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ABSTRACT

Increased microbial burden within the wound often complicates wound healing and
may lead to subsequent infection or delayed healing. Here, we investigate a novel
topical for addressing wound contamination that utilizes hyperosmotic saccharides
with a cell membrane disrupting emulsion. These hyperosmotic nanoemulsions
(HNE) were administered topically in a full-thickness biopsy model of wound
healing. Results show that HNE were well tolerated in noninfected animals with no
indications of dermal irritation or acute toxicity. Additionally, HNE was able to
reduce bacterial bioburden (Escherichia coli and Enterococcus faecalzs) levels by 3
logs within 24 h when wounds were inoculated with 5 X 10° total CFU. These
bactericidal values were similar to wounds treated with silver sulfadiazine. Wound
closure showed HNE wounds closed in 7.6 = 0.2 days while SSD and control
required 10.2 = 0.4 and 10.4 = 0.3 days, respectively. HNE maintained a moist
wound environment, were well debrided, and exhibited improved hemostatic
response. Further histological examination revealed enhanced granulation tissue as
compared to silver sulfadiazine and control cohorts. These results were
corroborated with 3D topographical imprints of the wounds at day 14 which
qualitatively showed a smoother surface. In contrast, silver sulfadiazine appeared
to delay wound closure. Finally, dermal sensitization and irritation studies
conducted in guinea pig and rabbits did not reveal any acute dermal side effects
from HNE exposure. The cumulative data indicates nonantibiotic-based HNEs may
be a promising topical treatment for the management of contaminated wounds.

Damage to the skin disturbs the protective barrier and
exposes the body to microbial contamination. In the event of
an infection, the prolonged inflammatory response increases
trauma and prevents restoration by inhibiting wound heal-
ing. Complications lead to increased morbidity that requires
complex management practices with higher treatment costs.
While wound management practices vary by region, anti-
biotics are often employed to treat infected wounds.
Unfortunately, antibiotic misuse has increased the incidence
of drug resistance, a problem that continues to undermine
the effectiveness of standard antibiotics. Alternative topicals
include biocides such as peroxides, iodine, chlorhexidine
derivatives, and ionic silver. The majority of these com-
pounds are antiseptics, however, and prolonged exposure
has been shown to inhibit the biological processes involved
in wound healing. For example, recent evidence has sug-
gested silver-sulfadiazine is cytotoxic toward fibroblasts and
keratmocytes critical components involved in wound heal-
1ng ~* Further, oxidizing species such as hydrogen peroxide
can lead to excess scar formation by initiating the production
of proinflammatory mediators. Current treatments are lim-
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ited in application as the antimicrobial benefits must be bal-
anced with side effects.

Recently, there has been a growing interest in the use of
nonionic hyperosmotic saccharides as topical agents in
wound management. For example, application of sugars and
honeys has been shown to be effective in a variety of injury
modalities ranglng from postoperative wounds and burns to
diabetic ulcers.” Hyperosmotic agents are purported to bene-
fit wound healing by creating a bacteriostatic env1ronment
and increase microcirculation at the tissue level.® Spec1f1-
cally, the hyperosmolarity reduce bioburden by dehydrating
pathogens. Reduction of intracellular water content stalls
DNA synthesis and replication in a variety of bacterial
strains. However, through adaptive physiologic mechanisms,
certain strains such as Staphylococcus aureus remain viable
even at osmolarities approaching the solute saturation
limit.”

We previously postulated that osmotic mediated dehy-
dration can be amplified by disrupting the protective cell
membrane. We provided formal evidence that a surfactant
in concert with hyperosmotic stress induced synergistic

669



Hyperosmotic nanoemulsion evaluation in guinea pig FT wounds

wide spectrum bactericidal action.'' In particular, these
hyperosmotic nanoemulsions (HNE) were composed of a
thymol nanoemulsion suspended in a nonionic hyperos-
motic matrix of monosaccharides. The work demonstrated
the nanoemulsion damaged the cellular membrane and
amplified the leakage of intracellular contents in the pres-
ence of an osmotic gradient.

