treatments administered over 3-2 + 1.7 months.”
A recurrence rate of 4% was found after a median of
18 months.> Landau et al further studied the combined
effect of using LEL and TPOT in 218 patients with DFUs
and 156 patients with chronic venous ulcers. Using the
same methodology stated above, the combined 347 patients
experienced a 78% wound closure rate, leading this group

wounds showed

to conclude that TPOT and LEL have a synergistic effect
on wound healing.>®

Nie et al studied the combined effects of treating deep
partial-thickness burn wounds with basic fibroblast growth
factor (bFGF) and TPOT. In their study, 85 patients were
assigned to either standard care, TPOT only, bFGF only or
combined TPOT and bFGF treatment groups.’” TPOT was
used for a total of 90 minutes a day for 3 weeks, and bFGF
was applied daily.”” The wound healing rates and the effec-
tiveness of the therapy were significantly improved in the
combined TPOT and bFGF group, leading the researchers
to conclude that this combined therapy was beneficial.”’

In summary, TPOT differs from HBOT in that it local-
ises the delivery of pressurised oxygen to a specific area.
As demonstrated above, TPOT appears to have positive
effects on wound healing, affecting angiogenesis, collagen
formation and re-epithelialisation rates. Despite these posi-
tive findings, certain limitations do exist. For example, the
mechanism of TPOT has not been fully substantiated, issues
with local wound bed endothelial toxicity have been
reported and treatment protocols/setting are not standar-
dised.?33%>1 1n addition, most TPOT studies are case
reports and small non-randomised clinical studies on
treatment-resistant wounds, which may limit the generalisa-
bility of TPOT therapy.*®

6 | C. TOPICAL CONTINUOUS OXYGEN
THERAPY

Another method of TOT is Topical Continuous Oxygen
Therapy (TCOT). Unlike TPOT, TCOT does not utilise pres-
sure or require a chamber to be administered.*® Instead, por-
table units that generate a pure, continuous flow of oxygen
for 24 hours a day for 7 days a week are used to promote
wound healing for as long as treatment is deemed
necessary.>¢

Kaufman et al was one of the first to use TCOT to treat
full-thickness burns in Guinea pigs. Burns treated with
TCOT for 25 days had a high degree of collagen maturation,
organisation, synthesis and improved wound healing.”®>°

Furthermore, Banks et al studied the effect of TCOT
using Epiflo (Ogenix Corporation, Cleveland, Ohio), which
is a portable transdermal oxygen delivery system that takes
oxygen from the air, concentrates it to 100% and delivers it
to the wound. When Epiflo was applied to 3 patients with
stage IV pressure ulcers, there was an improvement in
wound healing based on the wound dimensions and vol-
ume.®® Similarly, using Epiflo on 9 patients with chronic
wounds, Woo et al saw a statistically significant decrease in
the mean wound surface area (12.03-9.60 sz) and the
wound infection checklist score after 4 weeks (5.3-2.7).%! In
contrast, Tracey et al used Epiflo for the treatment of dermal
wounds in horses and found no difference in the healing
times compared with the controls.®*
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Finally, Yu et al used TCOT in 9 patients with DFUs
and observed a statistically significant decrease in wound
size compared with baseline measurements. Moreover, after
8 weeks, 90% of the ulcers in the TCOT group healed in
comparison with 30% using standard care.®®

In summary, TCOT delivers a continuous supply of
oxygen 24 hours a day, 7 days per week at atmospheric
pressure. The lack of a pressurised chamber adds to its por-
tability and has allowed engineers to develop TCOT devices
ranging anywhere from an occlusive dressing to battery-
operated oxygen extraction units.>® Several small studies
demonstrate that TCOT improves wound healing. However,
much like TPOT, larger studies are needed to thoroughly
investigate and assess its limitations.

