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Abstract

Autologous skin cell suspensions (ASCS) can treat burns of varying depths with the advantage
of reduced donor site wound burden. The current standard primary dressing for ASCS is a
nonabsorbant, non-adherent, perforated film (control) which has limited conformability over
heterogeneous wound beds and allows for run-off of the ASCS. To address these concerns, a
novel spray-on polymer formulation was tested as a potential primary dressing in porcine deep
partial thickness (DPT) and full thickness (FT) wounds. It was hypothesized that the polymer
would perform as well as control dressing when evaluating wound healing and scarring.

DPT or FT wounds were treated with either a spray-on poly(lactic-co-glycolic acid) (PLGA)

and poly(lactide-co-caprolactone) (PLCL) formulation or control ASCS dressings. Throughout
the experimental time course (to day 50), we found no significant differences between polymer
and control wounds in % re-epithelialization, graft-loss, epidermal or dermal thickness, or %
dermal cellularity in either model. Pigmentation, erythema, elasticity, and trans-epidermal water
loss (TEWL), were not significantly altered between the treatment groups, but differences between
healing wounds/scars and un-injured skin were observed. No cytotoxic effect was observed in
ASCS incubated with the PLGA and PLCL polymers.

These data suggest that the novel spray-on polymer is a viable option as a primary dressing, with
improved ease of application and conformation to irregular wounds. Polymer formulation and
application technique should be a subject of future research.

Keywords

Autologous skin cell suspension; Solution-blow spinning polymer; Wound dressings;
Hypertrophic scarring; Skin grafting; Burn wound healing

Introduction

Excision and autografting is the standard of care for full thickness burns [1-3]. Given

the significant pain and morbidity associated with donor sites, many strategies have been
developed to minimize their size, including the use of meshed split thickness skin grafts
(mSTSG). Despite the use of meshing, donor site wounds can be large, especially for burns
involving large total body surface areas (TBSA).

The standard tools for meshing STSGs can only expand a skin graft at a ratio of 6:1.

The RECELL® System is a device that allows clinicians to prepare an autologous skin

cell suspension (ASCS) containing both types of epidermal-derived cells (keratinocytes and
melanocytes), and dermal-derived cells (fibroblasts) using a small donor piece of autologous
skin [4]. Use of this system can result in graft expansion of up to 80 times, allowing for
reduced donor site burden. The applications of ASCS range from superficial donor site
wounds [5], to deep partial thickness (DPT) burns [6,7] and burns with heterogeneous depths
including those with full-thickness involvement. ASCS has also been used in combination
with widely meshed STSG to treat deeper burns without intact dermis [8]. The benefits

of using ASCS in this way was recently demonstrated in a multi-center, prospective, within-
subject controlled, randomized clinical trial by Holmes et. al [8]. In a cohort of 30 patients,
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comparable healing outcomes were shown between wounds treated using mSTSG alone and
wounds treated with ASCS and STSG meshed using the next highest factor compared to the
control. [8].

Optimal wound healing after treatment with ASCS depends heavily on the primary dressing
utilized, since this dressing determines whether cells adhere to the wound bed and remain
undisturbed. In addition to cellular components, non-cellular components contained within
the buffer of ASCS are hypothesized to positively contribute to wound healing, and thus,
keeping them contained within the wound bed is desirable. Conventional approaches for
dressing ASCS, ranging from thin polymer films to alginate hydrogels, must be cut to

size and can be unwieldy and time-consuming to apply, especially for large TBSA burns
with surface and contour irregularity. Many have poor wound adhesive properties that
involve forceful application and frequent dressing reinforcement to achieve tissue adherence.
Paradoxically, the non-biodegradable adhesives and synthetic polymers that are used in
commercial dressings can increase in adhesion over time and are not absorbed by the body,
resulting in pain and trauma to the wound bed with dressing changes and disruption of the
healing epidermis [2,4,8,9]. In order to prevent the accumulation of hematoma and exudate,
care teams must regularly assess wounds by performing frequent dressing changes. This

is not only a resource and time intensive process, but it can also be painful and traumatic
for patients, especially pediatric patients. Additionally, despite use of sterile technique,
frequent hands-on dressing changes can lead to wound infections with subsequent delays

in healing which result in the development of functionally and psychologically debilitating
hypertrophic scar.

The non-absorbant, non-adherent, poly ethylene terephthalate perforated film dressing that
is currently supplied in the RECELL® kit was used in the two randomized control trials
conducted in the United States for FDA approval [7,8]. While no formal user assessment for
the dressings was present in these studies, the following information is based on the usage
of this dressing by our clinical team of four independent surgeons. Positive attributes of this
film dressing include its permeable, non-adherent and transparent qualities which allow for
wound site monitoring without disruption of the healing process. However, it can be difficult
to apply as it tends to fold itself, and often multiple sized sheets or custom cut pieces are
involved to fit well within a heterogeneous wound bed. When considering the ideal wound
dressing, the currently provided dressing does meet some criteria, however an alternative
may be more appealing to improve ease of use. It may also potentially improve clinical
outcomes.

A critical unmet need is a wound dressing that is intrinsically adhesive, easily applied,

and cost-effective, while maintaining the principles of optimal wound care. Polymer fiber
mats have a wide range of surgical and medical applications including tissue engineering,
drug delivery, enzyme immobilization, as well as wound dressings [9]. Electrospun fibers
are often seen as a candidate material, with a process that employs an electric field

to produce long, ultrafine fibers. Electrospinning generally necessitates specialized high
voltage equipment with electrically conductive target substrates, while also being hindered
by a slow deposition rate [10]. Such limitations thereby restrict use of electrospinning

for direct deposition of fiber mats in surgery. Solution blow spinning (SBS) presents a
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simple airbrush apparatus, in stark contrast to an electrospinning setup, and is defined

by spray deposition of a concentrated polymer solution from a volatile solvent that
evaporates completely upon deposition. [10] SBS polymer fibers are similar in morphology
to electrospun fibers and can be used to coat topographically diverse surfaces. Thus they

can be applied to wounds of any size, depth, or shape with the advantages of sterile,
hands-free application, and rapid deposition rates with improved ease of use when compared
to electrospun fibers [11,12].