To further explore HNE as topical antimicrobial agents,
our goal was to evaluate the safety and efficacy of HNE in
a full-thickness dermal injury model in rodents. HNE
safety was initially assessed using noninfected wounds
while in follow-up studies, the wounds were contaminated
with a mixture of Escherichia coli and Enterococcus fae-
calis. Wound healing was quantified with several metrics
including wound planimetry, wound cultures, measurement
of wound bed color, surface topology, and histological
examination. Controls included standard gauze dressings
and a commercially available silver-sulfadiazine cream.
Finally, to assess possible dermal side effects, additional
sensitization and irritation studies were conducted in
rodents and rabbits using U.S. EPA guidelines. Experimen-
tal results demonstrate proof of concept and implementa-
tion of HNE as a possible treatment candidate for acute
wound management.

MATERIALS AND METHODS

Wound dressings

Absorbent cotton gauze pads and silver-sulfadiazine (SSD:
PAR Pharmaceuticals, Woodcliff Lake, NJ) cream served
as comparative controls. The HNE-based gel was created
by heating (60°C) a 1% (w/w) solution of thymol (Sigma-
Aldrich, St. Louis, MO) in distilled water and sonicating
to form a uniform dispersion.'’ The suspension was then
diluted 20-fold in distilled water and combined with 45 g
of finely ground sucrose (Sigma-Aldrich, St. Louis, MO),
45 g of fructose powder (Sigma-Aldrich), and 3 g of com-
mercial grade petrolatum (Unilever, Rotterdam, The Neth-
erlands) to increase viscosity. The final mixtures were
stored in sterile 60 mL syringe tubes prior to use.

Preparation of bacterial inoculum

E. coli ATCC 8739 and E. faecalis ATCC 29212
(ATCC—Manassas, VA) were used to inoculate wounds in
the contamination animal cohorts. The microbes were cul-
tured in Mueller—Hinton II  cation-adjusted broth
(TekNova, Hollister, CA) and incubated at 37°C prior to
inoculation. Both microbial suspensions were adjusted to
an approximate density of 1.0 X 10® CFU-mL ™" as deter-
mined by McFarland standards using a spectrophotometer
(Lambda 25 Spectrophotometer, Perkin Elmer, Waltham,
MA) at 600 nm. The final inoculum comprised 0.5 mL of
both the E. coli and E. faecalis suspension in ~1:1 combi-
nation. The inoculum was delivered to the infected group
approximately 60 min after insult as a 50 pL aliquot (or
5.0 X 10° total CFU) by a sterile pipette to the center of
the open wound and dispersed with a sterile inoculum
loop. The aliquot was allowed to air dry at room tempera-
ture (25°C) for another 60 min to allow cellular adhesion
before applying the designated treatment and covering
with the bandages.
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Wound healing model

Adult female guinea pigs (=400 g) were used for the
study. Guinea pigs were housed with a single cage mate,
provided food and water ad libitum and maintained on a
12 h light-to-dark cycle in a facility held at room tempera-
ture (23 °C). The guinea pigs were maintained according to
the regulations of the Laboratory Animal Welfare Act and
the studies were approved by the Purdue University Ani-
mal Care and Use Committee. Full-thickness dermal inju-
ries of anesthetized adult female guinea pigs were
performed using a standard excisional biopsy procedure.
Briefly, guinea pigs were anesthetized with an intramuscu-
lar injection of a ketamine—xylazine—acepromazine cocktail
(60-10-0.6 mg/kg body weight, respectively). The dorsal
hair was groomed with clippers and then shaved with a
razor blade. An 8 mm diameter sterile biopsy punch was
used to create two full-thickness dermal injuries on oppos-
ing sides of the dorsal surface on each guinea pig. The
biopsy did not penetrate the panniculus carnosus layer.
Following insult, the animals were randomly divided into
two groups: (i) noninfected and (ii) infected. The nonin-
fected group consisted of 9 animals, with n =9 each for
the cotton gauze and HNE treatment. These animals were
sacrificed at day 14. The infected group consisted of a 34
total animals. Four of the 34 animals were sacrificed at
day 2 (n =4 for HNE and SSD; n =8 for control) and 3
more sacrificed at day 7 (n =3 for HNE and SSD; n=6
for control). The remaining 27 animals were harvested at
day 14 (n =22 for HNE, n =11 for SSD, n =21 for con-
trol). For all subjects, the injury sites were randomly desig-
nated as gauze control, SSD, or HNE. All treatments were
covered with an absorbent polyurethane foam pad (Xtra-
sorb, Derma Sciences, Princeton, NJ) and occlusive dress-
ing (Tegaderm Film, 3M, St. Paul, MN) and secured in
place with adhesive retention tape (HypaFix® - Smith and
Nephew, Inc., St. Petersburg, FL). Control gauze pads did
not receive the foam padding as the cotton provided
absorbency. Bandages were changed daily in all cases until
complete wound closure. Experimental methods and results
for dermal sensitization and irritation studies can be found
in Supporting Information, Section Al.