7 | D. WOUND DRESSINGS AS TOT

Modern wound dressings and coverings that permit the
release of oxygen directly to wounds have been developed.
For example, Gueldner et al developed a polyoxygenetated
aluminium hydroxide compound termed Ox66™ (Hemotek,
LLC, Plano, TX, USA. Ox66 organises itself in a true clath-
rate while capturing oxygen in its lattice.®* Fibroblasts
doused in Ox66 facilitate a significant increase in wound
closure compared with controls when assessed by scratch
assay.®* Toxicity assays using Ox66 show minimal to no
toxicity and, at certain doses, improved viability in both
previously mentioned cell lines.®* Gueldner et al proposed
that Ox66 might serve as a chemical, topical, non-toxic
means of delivering oxygen in a cost-effective manner to be
used in conjunction with other therapies.®*

Chandra et al developed a wound dressing film that
chemically generates oxygen in situ using sodium percarbo-
nate and calcium peroxide to deliver oxygen to dermal
wounds for 3 days.®® They tested the efficacy of their dress-
ing on full-thickness surgical skin wounds created on 5 to
6-week-old pigs.®> After 8 weeks, the wounds treated with
this oxygen-delivery system showed faster wound closure,
better reepithelialisation, greater collagen deposition,
improved vascularisation and more well-defined edges.®

Lo et al developed a microfluidic bandage capable of
delivering 70% oxygen across a full-thickness wound in dia-
betic mice.®® This group did not see any significant differ-
ence in the closure rate and angiogenesis between the
oxygen-treated and non-treated wounds.®® However, colla-
gen maturity was greater in the treated wounds compared to
the controls.®® Consequently, their study suggests that oxy-
gen improves collagen maturity but not the total level of
collagen when using this microfluidic bandage.®®

Furthermore, Paola et al compared the use of a super-
oxidised solution (SOS), which creates oxygen and reactive
oxygen species, with a standard treatment (10% povidone
iodine solution) in 218 patients with grade II or III foot ulcers.
The findings from this study suggest that patients treated with
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SOS have significantly shorter healing times (43 days vs
55 days for control), fewer bacterial strains in their wound
and no adverse effects because of the treatment.®’

In addition, experiments performed by Zellner et al on
full-thickness surgical wounds further support the use of
dissolved oxygen dressings.®® They applied an oxygen-
dissolved gel or a control oxygen-free hydrogel to full-
thickness porcine wounds and found that the control
wounds failed to heal more often than the treated wounds
(6 out of 8 control wounds failed vs 2 out of 8 treated
wounds).®® Histologically, the oxygen-treated wounds dis-
played significantly less bacterial load, inflammation, der-
mal fibrosis and necrosis.®®

Kellar et al also demonstrated that the topical delivery of
oxygen to normal intact skin had histological benefits.®” In this
study, patients were asked to apply a topical oxygen solution
underneath a wound dressing to one leg while utilising the con-
tralateral leg as a control. At 8 weeks, the legs receiving excess
oxygen demonstrated a decrease in inflammatory markers and
skin desquamation/roughness and an increase in collagen I and
elastin levels.”” A histological examination showed an
improved skin texture and hydration when using the solution.®

Ivins et al used Oxzyme: (Oxyzyme™ Sterile Wound
Dressing with Iodine; Insense Ltd, UK), an oxygen-generating
hydrogel, for the treatment of 31 patients with venous ulcers
over a 6-week time course.”” The Oxyzyme dressing contains
the oxidase enzyme, which reacts with oxygen to produce
hydrogen peroxide.”® Hydrogen peroxide serves as carrier of
oxygen, and when it reaches the iodine component of the
dressing near the wound bed, it is converted into dissolved
oxygen. Results of this study should be interpreted with cau-
tion, however, as the authors only report on the outcomes of
5 of the patients, all whom experienced complete wound heal-
ing using the Oxyzyme dressing.””

TCOT has also been used as a delivery source for the
treatment of burns. For example, Almeleh et al used
oxygen-delivering hydrogel (ODH) on 2 patients with
second-degree burns. After treatment, these patients experi-
enced accelerated spontaneous neo-epithelialisation. This
group concluded that autologous epithelial regeneration is
stimulated by ODH.”"

Finally, topical oxygen delivery methods may also find a
use in cosmetic dermatology during postoperative care. Onouye
et al studied patients who underwent CO, laser resurfacing and
subjected half of these patients’ faces to an oxygen mist proto-
col for 5 days, while the other hemiface received a standard
occlusive dressing.”” However, they found that only crusting,
not wound healing, was improved using the oxygen mist.”

In summary, the classic wound dressing has been
updated in many ways to deliver oxygen to tissue. Wound
dressings deliver oxygen in different forms, from hydrogels
and films to microfluidic bandages. Oxygen-delivering
dressings have different efficacies, with some clearly
enhancing the rate of re-epithelialisation, while others show
minimal to no effects. Consequently, wound dressings that
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deliver oxygen are heterogeneous, and each form has both
advantages and limitations that need to be considered with
their application.