The use of SBS for in vivo surgical interventions is well documented, ranging from
intrinsically adhesive antimicrobial burn wound dressings [13], pressure sensitive tissue
adhesives [14,15], to surgical sealants for intestinal anastomosis [16,17] and hemostatic
injuries [18]. Success of these materials in their respective applications is owed to either a
thermally- or pressure-mediated adhesive event occurring in vivo, coupled with a distinctly
fibrous morphology that facilitates absorption and reduced loss of wound exudate. In the
setting of SBS burn wound dressings, these characteristics provide a continually moist
wound environment to foster normal wound healing processes. This results in decreased
frequency of necessary dressing changes and reduced stripping of healing epithelium in
comparison to clinically adopted polyurethane controls [19,20]. This dressing, if chosen by
the provider, can thus be left in place until the wound bed is re-epithelialized, after which the
dressing will fall off on its own.

Selection of polymer(s) in SBS applications dictates macroscopic behavior upon deposition.
The aforementioned applications of burn wound dressings, surgical sealants, and hemostatic
agents all employ a basal combination of biodegradable polymers with varying molecular
weights. These biodegradable and bioabsorbable polymer blends are initially deposited in

a fibrous state, but then transition to a soft, conformal film. While poly(lactic-co-glycolic
acid) (PLGA) and polyethylene glycol (PEG) blend materials proved to be successful in
their respective success metrics, such as antimicrobial efficacy and sealant strength, large
wound areas are often moist and necessitate improved wet tissue adherence without risk

of stripping healthy epithelial tissue. This challenge—which is especially relevant when
treating wounds with ASCS—uwas addressed by employing poly(lactide-co-caprolactone)
(PLCL), a biodegradable elastomer that functions as a pressure sensitive adhesive (PSA)
with strong wet tissue adhesion (> 1 N/cm?) when blended at select molecular weights

[14]. We have recently demonstrated that an adhesive layer of PLCL allows for complete,
timely wound healing in a partial-thickness porcine wound model, with adhesive strength
comparable to a commercial bandage [15].

Conventional bandages and wound dressings are coated with PSAs of varying formulations,
whose mechanism of action is dependent on an ability to apply pressure to the adhesive-
tissue interface without any curing event. These commercial PSAs are typically composed
of non-degradable synthetic polymers and resins, and have shown to cause not only allergic
contact dermatitis, but also strip a healing wound of newly deposited tissue [19]. Herein,
we used tissue adhesive PLCL deposited via SBS to seal wound areas after administration
of ASCS. The tacky PLCL layer also anchored a secondary layer of PLGA fibers that were
deposited via SBS to ensure absorption of wound exudate, secure the dressing, and form a
non-adhesive barrier to prevent unwanted adhesion or detachment of the PLCL layer.
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The purpose of the current work was to investigate the ease of use, wound healing trajectory,
and subsequent hypertrophic scar development when SBS polymer is used as a primary
dressing over DPT and FT wounds treated with ASCS or ASCS+mSTSG. The red Duroc
pig model was used in this study due to its known ability to form fibroproliferative scars in
comparison with the Yorkshire pig [21-24]. It was hypothesized that wounds treated with
polymer as a primary dressing would exhibit egivalent or faster wound healing and reduced
scarring due to improved adherence of the ASCS upon application.

2. Materials and methods

2.1. Preliminary cell viability assay

ASCS were isolated and diluted to a concentration of 106 cells/mL with the RECELL®
System according to the manufacturer’s specifications (AVITA Medical, Valencia, CA)
using the supplied lactated ringer buffer. Solid polymer disks were prepared by depositing
10 mg of PLGA, PLCL, or blended PLGA/PEG by SBS and sterilized under ultraviolet
light. Each disk was then added to 1 mL of ASCS and incubated for 1 h. The polymer
disk was removed and a live/dead assay (Invitrogen, L3224) was performed on a subset of
the sample. Each sample (/7= 3 per polymer) was imaged 4 times in a different location.
Images were processed using a color filter in ImageJ to identify stained live and dead cells,
allowing for the quantification of the viability of the cells in the ASCS after exposure to
polymer. 50% dimethyl sulfoxide was used as a positive control, and the negative control
was ASCS incubated with no polymer. All results are normalized to the viability produced
by the negative control.

2.2. Animal model

All animal procedures were reviewed and approved by the Institutional Animal Care and
Use Committee prior to beginning the experiments, and animals were housed and cared for
in compliance with all relevant regulations governing animal use in research. Details about
their husbandry, enrichment, and anesthesia and monitoring have been previously published
according to the ARRIVE guidelines [25]. Castrated, male, red Duroc pigs were used in this
study to eliminate the potential for estrous cycling to effect wound healing [26-29].

2.3. Deep partial thickness

Two Duroc pigs (Animals 1 and 2) were used in the deep partial thickness (DPT) wounding
portion of the experiment. Each animal had two wounds on each flank for a total of n

= 8 total wounds for each treatment: control or polymer). On Day 0, digital images and
baseline 3 mm punch biopsies of un-injured skin were taken from a site far removed from
the wounding area. DPT wounds were created with a dermatome (Zimmer Biomet, Warsaw
IN) set to 0.03”, and 2 passes were taken to create a 10.16 cm x 10.16 cm wound. A 2

cm x 3 cm STSG was harvested from the flank using a dermatome at a depth of 0.012”
[20] and processed using the RECELL® System to obtain ASCS (AVITA Medical, Valencia,
CA). The 6 mL of prepared ASCS was split into 4, and each syringe was used to spray 1.5
mL over each DPT wound using a ratio of 1 to 80 (Video 1). A small aliquot of ASCS was
collected for ASCS characterization as described below. The approximate duration between
the final ASCS preparation step in the kit and wound application was 20-30 min. The
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same operator prepared the ASCS in all 4 animals (as well as the preliminary cell viability
assay) to attempt to reduce inter-operator variability in the makeup of ASCS cell populations
that can be affected by the scraping technique unique to each operator. On half of the
wound beds, the nonabsorbent, non-adherent, poly (ethylene terephthalate) perforated film
(TelfaClear™ dressing, Covidien, Dublin, Ireland) was applied directly after spraying cells
for the primary dressing. Herein, this will be referred to as the control dressing. The other
half of the wounds were dressed with the PLCL/PLGA polymer as the primary dressing.
Herein, this will be referred to as the polymer dressing. Treatment with either primary
dressing was alternated in each animal due to the potential for effects of the cranial-caudal
axis (Supplemental Table 1). In all wounds, the primary dressing was followed by Mepilex
Ag (Molnlyke, Sweden) to provide padding. A neoprene vest was applied over the dressings
to keep them in place and to protect the wound sites [21].