Wound bed morphometrics

Tissue morphometrics were acquired daily until sacrifice
point to monitor wound closure. Rate of closure over time
was measured through laser assisted planimetry (Silhouette
mobile scanner, Aranz Medical, Christchurch, New Zea-
land) to provide an accurate, reproducible and user-
independent means of tracking wound boundaries.'*'*
Rate of closure was reported as percent wound contraction
using the following: Wound contraction (%) = (A9 — A,/
Ap X 100, where Ay is the original wound area (¢ = 0) and
A, is the area of wound at the time of the measurement.

Wound bed color

Wound bed color was measured as an indirect, noninvasive
means to assess changes in tissue inflammation. The color
was measured with a tricolor stimulus chroma meter (CR-
200, Minolta, Osaka, Japan) and the values reported in the
CIE L*a*b* color space. The coordinate systems repre-
sents luminosity (L*) and chromaticity (hue) values that
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Figure 1. (A) Representative 100
images  of noninfected  ful-  ~
thickness dermal injuries treated i 80
with wet-to-dry dressings (control) E ---- — Control
or the hyperosmotic nanoemulsion ﬁ ............... froil,. || R w e HNE
(HNE). Scale: 8 mm. (B) Measure- & 60 -
ment of wound closure as a func- 5 §
tion of time. HNE significantly @ 40
accelerated time to complete clo-
sure, requiring 8.4*0.2 (SEM)
days to heal, while control 20
required 9.2+ 0.2 days for com-
plete closure (*p<0.001). [Color 0 .
figure can be viewed in the online 0 4 6 8 10
issue, which is available at B )
wileyonlinelibrary.com.] Time (Days)

indicate position between green and red (*a*) and yellow
and blue (+b*)."> The luminosity value of L* =0 corre-
sponds to black with L* =100 representing white. Values
toward +a* indicate red while negative values toward
—a* indicate green. Similarly, a direction toward +b*
indicate yellow while negative values indicate blue. Both
a* and b* coordinates range from —127 to +128. Shifts in
the luminance and chromaticity were recorded during
bandage changes for the first 3 days of treatment.

Bacterial contamination quantitation

Microbial contamination for infected animals was con-
ducted via a modified lavage method. Twenty-four hours
postsurgery, wound fluid samples were obtained by pipet-
ting 50 pL of sterile saline into the wound bed. The saline
solution was then used to lavage the wound and then
removed with the pipette. The eluent was then serially
diluted and plated onto 10 cm Mueller—Hinton II plates.
After 18 h culture at 37°C, colonies were subjected to
quantification and identification. Quantification was done
by manual counting. Identification of specific strains of
was accomplished using a pathogen recognition technique
called BARDOT (bacteria rapid detection using optical
scatterinﬁg technology) that relies on forward-scatter pheno-
typing.'®!” Briefly, BARDOT exposes individual bacterial
colonies on the agar plate to laser light and then collects
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the elastically scattered light pattern (i.e., scattergram)
using a CCD camera. These scattergrams were analyzed
using Zernike moment invariants and principle component
analysis and compared to scattergrams of known bacteria.
In this experiment, scattergrams of the reference E. coli
and E. faecalis bacteria were first obtained for 18 h culture
time in Mueller—Hinton I agar and digitally stored. Scat-
tergrams from the collected samples (serially diluted) were
then compared to the reference library and classified
according to their geometric features.'®!” Colonies outside
of the confidence interval to the reference strains were
characterized as “other.”