8 | E. TOPICAL OXYGEN EMULSION

Topical oxygen emulsion (TOE) offers a similar ability to
deliver oxygen directly to a wound as the dressings dis-
cussed above. However, instead of relying on oxygen-
generating materials, an emulsion containing supersaturated
oxygen is applied to the wound.”* The emulsion’s ability to
slowly deliver oxygen over a length of time comes as a result
of the perfluorocarbon droplets present in the emulsion that
increase the oxygen-carrying capacity of the solution.”® Sim-
ilar to the oxygen-delivering dressings, TOE increases the
wound re-epithelisation rate and improves other wound char-
acteristics (angiogenesis, granulation tissue formation and
collagen III deposition).”* Li et al demonstrated all of these
effects in a porcine model of partial-thickness burns.”>"*
Davis et al conducted a similar experiment on second-degree
burns, also showing improved reepithelisation.”” These lim-
ited results may support TOE as an adjunct to wound heal-
ing.”*”> However, data on the use of TOE are limited, and
more studies are required to determine it efficacy.

9 | F. TOPICAL GASEOUS VERSUS
TOPICAL DISSOLVED OXYGEN DEVICES

Although comparisons have mostly centred on HBOT vs
TPOT in general, topical gaseous and topical dissolved oxy-
gen devices have been compared by Roe et al in 2010. Roe
et al used an apparatus with human skin samples to evaluate
the depth and magnitude of oxygen penetration from Topi-
cal Gaseous Oxygen (TGO) and Topical Dissolved Oxygen
(TDO) devices. TGO devices derive 100% oxygen from the
air, while TDO devices use a fluid with atmospheric oxygen
at 159 mmHg.'® The group found that the TDO device was
significantly more effective at transferring oxygen across
the human dermis and had a higher peak oxygen level in
the tissue compared to TGO devices.'® In addition, TDO
had a greater depth of oxygen penetration through the skin
(>700 pm) when compared to TGO.'® As gaseous oxygen
must overcome the liquid phase before it diffuses into the
cell, researchers believe that TDO may be better for treating
wounds.'® This comparison is limited to 1 study, and there-
fore, it requires further investigation to determine whether
these conclusions can be generalised.

10 | G. MICRO/NANOBUBBLES

MNBs are miniature gaseous voids in fluid. The size cut-off
values for these miniature gas bubbles differ in the

literature, with authors classifying microbubbles anywhere
between <100 pM and 1 pM and nanobubbles as <1 pM in
diameter.”® For the purpose of this review, we will consider
microbubbles and nanobubbles as one entity called MNBs.
MNBs are used for a wide variety of purposes, including
waste water treatment, biofuel production and agriculture.’®
In the medical field, their unique properties are harnessed as
a contrast agent for ultrasonographic diagnostic scanning as
well as drug and gene delivery.”’””® Recently, there has
been an explosion of literature on MNBs; yet, very few
studies have looked into their application as an oxygen-
delivery source for wounds as demonstrated by our system-
atic search, which produced only 12 relevant papers.

The properties that make MNBs unique and contribute
to their versatility are their stability in water, slow rise,
gradual shrinkage and collapse.”® Because their internal
pressure is much higher than their local environment, MNBs
promote the solubility of their internal gas, often oxygen,
into the liquid in which they are produced.”® When MNBs
are produced in water using oxygen or air as gas impreg-
nated in their core, their negatively charged surface not only
prevents them from merging together, which would cause
them to lose their properties, but also attracts particulate
matter and assists in the removal of debris.”® In addition,
MNBs generate free radicals as they shrink, which poten-
tially contributes to their antibacterial effects.*>' Nanobub-
bles and microbubbles that shrink to become nanobubbles
exist in a solution for different time periods depending on
the conditions in which they are formed.®*

Upon a review of the literature, several studies using
MNBs for application in respiratory compromise were
found. For example, Feshitan et al demonstrated 100% sur-
vival for at least 2 hours using oxygen microbubbles for the
peritoneal oxygenation of rats experiencing acute lung
trauma.®® Given the effectiveness and safety of microbubble
oxygenation, Feshitan et al proposed using oxygen micro-
bubbles as a therapy for acute respiratory distress syn-
drome.*> Lundgren et al showed that the use of
intravascular microbubbles generated by an L.V. infusion
of 2% dodecafluoropentane enhanced the denitrogenation of
oxygen-breathing pigs compared with the controls.®
Lundgren et al proposed that treating decompression sick-
ness using microbubbles and oxygen improves the hypoxia
caused by the decompression bubbles.®® Similarly, Tysse-
botn et al showed that infused dodecafluoropentane forming
oxygen microbubbles improved hypoxia in pigs with right-
to-left shunts.®> Most importantly, the oxygenation lasted
for 2 hours post-infusion, and no signs of toxicity or pulmo-
nary air embolisation were observed.®’