Supplementary material related to this article can be found online at doi:10.1016/
j-burns.2022.01.012.

2.4. Full thickness

An excision, meshed split-thickness skin graft (mSTSG), ASCS model was used as
previously described with modifications [25]. Two Duroc pigs (Animals 3 and 4) were used
in the full thickness (FT) wounding portion of the experiment. Each animal had two wounds
created on each flank for a total of n = 8 total wounds for treatment: control or polymer.

On Day 0, full thickness wounds were created with a dermatome (Zimmer Biomet, Warsaw
IN) set to 0.03”, and 3 passes were taken down to subcutaneous fat to create a 10.16 cm by
10.16 cm wound. A goulian knife was used to excise excess tissue within the wound area
down to the same plane. A dermatome was used to harvest STSG from the upper portion of
the leg at a depth of 0.012” [25]. A 1 cm x 6 cm portion of the STSG was saved in buffer

to be used for processing into ASCS. The remainder of the STSG was meshed 4:1 (Brennan,
Molnlycke) and subsequently applied to the wound beds. The donor sites were dressed with
Mepilex Ag (Molnlycke).

The 6 cm? STSG that was not meshed was processed using the RECELL® System to

obtain ASCS (AVITA Medical, Valencia) as described above in the DPT section. On half

of the wound beds, the nonabsorbent, non-adherent, poly (ethylene terephthalate) perforated
film dressing (TelfaClear™, Covidien) was applied directly after ASCS spray application
for the primary dressing (Fig. 1A). The other half of the wounds were dressed with the
polymer as the primary dressing. In all wounds, Xeroform™ dressing was the secondary
dressing (Medtronic, Minneapolis, MN) (Fig. 1B). Finally, a tie-over bolster dressing (Dukal
Corporation, Ronkonkoma, NY) was constructed as the final component of the dressing
(Fig. 1C). Application of the vests were the same as for DPT wounds.

2.5. Polymer formulations and solution blowspinning process

Both 100 mg/mL PLGA (Mn = 48,800 + 450 Da, 50:50 L:G, $15/g, $18/wound, Lactel) and
200 mg/mL PLCL (Mn = 35,000-45,000 Da, 70:30 L:CL, acid endcap, $18/g, $11/wound,
Akina) compositions were dissolved in ethyl acetate and loaded into a portable airbrush

(0.2 mm nozzle, G22, Master Airbrush) attached to either 16 g CO, cartridges (Cycling
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Deal) for DPT wounds or an air compressor (Temptu) for FT wounds with regulators set

at pressures of 20 psi on both instruments. 5-6 mL of tissue adhesive PLCL was initially
spray-deposited following administration of ASCS as to ensure full wound coverage. This
initial dressing was followed by spray deposition of 5-6 mL of non-adhesive PLGA dressing
to create a dual-polymer layer material. An example of the polymer application process for
DPT wounds is shown in Video 3 and for FT wounds in Video 4.

Supplementary material related to this article can be found online at doi:10.1016/
j-burns.2022.01.012.

Experimental time course for all wounds

For both wound depths, on postoperative Day 3, all secondary dressings were removed,
leaving the control or polymer dressings in place. For the full thickness wounds, most of the
polymer was removed as it stuck to the Xeroform. As such, the polymer was re-applied after
sample acquisition to mimic the control timeline of application (this was not necessary for
the DPT wounds). For DPT wounds, 3 mm punch biopsies were taken of the wound sites.
For FT wounds, 3 mm punch biopsies were taken of the autografted sites (from specific
areas of mSTSG and interstices were taken through the dressings) and of the donor sites.
Following the acquisition of samples, the secondary dressings were replaced, Mepilex Ag
was added for additional padding, and a neoprene vest was secured around the animal. The
donor sites were dressed as described above for Day 0.

On Day 5, a wound assessment took place. All dressings were removed carefully. Digital
pictures were taken of the autografted sites percent re-epithelialization assessments. For FT
wounds, graft-take was assessed using a subjective scale [22]. Punch biopsies for DPT and
FT wounds were taken as above. The wounds were re-dressed as described above.

On Days 7, 9, and 12, a wound assessment took place as described above. Punch biopsies
were taken as described above. Additionally, non-invasive skin probes were used to measure
erythema, melanin, elasticity, and TEWL (Delfin Technologies, Stamford, CT). On Days 22,
29, 36, 43, and 50, a scar assessment took place, similar to the wound assessments above.

2.7. ASCS characterization

2.8.

Cell counts and percent viability were assessed using standard trypan blue dye

techniques. Invitrogen™ Molecular Probes™ LIVE/DEAD™ Viability/Cytotoxicity Kit, for
Mammalian Cells (Invitrogen, L3224) was used according to the manufacturer’s protocol as
previously described [25]. Eight fields of view were imaged. This process was repeated for
each cell suspension.

Re-epithelialization

Digital pictures were used to measure percent re-epithelialization using ImageJ software
(NIH, Bethesda, MD).
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2.9. Graftloss grading scale

For the FT wounds, graft-loss was assessed by two independent blinded assessors on

Day 5 after the primary dressings were removed as previously described [25,30]. The
questionnaire consists of the following questions, and a grade was assigned at the end based
on Supplemental Table 2. Average scores based on both assessors were calculated.

1. Is there any graft loss?

2. If yes, assign percentage

3. If yes, assign likely cause (shear, infection)
4. Assign Grade

2.10. Histology

2.10.1. Sample processing—Punch biopsies which were previously formalin-fixed
were embedded in paraffin (FFPE) and sectioned at 6 um on glass slides. Sections were
stained with H&E and imaged under bright field microscopy.