Wound bed topography

Surface topography of wounds was assessed with close-
range photogrammetry. After euthanization, a thin coating
of petroleum jelly was brushed onto the wounds. Next, a
model cast of the wound was created with a two-part poly-
urethane resin mix. Multiple high-resolution images of the
plastic model were captured using a DSLR camera with a
1:1 macro lens. Photographs were then processed with
reconstructive software (PhotoModeler, Vancouver, BC,
Canada) in the automated mode using nontarget feature
points to create a 3D topographical reconstruction.
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Figure 2. (A) Representative
images of infected full-thickness
dermal injuries treated with wet-
to-dry dressings (control), silver
sulfadiazine (SSD), or the hyperos-
motic nanoemulsion gel (HNE).
Scale: 8 mm. (B) HNE significantly
accelerated time to complete clo-
sure, requiring 7.6+0.2 (SEM)
days to heal, while silver required
10.2+04 days and control
required 10.4 = 0.3 days for com-
plete closure. * demarcates signif-
icance between control and
treatment, ¥ denotes significance
between control and silver, and %
conveys significance between sil-
ver and treatment at p<0.05.
Two symbols represent signifi-
cance at p<0.001, respectively.

—e— Control
-e- 88D
HNE

B Time (Days)

Histology

At designated time points of (2, 7, and 14 days), animals
were sacrificed and the tissue processed for histological
examination. Tissues were formalin-fixed, paraffin-embed-
ded, cut to 3 pum thickness, and stained with hematoxylin
and eosin (H&E) for histologic examination. Tissue sec-
tions were also gram stained (MacCallum—Goodpasture
Tissue Gram stain).'® A blinded board certified veterinary
pathologist using a modified histomorphologic grading
scale presented in Figure 6. Criterion included
reepithelialization ~ epidermal  hyperplasia,  dermal
separation, presence of inflammatory cells, adnexal
structures, collagenization, fibroblast proliferation and
organization, neovascularization, and hemorrhaging.
Fibroblast infiltration and proliferation parallel to the
wound bed characterize mature granulation tissue. Small-
caliber lumen, plump endothelial cells, and perivascular
space suggesting leakage of serum distinguish neovascula-
rization morphologically. The maximum obtainable score
was 16 (normal skin). In addition, slides at day 14 were
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[Color figure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com.]

10 12

imaged and the dermal thickness measured digitally. The
dermal thickness served as an indicator of granulation tis-
sue thickness. Measurements were first taken from the sur-
rounding uninjured skin (two averaged measurements)
which served as the baseline thickness. Next, the dermal
thickness, as measured from the top of the epithelium to
the muscle layer, at the wound cross-section midpoint was
used. Normalized dermal thickness was taken to be
injured/uninjured thickness.

Statistical analysis

Unless noted, all data are reported in the form of AVG =
SD. Statistical analysis was conducted using a one-way
ANOVA and a repeated measures ANOVA for longitudi-
nal wound data. A log-transformation was employed for
data involving bacteria. The Tukey post hoc test was used
for post hoc evaluation. In all cases, a p value of <0.05
was considered significant.

Wound Rep Reg (2016) 24 669-678 © 2016 by the Wound Healing Society
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Figure 3. (A) Wound bed color was recorded with a chroma meter and reported in the CIELAB color space, represented by
luminosity (L*) and color direction (a*, b*). Luminosity gives the relative brightness ranging from black (L* =0) to white
(L* =100). Color direction gives the relative hue ranging from red to green (+a* to —a*, respectively) and yellow to blue (+b*
and —b*, respectively). (B) Color values and wound color progression as a function of treatment.