MNBs have also been used for the purpose of total lig-
uid ventilation. In a study conducted by Kakiuchi et al,
saline-based MNBs were used in the total liquid ventilation
of anaesthetised rats.*® This group achieved an oxygen con-
tent of 45 mg/L using MNBs, which is nearly 8 times the
dissolved oxygen content of normal saline (6 mg/L).%
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Although the 40 minutes increase in life span using the
MNBs was considered impractical in application, Kakiuchi
et al are working on solutions with denser MNBs, which
they believe can significantly increase life span during total
liquid ventilation.®®

Matsuki et al was the first to apply MNBs to common
infusions in daily medical care.”®*® They demonstrated that
saline is the preferred solution for MNBs and that MNBs
formed in dextran showed the highest pO, at 60 minutes.*
Finally, their results suggest that MNBs in normal saline
(pO, 1060 mmHg) improved the pO, in blood under hyp-
oxic conditions.*

Although literature on the use of MNBs as a topical
agent for tissue oxygenation is sparse, several important
studies exist that demonstrate its utility. Studies performed
by a number of groups demonstrate the topical delivery of
microbubbles in vivo to mice, showing a significant
increase in the delivery of oxygen to hypoxic skin.®” At the
cellular level, nanobubbles not only counteract the hypoxia-
dependent dysregulation of the MMP/TIMP balance in
human keratinocytes but also reduce HIF-1-alpha signalling,
both of which have important implications in wound heal-
ing. This may relate to the intermittent application of the
technology that prevents a switch off of the hypoxic drive
induced by a constant flow of oxygen.*®*° In addition,
through florescent labelling, researchers show that nanobub-
bles are internalised by cells, including keratinocytes, with a
diffuse cytoplasmic distribution.®°' Furthermore, studies
looking into potential adverse effects of MNBs found no
associated cellular toxicity with their application.87_90

Recent advances in nanotechnology have allowed
researchers to modify MNBs, increasing their stability,
improving their oxygen delivery and adding additional
properties that make them even more suitable for applica-
tions in wound therapy.?” Many groups show that the modi-
fication of nanobubbles by adding Perfluoropentane (PFP)
or 2H, 3H-decafluoropentane (DFP) to their oxygenated
cores and chitosan or dextran to the nanobubble shells
increases the amount and the duration of oxygen released to
hypoxic tissue.*®°? In addition, the use of Chitosan in nano-
bubble shells has healing capabilities as well as anti-cancer
and anti-microbial properties.”>® The net positive charge
that the nanobubbles attain, with the addition of chitosan, is
also favourable to the skin due to its anionic nature.””-*®
Furthermore, compounds such as PFP and DFP, which are
added to the nanobubble core, are inert and non-toxic to
normal human cells.”

Interestingly, ultrasound improves the gas delivery
kinetics by nanobubble cavitation and increases the skin’s
permeability to MNBs through sonophoresis.?”*~1%
In vitro and in vivo studies demonstrate that an ultrasound
improves the ability of both liquid- and gel-coated nanobub-
ble formulations to deliver oxygen through the skin.®”"!
Furthermore, studies investigating liquid vs gel formulations
of coated nanobubbles result in higher and longer-lasting

oxygen levels in the tissue using either preparation when
compared with the controls. However, compared to the lig-
uid formulations, the gel formulations have lower net oxy-
gen levels and faster release dynamics, which is attributed
to the gel preparation process.®’

One important theoretical concern that exists for MNB
therapy is the potential for a gas embolism, especially after
intravenous infusion of the MNBs. However, this concern
significantly less with tissue

would be their local

application.