2.10.2. Epidermal and dermal thickness—H&E-stained sections were imaged at
5X. Epidermal and dermal thickness were measured for the DPT wounds on Days 5, 9, and
12. For the FT wounds, Days 3, 7, and 12 were used. In these biopsies from FT wounds,
one was taken from an area within the interstice, while one biopsy was taken from an area
that had adhered mSTSG. Data was collected for each of these sample types separately. One
section per animal per time point was viewed, and 3 measurements were taken per section.
Measurements were carried out using Image J.

2.10.3. Dermal cellularity—H&E-stained sections were imaged at 40X. Dermal
cellularity was measured at the same timepoints as described above for epidermal and
dermal thickness. One section per animal per time point was viewed, and 3 distinct high-
powered fields of view were taken per section. Within ImageJ, the images were converted to
an RGB stack. A threshold of 149 was set, and the % area of the image stained purple by
hematoxylin was obtained for each image.

2.10.4. Statistical analysis—Relative cell viability between different polymer
formulations was compared using a one-way ANOVA with Tukey’s correction for multiple
comparisons. In both DPT and FT wounds, percent re-epithelialization between polymer vs.
control groups was compared using a two-way ANOVA with Sidak’s correction for multiple
comparison at each timepoint after injury. In both DPT and FT wounds, elasticity, TEWL,
erythema, and melanin were compared between polymer, control, and un-injured skin using
a two-way ANOVA with Tukey’s correction for multiple corrections at each timepoint

after injury. In both DPT and FT wounds, epidermal and dermal thickness were compared
between polymer and control groups using a two-way ANOVA with Sidak’s correction for
multiple comparisons at each timepoint after injury. This was a pilot study, and therefore, a
power analysis was not calculated to determine the number of wounds or scars that would
have been necessary to achieve 80% power to reject the null hypothesis.
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3. Results

3.1. PLGA and PLCL polymers do not negatively affect ASCS viability

ASCS are sensitive to processing conditions and certain compounds [14]. To assess the
compatibility of various tissue adhesive polymers that have previously been used as wound
dressings [4,13], the ASCS were processed in the presence of polymer disks and then the
relative viability of the resulting ASCS was assessed (Fig. 2). Due to the high proportion

of water-soluble low molecular weight PEG necessary for effective adhesion, PLGA/PEG
had a significantly negative effect on relative cell viability. However, the two biodegradable,
structural polymers tested, PLGA and PLCL, had no effect on relative cell viability. We
hypothesized that a combination of PLGA and PLCL could be used to create an adhesive
wound dressing, given the inherent tissue adhesion supplied by elastomeric PLCL and the
high strength of fiber-forming PLGA.

3.2. The wound healing trajectory in deep partial thickness wounds that were sprayed
with ASCS is not negatively impacted by application of polymer as a primary dressing

3.2.1. Autologous skin cell suspension characterization—Trypan blue staining
revealed that the ASCS was ~45% viable, and a total of 8.9-9.55E5 cells/cm? were sprayed
onto the DPT wounds (Supplemental Fig. 1, Supplemental Table 3). Fluorescent staining
revealed that the ASCS was ~40% viable, and a total of 7.88E5-1.31E6 cells/cm? were
sprayed onto the DPT wounds.

3.2.2. Gross images of healing wounds—In Animal 1, the most cranial wound that
was treated with polymer had a hematoma formation under the polymer that can be seen in
the images through Day 9. Despite this formation which caused the wounds to look largely
different from each other through Day 9, the wounds healed in a similar manner, and were
100% re-epithelialized by Day 12 based on images (Fig. 3A). By Days 44 and 50, some
degree of hypertrophy can be visualized, although this is not different based on primary
dressing treatment. In Animal 1, the caudal wounds healed similarly to each other, and to the
cranial wounds (Supplemental Fig. 2).

In Animal 2, the most cranial wounds healed similar to each other despite primary dressing
application (Supplemental Fig. 3). This animal was also 100% re-epithelialized by Day 12.
Beginning at Day 29 and through Day 49, large areas of hypertrophy can be visualized that
progress to be hyper-pigmented versus normal skin. This hypertrophy occurred regardless of
primary dressing, but displayed a greater degree of hypertrophy compared to Animal 1. The
caudal wounds in Animal 2 were similar to the cranial wounds (Supplemental Fig. 4).

3.2.3. Re-epithelialization—The percent re-epithelialization between control vs.
polymer groups was not different at any time point (Fig. 3B). At Day 5, re-epithelialization
percentages were 68.84 + 9.8% vs. 70.49 £ 8.4% in control vs. polymer groups. Wounds
progressed to ~80% re-epithelialized at Day 7% and 90% at Day 9 irrespective of primary
dressing type. Wounds were 100% re-epithelialized by Day 12.
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3.3. Non-invasive skin probes

3.3.1. Pigmentation and erythema are not altered by DPT wound treatment
with control or polymer as primary dressing over ASCS—Erythema was not
different between control vs. polymer groups at any time point (Fig. 4A). Erythema
decreased over time. ASCS-treated DPT wounds resulted were statistically significant hypo-
pigmented at Days 9 and 12 (Uninjured=890.42 + 21.05 vs. control=808.83 + 18.17 and
polymer=765.50 £ 23.03, n = 4, p < 0.01, Day 9). Melanin index in the DPT healing wounds
vs. un-injured stabilized at Day 22, and remained constant throughout the time-course
through Day 50. Although hypopigmentation was observed between the DPT wounds and
uninjured skin, this was not dependent on primary dressing type (Fig. 4).

3.3.2. Elasticity and TEWL are not altered by DPT wound treatment with
control or polymer as primary dressing over ASCS—We found no significant
differences in elasticity between control vs. polymer groups at any time point (Fig. 4C).
Stiffness decreased over time in the DPT wounds, and hence, elasticity improved. Overall,
we found few differences in TEWL at any of the time points. At Day 29, scars resulting
from polymer-treated wounds had increased TEWL compared to un-injured skin (p < 0.05).
At Day 36, un-injured skin had increased TEWL compared to both treatment groups (Fig.
4D).

3.4. Histological data

3.4.1. Architecture—Representative H&E staining of DPT wounds are shown (control
vs. polymer: Fig. 5, Supplemental Fig. 5). We found some appreciable differences in
histomorphometric structure between groups. The control tissues contained more adnexal
structures that in the polymer groups. In addition, a trend towards increased inflammatory
cell infiltrate was present in the polymer treated wounds at Days 5 and 9.