RESULTS and HNE treated injuries by 94.92 * 1.96%. Overall, con-
trol injuries required 9.22 = 0.15 days for complete closure
while HNE treated injuries required 8.44 *0.24 days to

Wound planimetry close. The rate of wound closure and corresponding photo-

The first experimental group of noninfected cohorts served
to demonstrate baseline healing of a standard full-thickness
wound. Representative images of treated wounds and rate
of healing are shown in Figure 1. When compared to con-
trols, the HNE groups demonstrated significantly faster
wound closure. After 8 days of treatment, the wound area
in control injuries was reduced by 73.43 = 3.63% (SEM)

E. faecalis B  Global Plate
la

E. coli Detection

Too Few to Detect

Too Few to Detect

graphs for wounds infected with E. coli and E. faecalis,
are shown in Figure 2. Microbial contamination signifi-
cantly impaired early stage wound closure in the control
treated injuries. The overall size of some wounds
increased, as much as 14.29% in a number of control cases
on day 1 following surgery. In comparison, SSD-treated
wounds did not initially enlarge, but ultimately prolonged
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Figure 4. Microbial contamination was measured by plating dilutions and counting colonies using the BARDOT forward light
scattering identification system. (A) Reference scattergrams of E. coli and E. faecalis illustrating reproducible scattered light
patterns used to identify recovered wound pathogens. (B) Left: representative images of scanned global plates used for for-
ward light scattering identification. Middle and right: scattergram analysis of as a function of treatment group after 24 h. (C)
Total colony counts of wound surface isolates following 24 h of treatment and (D) colony distribution of the microbial popula-
tion as a function of treatment.
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Figure 5. Histological sections taken from representative guinea pig skin samples at 2, 7, and 14 days. Each column repre-
sents the treatment groups with H&E staining, with gram staining at day 2 (second row). At 2 days, a large number of red
blood cells (RBC) were present in the control wound, whereas in SSD cases, necrotic cells can be observed (black arrow).
Scale: 2 mm. Higher magnification gram staining showed some minor aggregates of superficial bacteria in control and HNE
(black arrows), but no signs of deeper bacterial residence. Scale: 100 um. By day 7, (E) reepithelialization and (G) granulation
tissue were evident. In the control group, a hard scab (S) had formed in most cases. Open arrows depict the leading edge of
epithelium. Scale: 500 um. At day 14, all wounds were reepithelialized with collagen fibrils present (Col). A keratinized layer
(K) can also be found in all cases. Scale: 1T mm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

healing by inhibiting final attempts to reepithelialize. After
8 days of treatment, control injuries had reduced in size by
59.86 £4.91% and SSD-treated injuries had reduced by
76.61 =2.55%. HNE produced the greatest reduction in
area with a 99.22 = 0.78% decrease after 8 days of treat-
ment. Control injuries required 10.4 = 0.3 days and SSD-
treated injuries required 10.2 * 0.4 days for complete clo-
sure. Conversely, HNE-treated injuries healed significantly
faster, requiring only 7.6 = 0.2 days to heal.

Wound bed color

Wound bed color results shown in Figure 3 are reported in
the CIELAB color space and re})resented by luminosity
(L*) and color direction (a*,b*)."> Control-treated injuries
demonstrated a continuous reduction in luminosity
(L*=—A5.5) and a slight shift toward an orange-red
(Aa* = —1.6, Ab* =2.4) after 3 days. Color trends were
consistent with macroscopic observation (Figure 2) as the
control-treated injuries appeared dark red and formed a
thick black scab in the days following insult. SSD-treated
wounds demonstrated a rapid increase in luminosity
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(L* = +A7.5) and transition away from red (Aa* = —10.6,
Ab* =1.1). The color values correspond to observation as
SSD-treated wounds appeared white and did not develop a
scab. However, the pale white color was potentially a
result of the white excipient base of the SSD cream.
Finally, HNE-treated wounds expressed an increase in
luminosity (L* = +A2.1) and a significant chromaticity
shift toward green (Aa* = —5.0, Ab* = 1.5). Representa-
tive images of HNE-treated wounds confirm color observa-
tions, illustrating a light pink wound with limited scab
formation through the course of the study.