11 | DISCUSSION

Chronic non-healing wounds constitute a major health prob-
lem, amounting up to 15 billion dollars in US health care
costs.”® Perturbations in oxygen delivery and its content in
tissue are identified as major factors in non-healing wounds.
Local tissue hypoxia is ever so common in wounds and is
related to health problems, such as diabetes, venous stasis,
and peripheral vascular disease and when coupled with
ischemia reperfusion cycles, can lead to even further tissue
damage.'® Thus, maintaining an appropriate level of
oxygen in these wounds should be a therapeutic goal for
clinicians.'%

Since the advent of HBOT in 1663, clinicians have
sought to improve and maintain oxygen levels in tissue.
Therapies such as HBOT and TOT were developed in an
attempt to accelerate wound healing. However, both HBOT
and TOT have many challenges, including serious compli-
cations, cellular toxicity, and the lack of a standardised pro-
tocol for administration.>'°® Furthermore, HBOT requires
continuous monitoring, the technology and the equipment
are costly and not portable, and the efficacy is limited to
certain wounds. On the other hand, TOT has a restricted
ability to penetrate the skin, and endothelial toxicity is
reported with its use. Finally, TOE, which is a promising
new technique that delivers emulsion-containing supersatu-
rated oxygen to wounds, is dependent on a synthetically
manufactured dressing that cannot yet be used as an irriga-
tion solution and continues to face technological chal-
lenges.'%® Clearly, advances in the delivery of oxygen to
wounds have been made, but there are still many aspects of
this therapy that require improvement.

MNBs offer a new technology for creating oxygen-
enriched fluids that can bypass many of the issues associ-
ated with HBOT and TOT. Using MNB technology, fluids
can be saturated with various gases such as oxygen. MNBs
have several unique properties as follows: (1) they can
remain in an aqueous solution for extended periods of time;
(2) they serve as a reservoir for oxygen; and (3) their
charged surface attracts debris from the local environ-
ment.®*'%7 For these reasons, interest in MNBs is growing,
yet their implementation in medicine is limited. Given their
ability to carry oxygen and their stability in solution, MNBs
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are an excellent vehicle for external oxygen delivery to tis-
sues, and their application in wound healings still remains
to be fully explored.®’

Furthermore, recent research suggests that bacterial bio-
film and leukocytes consume oxygen in chronic wounds,
depleting oxygen from the specialised cells involved in
orchestrating wound healing.'®® Likewise, anaerobes that
flourish in this oxygen-depleted state are increasingly patho-
logical and resistant to antibacterial treatments.'®® To address
these issues, surface modifications to MNBs, such as
changes to the surface charge, can be engineered to increase
the interaction and penetration of MNBs into biofilm.'"
Once in the biofilm, MNBs produce reactive oxidative spe-
cies and can deliver antibiotics and oxygen impregnated in
their cores, all of which help fight infection.®!

Interestingly, preliminary work performed at our lab at the
UC Irvine Center for Tissue Engineering has not only shown
that MNBs can hold significantly more oxygen than the con-
trols but also that the high oxygen content of MNB fluid can
be sustained over hours (Figure 3). In addition, when expos-
ing adipose tissue to MNBs for 15 to 30 minutes, there is a
statistically significant reduction in oxygen radicals, which we
attribute to a lesser degree of hypoxia compared to the con-
trols. We are currently working on translating these in vitro
results by assessing fat graft retention rates using MNB-
soaked lipoaspirate in a murine model. Our lab is also cur-
rently investigating the application of MNBs through the use
of our patent-pending technology for wound healing, as well
as for the purposes of tissue transplantation and replantation.

We hypothesise that the MNB technology is a novel and
promising alternative to hyperbaric and topical oxygen ther-
apy for the treatment of wounds. With the advent of nano-
technology, the surface and core of MNBs can be modified to
increase their stability, efficacy and ability to interact with
biofilm. The increased stability of MNBs in solution may
allow for the production of off-the-shelf solutions and gel for-
mulations. Finally, when used to irrigate wounds, we believe
MNBs solutions would: (1) increase wound oxygen tension,
(2) provide debridement, and (3) promote healing. Conse-
quently, MNBs may provide an inexpensive and simple
method for improving oxygen delivery to wounds that can be

7 75 8 85

FIGURE 3 pO, measurements of micro/
nanobubbles (blue) with oxygen-impregnated
core made in water compared with control
(orange) composed of dissolved oxygen gas in
water. pO, measured in solution using
(ABL800 FLEX Radiometer Medical ApS,
Copenhagen, Denmark)
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use in wards or the clinic without the cost and risks associated
with current methods of oxygen delivery.
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