In both groups, at Day 5, neo-epidermal formation can be viewed with a surrounding area

of inflammatory cell infiltrate. The remaining reticular dermis contained a % cellularity that
was normal compared to un-injured skin. We found some instances of epidermal pockets
that may suggest that ASCS cells attached and proliferated in those areas. Skin structures
such as glands and hair follicles are present. At Day 9, a thickening and stratification of

the epidermis can be observed. We found dramatically increased dermal cellularity that is
demarcated by the normal dermis underneath, presumably from the un-injured skin that
remained after wounding. Once again, dermal appendages are prevalent. At day 12, a thicker
layer of increased dermal cellularity was found with some epidermal structural maturation
with rete ridge formation.

3.4.2. Epidermal and dermal thickness—We found no significant differences in the
epidermal or dermal thickness between control vs. polymer groups at any time point (Fig.
6A and 6B). At Day 5, the epidermal thickness was 78.94 + 18.09 vs. 87.34 £ 16.99 um
and the dermal thickness was 1458.52 + 189.29 vs. 1108.153 + 225.69 um in control and
polymer groups, respectively. Dermal thickness increased throughout the time course from
~1000 pym at Day 5 to ~1500 um at Day 9 and 12. Epidermal thickness remained constant
over time.
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3.4.3. Cellularity—Dermal cellularity was not different between control vs. polymer
groups at any time point (Fig. 6C). At Day 5, the dermal cellularity was 4.25 + 1.36

vs. 3.125 £ 0.679 vs. 3.432 + 0.421% in control, polymer, and un-injured skin groups
respectively.

3.5. The wound healing trajectory in FT wounds that were autografted with mSTSG and
sprayed with ASCS is not negatively impacted by application of polymer as a primary

dressing

3.5.1. Autologous skin cell suspension characterization—Trypan blue staining
revealed that the ASCS was ~77% viable, and a total of 7.65-8.4E5 cells/cm? were sprayed
onto the FT wounds (Supplemental Fig. 6, Supplemental Table 4). Fluorescent staining
revealed that the ASCS was ~55% viable, and a total of 1.20E5-1.42E6 cells/cm? were
sprayed onto the FT wounds.

3.5.2. Gross images of healing wounds—In Animal 3, the most cranial wounds
healed similar to one another. We found near 100% graft adherence with no loss noted

in either group (Fig. 7A). These wounds were 100% re-epithelialized by Day 9. At Day

22 in the polymer-treated wound, some hyper-pigmentation can be observed due to post-
inflammatory hyper-pigmentation from a biopsy punch taken at the previous timepoint that
persisted through Day 50. This is most likely due to animal interference by itching or
otherwise interfering with the healing at that timepoint.

In Animal 3, in the most caudal wound that was treated with control dressing, a small
amount of graft-loss was present along the seam of the graft most likely due to shear forces
which moved the graft. The contralateral wound that was treated with polymer did not have
this graft loss (Supplemental Fig. 7). This graft-loss, in the otherwise well-adhered graft,
caused an open wound area through Day 9. Despite these differences, the wounds with
different primary dressing healed very similarly and were re-epithelialized by Day 12.

In Animal 4, the most cranial wound that was treated with control had similar graft slippage
as mentioned above. This slippage led to open wound area through Day 9, but otherwise,
the wounds healed and were re-epithelialized by Day 12 (Supplemental Fig. 8). The most
caudal wounds likewise healed similarly (Supplemental Fig. 9). All donor site wounds were
re-epithelialized by Day 14. All wounds healed with minimal characteristics of hypertrophic
scar at Day 49 and were visually similar to surrounding un-injured skin, albeit without hair
follicles.

3.5.3. Re-epithelialization—The percent re-epithelialization was not significantly
different between control vs. polymer groups at any time point (Fig. 7B). At Day 5,
re-epithelialization percentages were 46.37 + 3.28% vs. 42.40 £ 2.15% in control vs.
polymer groups. Wounds progressed to ~85% re-epithelialized at Day 7. Wounds were
100% re-epithelialized by Day 9.

3.5.4. Graft-loss grading scale—Graft-loss was only assessed at Day 5 when the

primary dressings were removed for the first time. Graft-loss was small in the wounds as
graded by blinded assessors. In Animal 3, the most caudal wound on the right flank (which
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was treated with control dressing) was given a Grade Il (Table 1). Both of the wounds on
the left flank were given scores of I, indicating minimal graft loss. In Animal 4, a range of
scores were given. Overall, at Day 5 the polymer group had a score of 0.88 £ 0.31 vs. 1.4

+ 0.38 in the control group, indicating increased, but non-significant graft-loss in the control

group.

3.6. Non-invasive skin probes

3.6.1. Pigmentation and erythema are altered by FT wound treatment with
control or polymer as primary dressing over ASCS—Erythema was not different
between control vs. polymer groups at any time point (Fig. 8A). Erythema was significantly
increased in un-injured skin at all timepoints. Overall, ASCS-treated FT wounds resulted

in hypo-pigmentation observed at Days 9, 12, and 22 (Uninjured= 834.08 + 8.12 vs.
control=724.33 + 21.84 and polymer=739.33 + 22.10, n = 4, p < 0.01, Day 9). Melanin
index in the FT healing wounds vs. un-injured evened out at Day 29, and remained constant
throughout the time-course through Day 50. Although differences between the FT wounds
and uninjured skin was found, this was not dependent on primary dressing group (Fig. 8B).

3.6.2. Elasticity and TEWL are not altered by FT wound treatment with
control or polymer as primary dressing over ASCS—We found minimal differences
in elasticity between control vs. polymer groups at any time point (Fig. 8C). At Days 36

and 43, stiffness was significantly elevated in the polymer and control groups compared to
un-injured skin, respectively. Overall, few differences in TEWL were detected at any of the
time points (Fig. 8D). At Day 9, un-injured skin had increased TEWL compared to treated
groups (p < 0.01). At Day 22, the same finding was observed.