Bacterial counts

Wound bed contamination was evaluated by vigorous
lavaging of the wounds and recovering the fluid for colony
enumeration. Samples were serially diluted and cultured to
quantify the level of contamination and distribution of strains.
Pathogen identification was accomplished using BARDOT,
forward-scattering phenotyping.'®!” Reference scattergrams,
shown in Figure 4A, were used to identify microbial strains
isolated from the wound bed. Representative cultures

Wound Rep Reg (2016) 24 669-678 © 2016 by the Wound Healing Society
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Figure 6. Histological assessment of tissue extracts at days 2, 7, and 14. (A) Histology score (+SD) based on the criterion
outlined in above table for each treatment methodology. (B) Box plot of dermal thickness measurements acquired at day 14.
Results were normalized to uninjured control tissue for comparison (*p < 0.05). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

acquired from the wound bed are shown in Figure 4B. Results
show a significant reduction in bacteria colony forming units
for SSD- and HNE-treated wounds in comparison to the con-
trol (Figure 4C). Control injuries were found to have approxi-
mately 54 X 10° CFU 24 h postinoculation, whereas
2.6 X 10° CFU were recovered from SSD-treated sites. Simi-
larly, 3.15 X 10° CFU were found in the HNE-exposed
wounds, representing a 2.5 log reduction in CFU compared to
control. BARDOT was performed on the culture dishes,
which identified E. coli and E. faecalis in the control samples
but only E. faecalis in the SSD and HNE treatment groups.
(Figure 5D). No other bacterial strains were detected on a
consistent basis.

Histology

Histological sections (Figure 5) of the harvested tissue at
days 2, 7, and 14 further corroborate the macroscopic
results. Samples for the gauze control at Day 2 demon-
strated hemorrhaging as shown by the extravasated red
blood cells at the wound surface and a mixture of neutro-
phils and macrophages. The inflammatory cells are an
expected component of normal wound healing to clean up
debris of damaged cells. In contrast, both SSD and HNE
showed less hemorrhage at day 2 but SSD had more

Wound Rep Reg (2016) 24 669-678 © 2016 by the Wound Healing Society

necrosis in the superficial stratum spinosum of the epider-
mis. Gram staining of slides on day 2 showed no signifi-
cant bacteria penetration into the tissue. However, small
aggregates of bacteria were observed superficially in the
HNE and control samples. Most of these aggregates were
isolated, with few being above the newly formed epithe-
lium. By day 7, the wounds were histologically similar but
the gauze controls were marked with a thick scab of exu-
date and cellular debris. Reepithelialization from the mar-
gins was observed in all wound groups at day 7.
Granulation tissue was also evident. At day 14, all wounds
were completely reepithelialized. Cumulative histological
scores using the grading criteria (Figure 6) depict the larg-
est differences within the first week of healing. However,
measurements of dermal thickness show the control
wounds were thinner with less granulation tissue present
on day 14. Control wounds were 73.9 £5.1% of the nor-
mal thickness, whereas HNE and SSD were 81.0 =4.7%
and 76.4 = 7.4%, respectively (Figure 6B).

Wound bed topography

Later stages of wound closure were evaluated by monitor-
ing tissue remodeling using close-range photogrammetry.
Images of the wound bed at day 14 were used to

675


http://wileyonlinelibrary.com

Hyperosmotic nanoemulsion evaluation in guinea pig FT wounds

Control

Connell et al.

Figure 7. Representative close-range 3D photogrammetry of control, SSD, and HNE-treated wounds from the infected cohort
after 14 days. In the SSD treatments, incomplete reepithelialization was observed in some instances and manifested as minor
depressions in the central wound region (black arrows). Scale: 2 mm.

reconstruct the 3D geometry of the lesion for topographi-
cal assessment. Representative models are shown in Figure
7. Analysis revealed that HNE-treated wounds produced a
much smoother surface and more complete tissue fill in
comparison to either the untreated control or SSD treated.
In several cases of SSD, a small craterous region in the
wound center was observed.

DISCUSSION

Hyperosmotic agents, including simple sugars and honeys,
have been described in ancient Egyptian texts for applica-
tions in wound management. Formal clinical evidence for
the use of ordinary table sugar in wounds was first pre-
sented in series of case studies by Herszage.'” Treatment
with granulated sugar indicated a 99.2% success rate
across various wound etiologies with complete wound clo-
sure within 9 days to 17 weeks. The authors observed that
wound odor and secretion drastically reduced by 24-96 h
following sugar application. Further, Knutson et al. con-
ducted clinical trials using a mixture of granulated sugar
and povidine—iodine to treat infected burns and ulcers.*™*'
Key findings from the report indicated sugar treatment
reduced bacterial contamination, debrided eschar, and pro-
moted granulation tissue.

Historical studies suggest hyperosmotic agents exert their
action via a couple of mechanisms: (i) the hygroscopic
action of the sugars help maintain a moist wound environ-
ment and increase tissue microcirculation; and (ii) the sugars
inhibit microbial growth by presumably lowering the local
water activity.”*? Other reviews describe sugar treatments
may reduce edema and provide an acidic pH that favors
wound healing.5 Despite promising attributes, sugars alone
are bacteriostatic as microbes can adapt to hyperosmotic
stress. For example, in response to hypertonicity, bacteria
can decrease membrane fluidity by altering phospholipid
composition and/or accumulate compatible solutes (i.e., K*
ions, specific amino acids, quaternary amines, and the sug-
ars) either through de novo synthesis or by active transport
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to offset the extracellular solute concentration.'®*® This
adaptive machinery allows many bacteria strains to remain
viable even at osmolarities near the solubility limit of the
applied solutes.”'” In the case of honey, additional antimi-
crobial agents may be present, such as peroxides and non-
peroxide compounds.* However, the concentration of these
chemical species varies widely with honey type and
origin.?¢

Accordingly, our rationale was to develop a hyperosmotic-
based treatment that retained the positive wound healing ben-
efits of sugars while providing controlled antimicrobial prop-
erties. We previously demonstrated that disrupting the
bacterial cell membrane impaired microbial adaptation to
even mild shifts in osmotic stress.'' Combining membrane-
disrupting nanoemulsions with hyperosmotic sugars (HNE)
synergistically facilitated the efflux of intracellular water,
K", and nucleic acids across the compromised bacterial
membrane. The broad-spectrum bactericidal action occurred
in a timeframe of a minute or less in vitro."'

The purpose of this study was to further explore HNE as
topical antimicrobial. We first assessed the effects of HNE in
noncontaminated wounds using a full-thickness dermal injury
in guinea pig.*”*® Results demonstrate that HNE was well
tolerated and caused minimal bystander damage. Indeed, in
the noninfected pilot cohort, the HNE-treated wounds healed
slightly faster than wet to dry bandaged control wounds
(8.44+0.24 vs 9.22+0.15 days for total wound closure).
The HNE wounds maintained a moist wound environment,
whereas the control group tended to form a scab a week after
wound creation. No signs of periwound inflammation or
adverse reactions were observed with HNE. Based on these
results, the HNE dosing and application schedule was kept
the same for the remainder of the experiments.

Subsequent studies involved inoculating wounds with a
mixture of E. coli and E. faecalis bacteria at a total of
5 X 10° CFU. Wet-to-dry gauze (control) and SSD/foam
combination were used as comparison. These contamina-
tion studies showed several differentiating characteristics
between treatments. First, the control wounds had a very
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slight reduction in the amount of recovered surface bacte-
ria (<1 log) compared to the initial inoculum. In many
cases, >1 X 10° CFU were recovered from the wounds
after 24 h. Analysis of the wound CFU using forward opti-
cal light scattering showed the distribution of bacteria to
be approximately 75% E. coli and 25% E. faecalis. In con-
trast, both SSD and HNE demonstrated bacteria levels
~2.5 logs lower. Only E. faecalis was recovered from the
SSD- and HNE-treated wounds. Other types of competing
microbes were not prevalent in the wound at 24 h. The
shift in the wound flora is noteworthy. It may be possible
that E. coli may be more sensitive to hyperosmotic stress
or less adapted to the wound microenvironment compared
to E. faecalis. Such findings may offer insight into the role
of hyperosmotic topicals in treating specific strains in pol-
yflora wounds.