3.7. Histological data

3.7.1. Architecture—Representative H&E staining of FT wounds are shown from
biopsies originating from the wound interstice (control vs. polymer, interstice biopsies: Fig.
9 and Supplemental Fig. 10). Representative H&E staining of FT wounds are shown from
biopsies originating from areas of the wound that had adhered graft (control vs. polymer,
mSTSG biopsies: Fig. 10 and Supplemental Fig. 11). We found no appreciable differences in
histomorphometric structure of FT wounds between primary dressing treatment groups.

For the biopsies that were taken of the interstices, for both groups, at Day 3, dermal tissue
was scant, and the majority of the section is subcutaneous fat. At Day 7, hyper-cellularity
was found compared to un-injured skin throughout the thickness of the biopsy and thick
epidermis formation. By Day 12, some hyper-cellularity is resolved, and the epidermis
becomes more similar to un-injured skin. No dermal appendages were observed in any
sections.

For the biopsies that were taken of the mSTSG areas, for both groups, at Day 3, epidermis
was intact and a split thickness dermis engrafted over a bed of subcutaneous tissue. By Day
7, the dermis is thickened and contains some inflammatory cell infiltrate. The epidermis has
a large number of rete ridges. By Day 12, some inflammatory cell infiltrate has resolved, and
the epidermis looks more similar to un-injured skin.
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3.7.2. Epidermal and dermal thickness—Neither epidermal or dermal thickness
were different between control vs. polymer groups at any time point in the biopsies obtained
from the mSTSG (Fig. 11A and 11B) or the interstice (Fig. 11D and 11E). At Day 3, the
epidermal thickness was 32.10 + 11.92 vs. 52.94 + 7.95 um and the dermal thickness was
329.79 £58.31 vs. 597.92 £ 146.47 um in control and polymer groups respectively in the
mSTSG samples. Dermal thickness increased throughout the time course from ~100 um at
Day 3 to ~1000 um at Days 7 at Day 12 in both groups. Epidermal thickness remained
relatively constant over time in both groups.

3.7.3. Cellularity—Dermal cellularity was not different between control vs. polymer
groups at any time point. In both groups, cellular infiltrate was increased compared to
un-injured skin in both groups at Days 7 and 12 (p < 0.001) (Fig. 11C and 11F). At Day 7,
the dermal cellularity was 9.25 + 3.56 vs. 8.92 + 3.17 vs. 2.14 + 0.61% in control, polymer,
and un-injured skin groups respectively for the mSTSG group.

4. Discussion

4.1. Summary

4.2. Usage

The purpose of this study was to investigate a novel polymer formulation as a potential
primary dressing for wounds treated with ASCS. It was hypothesized that treatment with
polymer would not be cytotoxic to cells, and hence, wounds treated with polymer would
heal similarly to wounds treated with the current standard, manufacturer-supplied, control
dressing as the primary dressing.

Two different wounds types were used in this experiment: DPT and FT. In this experiment,
wound re-epithelialization was used to evaluate the hypothesis. Gross images of healing
wounds, direct quantitative measurements of percent re-epithelialization, and quantitative
evaluations of graft-loss indicated no difference in healing outcomes between primary
dressing treatment groups. All wounds were fully re-epithelialized by Day 12. This healing
timecourse is within the limits of what is known in the literature to result in a lower chance
for hypertrophic scar development [23-26]. Therefore, regardless of primary dressing
application, these wounds closed within two weeks and had minimal scar pathology. The
incorporation of these longer term scarring outcome metrics dicated the use of the red Duroc
pig in this study due to its known tendency to form hypertrophic scars that are similar to
human hypertrophic scars and are more severe than scars that develop in Yorkshire white

pigs [21].

of polymer as a primary dressing

While the supplied, control is a functional dressing, its usability in the context of ASCS
delivery to wound beds could be improved upon. One disadvantage of using this control
dressing is that it is permeable, and non-adherent with no seal created to keep the sprayed
cells in place. The polymer, on the other hand created a sealed wound bed that limits cell
or non-cellular components of the buffer from leaking out. The polymer was easily applied
through a touch-free spray-nozzle, and it adhered well to the ASCS-coated wound bed that
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had been sprayed with ASCS. Tearing or breaking of the polymer layer was not an issue.
The polymer was flexible, and conformed to the size and shape of the wound bed.

The application of polymer was prolonged compared to control dressing application. For
both wound types, the average time for application was ~15 min per wound. Two different
layers of polymer were applied: one that was sticky that adhered to the wound bed, and

a non-adherent outer layer. Each polymer had 5-6 mL sprayed onto each wound bed. The
timing associated with spraying polymer can be optimized in future work by adjusting the
volume of polymer sprayed, and working with a more industrialized setup that would allow
for more efficient spraying. The initial polymer deposition was applied slowly at a safe
distance to avoid blowing the cells or buffer off the wound bed. After the first layer was
applied, higher pressure and faster application was possible. In this experiment, a volume
that was higher than what was used in past modeling with superficial partial thickness (SPT)
injuries in porcine species was chosen. A higher volume was chosen in an attempt to control
for the fact that these DPT and FT would be more exudative compared to SPT wounds
treated with polymer in the past. It is possible that only half of the polymer solution volume,
or even less, may efficiently seal a wound bed, and thus the duration of application can

be shortened when coupled with a faster flowrate from airbrush setup. Such a contrast in
deposition rate and wound sealing was noted in both wound models, where DPT wounds
employed multiple CO, cannisters in order to spray entire polymer solution volume, and

FT wounds used a compressed air setup that deposited PLCL and PLGA solutions in rapid
fashion. For both DPT and FT wounds, molecular weight blends of PLCL that optimize
tissue adhesive strength and material cohesive strength in published work on SPT porcine
wound models draw significant interest as an improved wound dressing material.