In addition to bacteria enumeration, wound bed color
and wound size were used to track healing. Wound color
has been used to assess viability of chronic wounds®’ and
we have adapted the method to assess inflammation or
color changes during healing. Wound bed color data show
control wounds got darker (luminance) over time while
chromaticity values depict a shift toward red. These bright-
ness and hue shifts for the control are indicative of either
inflammation or poor hemostasis and this was confirmed
both visually and histologically as many red blood cells
were found encrusted on the surface of the control group.
The HNE group color did not change significantly while
the SSD became less red and brighter. This was due to a
bleaching effect between the SSD paste and the underlying
tissue.

The primary difference between the treatments, how-
ever, was in rate of wound closure. Control wounds often
expanded after the first 24 h after wound creation and con-
tamination. This is in contrast to the noncontaminated pilot
animals, in which the wounds decreased in size postinjury.
Other studies have shown similar findings, in which
infected wounds may enlarge prior to contraction.”® No
marked dilation in wounds was found in either SSD or
HNE groups and all wounds were fully contracted and
similarly epithelialized by day 14. However, at day 14, a
thicker granulation layer was found in the HNE cohort vs
control as reflected in the dermal thickness measurements.
Histologic parameters (Table 1) were scored visually by a
blinded pathologist at days 2, 7, and 14. The semiquantita-
tive trends show marked histological improvements such
as less hemorrhage in HNE during the first few days after
injury. Gram stained tissue at 2 days postsurgery revealed
that most of the initial bacteria had been cleared, with
some small pockets of superficial bacteria. No signs of
deeper bacterial infiltration were found. At days 7 and 14,
the differences between treatments tended to converge.

While the HNE treatment improved wound healing, the
obtained data also suggest silver may be cytotoxic and
delay healing. Others have shown in vitro that the minimal
biocidal concentration of silver is sufficient to cause irrep-
arable damage to fibroblasts and keratinocytes.2 We found
that silver caused more necrosis in the apical cell layers at
2 days postinjury. Histologically, SSD also had a poorer
hemostatic response compared to HNE with less fibrin
present. Bandage removal on days 9-10 showed some
wounds were not fully closed and there were small local-
ized areas of bleeding. In comparison, both HNE and con-
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trol wounds did not exhibit hemorrhage at the same time
points. Three-dimensional topographical reconstructions of
the wounds displayed a slight depression in the wound epi-
center 14 days postinjury, which was coincident with a
very thin epithelial layer. The aggregate findings suggest
SSD may disrupt or delay the migration of keratinocytes
when applied daily.

We hypothesize that the HNE acts similarly to hyperos-
motic sugars in which the hygroscopic effect actively
draws wound fluids through the wound bed to irrigate,
debride, and help maintain a moist wound. This is sup-
ported both histologically and macroscopically as depicted
by a thin fibrin layer in the HNE group instead of a thick
hard scab in the control. The high level of exudate pro-
duced by topical HNE should be managed properly, as
normal wet—dry bandages caused some maceration in pilot
animals (data not shown). Therefore, we recommend the
use of highly absorbent dressings in conjunction with
hyperosmotic preparations. The nanoemulsion component,
in conjunction with hyperosmotic stress, most likely acts
as a preservative that further discourages microbial growth
in the moist wound environment. While hyperosmotic
sugar and honeys have been associated with scar reduc-
tion,>'*? scarring could not be appropriately assessed in
this acute timescale. Nonetheless, the 3D topographical
reconstructions of wounds corroborate enhanced granula-
tion tissue formation and improved wound fill vs control.
We speculate these characteristics may potentially decrease
the appearance of scarring. Finally, dermal sensitization
and irritation studies in rabbit and guinea pigs did not
reveal any side effects from HNE as the treatment received
the lowest observable score of O in these tests (Supporting
Information, Al). As a result, the applied HNE dose does
not appear to induce sensitization or acute dermal
irritation.

Future studies concerning the dose response of HNE are
warranted. For example, we currently used a low concen-
tration of thymol by weight, but higher concentrations may
possess improved antimicrobial activity. Additionally,
other wound modalities, including partial thickness inju-
ries, burns, and chronic wounds may benefit from the
hyperosmotic treatments. In conclusion, HNE improved
granulation tissue formation and wound closure in both
noninfected and contaminated wounds. No adverse reac-
tions were seen. Based on these findings, hyperosmotic
emulsion treatments may have potential in the manage-
ment of acute wounds.
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