4.3. Gross evaluation

The polymer behaved differently than expected when used on DPT wounds compared to the
SPT wounds tested previously. In the instance of SPT wounds, the polymer remained as a
single sheet that didn’t break or tear throughout the time period after injury. For the DPT
wounds, at Day 3, when the outer dressing was taken down, it was clear that the polymer
did not remain as one single unit sheet. Although this makes for a somewhat unconventional
looking wound bed, the polymer did not have a cytotoxic effect on the ASCS as determined
by healing outcomes. On FT wounds, Xeroform was applied as a secondary dressing cover
to both the control and the polymer wounds. When the Xeroform was taken off, the entire
polymer sheet came off with it. This adherence to secondary dressings is a point of future
research. If a different dressing had been used, the polymer may have stayed intact on

the wound bed and a second application not indicated. Furthermore, it is entirely possible
that no outer dressing is needed and that the polymer dressing alone would suffice for
wound care, especially in a controlled environment in the clinical setting. Also if areas of
the polymer crack or detach, it is simple to blow more polymer at any time point without
touching or handling the actual wound or wound bed.

4.4. Percent Re-epithelialization evaluation

We found no differences in percent re-epithelialization between the control vs. polymer
groups in the DPT or the FT wounds. However, some differences were found between the
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different animals as is evidenced by the standard deviations and the differences in gross
healing outcomes among animals. This difference could be due to the fact that different

cell populations were isolated when preparing the ASCS. It has been reported in prior
literature that ASCS contains ~65% keratinocytes, 30% fibroblasts, and 3.5% melanocytes
[4]. These analyses were reported from excised skin from elective abdominoplasty surgery
and no reports on whether multiple patients were used to determine the percentages of cells.
It is possible that the standard deviations reported are derived from a single patient tissue
that had multiple different pieces of skin graft taken and multiple ASCSs prepared. It is

also possible, that the data is derived from multiple donors. Hence, in future experiments
evaluating re-epithelialization, ASCS makeup should be characterized using flow cytometry
to ensure that the cell populations used to treat different experimental groups are equivalent.
This is specifically important in porcine studies where ASCS cell population percentages
have not yet been characterized. In this experiment, experimental group (polymer vs.
control) were equally split among each animal, and therefore, the number of wounds in each
group that received differing ASCS preparations was the same. Therefore, it is unlikely that
differences in cell populations could have contributed to any minimal differences observed
among polymer vs. control groups, but it possible that it contributed to differences in healing
among animals.

4.5. Non-invasive skin probe evaluation

Unsurprisingly, we saw no differences between the control vs. polymer groups at any of

the timepoints for erythema, melanin, elasticity, or TEWL. For melanin, in both the DPT
and FT wounds, the wounds were hypo-pigmented compared to normal skin early on during
the time course, and returned to normal pigmentation comparable to un-injured areas within
a month of injury. For erythema, in the DPT was generally downwards until Day 29,
whereafter the erythema was increased. In observing the gross images for the DPT wounds,
the Day 36 timepoint is where extensive hyperpigmented dyschromia was observed in one of
the animals. This dyschromia likely masked the ability of the erythema probe to accurately
detect redness. This data adds to the body of knowledge that surrounds the pros and cons

of non-invasive probes for measuring scar properties. In general, elasticity, or stiffness, was
high at Day 9, and trended down over time through Day 50 in the DPT wounds. This

data suggests that scars were getting better over time, which is the known trajectory for
hypertrophic scars. TEWL showed some dynamic changes, wherein, at one timepoint, the
scars had higher TEWL, and at another timepoint, the un-injured skin had higher TEWL.
This data highlights how changes to the animal housing environment or surgical skin prep
method may have an effect on un-injured skin TEWL. The FT, grafted wounds healed very
well, and most non-invasive parameters showed that these healed wounds were very similar
to normal, un-injured skin in their pigmentation, pliability, and TEWL.

4.6. Histological evaluation

The histological data agreed with the pictures and non-invasive skin probes, and showed
no differences between control or polymer groups. In DPT wounds, neo-epidermis was
visualized as early as Day 7 after wounding, and by Day 12, the wound bed was fully
re-epithelized. In the FT wounds, biopsies were taken of the areas of mSTSG and the areas
of interstices within those grafts. These replicate biopsies showed differential healing of
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each area of the grafted wound, and show the heterogeneity of the healing. All wounds
showed a degree of histologic re-epithelization by Day 7.

4.7. Future studies

Future work can be aimed at optimizing polymer application to shorten timing, increase
efficiency, and improve wound re-epithelialization and reduce scarring. It is difficult to
interpret findings without a negative control group that did not receive ASCS application. It
is unclear if a difference would be found in healing potential between ASCS and non-ASCS
groups based on the metrics that we used in this experiment (% re-epithelialization, non-
invasive skin probes, and histological characterization). Therefore, it is difficult to tell if the
polymer application helped to seal the cells in place and contributed to the advanced healing
that may occur with ASCS application. These negative controls should be incorporated into
future experiments. In addition, fluorescent cell labeling of ASCS should be considered to
visualize cells throughout the time courses.

One limitation of this study is the low number of wounds/scars that were evaluated.
Particularly in the DPT model, large standard deviations were reported for some of the
outcome variables. Therefore, in future work, to reject the null hypothesis of no difference
in outcome variables, a larger number of wounds would need to be included. When choosing
percent re-epithelialization at Day 5 as the primary outcome for the study, based on this
pilot data, group sample sizes of 26 wounds for each condition (104 total for 4 groups)
would be required to achieve 80% power to reject the null hypothesis of equal means

when the clinically meaningful difference in re-epithelialization is 10% with a standard
deviation for both groups of 10% and with a significance level (alpha) of 0.01 (after Sidak’s
multiplicity correction) using a two-sided two-sample equal-variance t-test in the post-hoc
Sidak’s multiple comparisons tests.

5. Conclusions

Based on pilot data, the use of PLCL/PLGA polymer as a primary dressing is not

cytotoxic to cells and does not impair wound healing. As determined by digital pictures,

% re-epithelialization, and grading of graft-loss, healing was the same between the polymer
and control groups with all wounds healing by 12 days. Blow spun polymer is possibly

a novel, bio-degradable and efficient primary or secondary wound dressing for partial or
full-thickness burn injuries. In the future, ASCS and polymer application should occur via
the same device to simultaneously and efficiently deposit the complete wound dressing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ASCS autologous skin cell suspensions

DPT deep partial thickness
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FFPE formalin-fixed paraffin embedded
FT full thickness

mSTSG meshed split thickness skin graft
PEG poly(ethylene glycol)

PLCL poly(lactide-co-caprolactone)
PLGA poly(lactic-co-glycolic acid)

PSA pressure sensitive adhesive

SBS solution blow spinning

TBSA total body surface area

TEWL trans-epidermal water loss
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Fig. 1 —.

Pr?mary, secondary, and tertiary dressings used in the experiment. In the full thickness
wounds, the meshed split thickness skin grafts were applied to the wound bed and were
sprayed with ASCS. Half of the wounds were treated with control dressing as the primary
dressings (A, left), while half of the wounds were treated with polymer as the primary
dressing (A, right). Both primary dressings were covered in xeroform as the secondary
dressing (B). A tie-over bolster was constructed as the outer dressing.

Burns. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carney et al. Page 20
—~ 120- DMSO (+) PLGA
(=)
D)
> 100
i
o) 80
©
2 601 s PLCL PLGA/PEG
E 40 -
O
() i
> 20
e
S ol
() \x\
n'd 0 N

g ¢

Q

Fig. 2 -.

The PLGA and PLCL had no effect on ASCS relative cell viability. The ASCS viability was
assessed with fluorescent staining. ASCS were processed in the presence of polymer disks.
DMSO was used as a positive control. The green cells are live, red cells are dead. * **p

< 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3—.

IngAnimaI 1 in the most cranial wounds, DPTSs treated with control or polymer healed in

a similar manner. Re-epithelialization in DPT wounds was not altered by primary dressing
treatment. Digital pictures (A) were taken at each time point after wounding, after primary
dressing application, and on Days 3, 7, 22, and 50. Percent re-epithelialization (B) was
measured from digital pictures in Image J at days 5, 7, 9, and 12 after injury.

Burns. Author manuscript; available in PMC 2022 December 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Carney et al.

A

225+
200
175

= 150
Z 125+
100
75

50~

900

Melanin Index
-3
=3
o
1

700
12 22 29 36 43 50 Il Polymer
Time (Days) [J Control
E Un-Injured D
45+
404
35+
304
£
25+
E
5 207
15
104
5-
o-
12 22 29 36 43 50
Time (Days)
Fig. 4 -.

Page 22

9 12 22 29 36 43 50
Time (Days)

* ok

-

12 22 29 36 43 50
Time (Days)

Erythema, melanin, elasticity, and TEWL in DPT wounds were not altered by primary
dressing treatment. Erythema (A), melanin (B), elasticity (C), and TEWL (D) measured with
non-invasive skin probes at days 5, 7, 9, 12, 22, 29, 36, 43, and 50 after injury, *p < 0.05, *

*p <0.01.
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Control Polymer
Day 5 Day 9 Day 12

Fig. 5.

IngAnimaI 1 in the most cranial wounds, H&E staining revealed similar histo-architecture
between control vs. polymer groups in DPT wounds. Biopsies were taken at Days 5, 9, and
12 and were formalin fixed and paraffin embedded. Sections were then stained for H&E and
images were captured for the control group (A) and polymer (B) at 5X magnification (top)
and 10X magnification (bottom).
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Fig. 6 —.

Ep?idermal and dermal thickness in DPT wounds were not altered by primary dressing
treatment. Dermal cellularity in DPT wounds was not altered by primary dressing treatment.
Biopsies were taken at Days 5, 9, and 12 and were formalin fixed and paraffin embedded.
Sections were then stained for H&E and images were captured for the control and polymer
groups. Epidermal (A), dermal thickness (B), and cellularity (C) were measured from these
images using ImageJ software.
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Fig. 7 -.

In Animal 3 in the most cranial wounds, FTs treated with control or polymer dressing healed

in a similar manner. Re-epithelialization in FT wounds was not altered by primary dressing

treatment. Digital pictures (A) were taken at each time point after wounding, after primary

dressing application, and on Days 3, 7, 22, and 50. Percent re-epithelialization was measured

from digital pictures in Image J at days 5, 7, 9, and 12 after injury (B).
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Fig. 8 -

Eri/thema, melanin, elasticity, and TEWL in FT wounds were not altered by primary
dressing treatment. Erythema (A), melanin (B), elasticity (C), and TEWL (D) measured
with non-invasive skin probes at days 5, 7, 9, 12, 22, 29, 36, 43, and 50 after injury. *p <
0.05, * *p < 0.01, * **p < 0.001, * ** *p < 0.0001.
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Control Polymer

Day 3 Day 7

Fig. 9—.

IngAnimaI 3 in the most cranial wounds, H&E staining revealed similar histo-architecture
between control vs. polymer groups in FT wounds in the biopsies taken from interstices.
Biopsies were taken at Days 3, 7, and 12 and were formalin fixed and paraffin embedded.
Sections were then stained for H&E and images were captured for the control group (A) and
polymer (B) at 5X magnification (top) and 10X magnification (bottom).
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Control Polymer

Fig. 10 —.

IngAnimaI 3 in the most cranial wounds, H&E staining revealed similar histo-architecture
between control vs. polymer groups in FT wounds in the biopsies taken from mSTSG.
Biopsies were taken at Days 3, 7, and 12 and were formalin fixed and paraffin embedded.
Sections were then stained for H&E and images were captured for the control group (A) and
polymer (B) at 5X magnification (top) and 10X magnification (bottom).
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Fig. 11 -,

Epidermal and dermal thickness in FT wounds were not altered by primary dressing
treatment. Dermal cellularity in FT wounds was not altered by primary dressing treatment.
Dermal cellularity in FT wounds was not altered by primary dressing treatment. Biopsies
were taken at Days 3, 5, 7, and 12 and were formalin fixed and paraffin embedded. Sections
were then stained for H&E and images were captured for the control and polymer groups.
Biopsies from mSTSGs (A, B and C) and interstices (D, E and F) were measured from these
images using ImageJ software. * *p < 0.01, * **p < 0.001.
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Table 1 —
Graft-loss in FT wounds treated with mSTSG and ASCS at Day 5.

Animal  Wound Treatment  Grade
3 Right (cranial) ~ Polymer 0
Right (caudal)  Control 2
Left (cranial) Control 1
Left (caudal) Polymer 1
4 Right (cranial)  Control 2
Right (caudal) ~ Polymer 2
Left (cranial) Polymer 15
Left (caudal) Control 0.5
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