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ABSTRACT Objective:Wound dressings that create and maintain a moist environment provide the optimal
conditions for wound healing by increasing the rate of epithelialization and angiogenesis. However, current
wound dressings require periodic removal which exposes the wound to the surrounding environment, thereby
increasing the likelihood for infection and drying out the wound itself. There remains an unmet medical
need for the development of an absorbent, flexible, and transparent wound dressing that can conform to the
irregular geometry of the wound for a long-term duration. Herein, we report the development of AFTIDerm,
an Absorbent, Flexible, Transparent, and Inexpensive moisture-management wound dressing using Polyvinyl
alcohol (PVA) as the host material. Methods: AFTIDerm substrates of varying glycerol concentrations
(1 wt%, 3 wt%, 5 wt%, 7 wt%, and 10 wt%) were fabricated and tested. The mechanical, absorption,
and biological properties of AFTIDerm were evaluated. Results: We found that 5% glycerol served as the
optimal concentration for AFTIDerm. The biocompatibility, absorptive capabilities, and scalability render
PVA/glycerol an ideal material composition for wound dressings. Benchtop experimentation and pre-clinical
testing demonstrate AFTIDerm as a platform for use in wound dressings. Discussion/Conclusion: The
development of AFTIDerm broadens the translational utility of this materials platform not only as a material
for wound dressings to minimize dressing changes in low to moderate exudate environments, but also as a
potential substrate material for smart bandages.

INDEX TERMS Body fluid management, flexible substrates, polyvinyl alcohol, translational research,
wound dressings.
Clinical and Translational Impact Statement— AFTIDerm, an absorbent, flexible, and transparent wound
dressing, maintains the moist environment required for healing while enabling monitoring of healing without
removal and disruption to the wound bed.

I. INTRODUCTION
Wounds vary in exudate level, depth, cleanliness, and infec-
tion and inflammation levels. A critical design factor for any
wound dressing is that it protects the wound from the external
environment, serving as a barrier against external bacteria
as well as protection against further mechanical trauma.
Bandage substrate materials should be hypoallergenic and
non-toxic to ensure that the wound dressing is suitable for
people with sensitive and/or delicate skin [1], [2]. In addition,
clinical studies have established that a moist wound bed is
essential for effective wound healing [3], [4]. The wound
should be kept moist to optimize the healing process and

minimize pain. However, a wound that is soaked with exudate
is detrimental to wound healing [5]. Bandage changes should
be minimized to avoid disruption of the delicate granulating
wound bed. Furthermore, proper wound oxygenation is vital
to promote healthy granulation tissue growth [6], [7]. Thus,
a balance between absorption and vapor permeability is cru-
cial for an effective dressing.

Currently there are different wound dressings for wounds
of various exudate levels, depths, cleanliness, and infection
and inflammation levels [8] (Table 1).

Gauze is one of the most widely used surgical dressings
[8], [9]. Gauze is highly permeable and non-occlusive, and
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TABLE 1. Comparative analysis of AFTIDerm versus standard of care wound dressings.

can be used on infected and noninfected wounds [8], [9].
Gauze dressings require frequent replacement and adhere
to the wound bed, thus removal causes severe detriment to
the delicate wound bed and inhibits wound healing [8], [9].
Low adherent dressings allow exudate to pass through into
a secondary dressing while maintaining a moist wound
bed [10]. They are useful for patients with sensitive or
fragile skin because they are designed to reduce adher-
ence at the wound bed. Semipermeable films, hydrocolloids,
hydrogels, alginates, and foam dressings are all classified
as polymeric wound dressings [11]. Semipermeable films
(e.g. HP TegadermTM) are flexible and transparent wound
coverings that are impermeable to fluids and bacteria, but
are permeable to air and water vapor [8]. This makes them
unable to manage large amounts of exudate. Hydrocolloids
are foam sheets that form an occlusive and adhesive dressing

that promotes a moist wound environment [8], [12]. They
are almost entirely impermeable to water vapor and air
which allows patients to bathe without risk of contaminating
the wound [8]. Wounds that necessitate regular inspections
should use hydrocolloid dressings with caution. Hydrogels
can provide or absorb fluids to maintain a moist wound bed.
Due to the partial hydration, they are not well suited for
wounds with high amounts of exudate. Alginates are ideal
for wounds with high levels of exudate as they can absorb
15 to 20 times their weight in fluid; however, use on wounds
with little to no exudate risks adhesion to the wound sur-
face causing pain and damage to the wound area [8]. Foam
dressings are able to provide thermal insulation to the wound
area while also transmitting vapor and oxygen [8]. They are
highly absorbent and facilitate uniform dispersion of exudate
throughout the absorbent layer and prevent exterior leakage
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(strike-through) due to the presence of a semipermeable
backing [8].

Next generation wound dressings should provide an occlu-
sive wound bed, absorb exudate, and be conformable to the
irregular topography of the stratum corneum,while also being
transparent to allow for easy inspection by clinicians without
removal of the bandage. Additionally, these wound dress-
ings should be cost efficient and avoid the use of relatively
expensive doping agents such as silver nanoparticles [13],
dextran [14] and/or chitosan [11]. The biocompatibility, ease
of fabrication, cost, absorbing capabilities, and scalability
render PVA a promising material for use in a wide array of
applications including but limited to scaffold materials [15],
doped hydrogels [16] for pharmaceutical applications [17],
sacrificial layer in fabricating epidermal electronics [18] and
as a stand-alone or composite material for wound dressings
[11], [19]–[21]. There is a paucity of commercial controls
utilized within studies of PVA based wound dressings to
provide clinical relevance [13], [19], [22], [23]. Elucidating
the mechanical and absorption properties of PVA based on
varied glycerol concentrations for the fabrication of a wound
dressing has not previously been studied. The biological
stability of these materials and composites over a clinically
relevant timeframe has not been studied on compromised skin
conditions, such as ischemic wounds.

Towards addressing these technical and clinical gaps,
we developed AFTIDerm, an absorbent, flexible, and trans-
parent substrate material made with Polyvinyl Alcohol (PVA)
and glycerol. The mechanical, absorption, thermal, and bio-
logical properties of this material were evaluated in benchtop
and pre-clinical testing. Substrates with varied concentrations
of glycerol were prepared. The resulting substrates were
flexible, transparent, and absorbent and demonstrate appli-
cability for use as wound dressings over a long-term duration
(e.g. 7 days).

II. METHODS AND PROCEDURES
A. MATERIALS
PVA and glycerol were purchased from Sigma Aldrich
(St. Louis, MO, USA) and used as received. Polypropy-
lene petri dishes (Fischer Scientific #FB0875712, diameter
100 mm) were purchased and served to as the platform to
cure the AFTIDerm. A commercially available medical-grade
silicone acrylate adhesive (2477P, 3M Inc.) adhered the
AFTIDerm to the pig skin.

B. AFTIDerm FABRICATION
Each AFTIDerm sample regardless of glycerol concentration
was fabricated in the same manner (Figure 1). PVA was
dissolved in 90◦C water under vigorous stirring. Glycerol
of various percentages (1, 3, 5, 7, and 10%) was added
(masses relative to that of the water). All samples, regardless
of glycerol concentration, resulted in a homogenous thickness
of 100 µm and were peeled from the dish and used for testing
(Fig. 1).

FIGURE 1. AFTIDerm fabrication schematic.

C. CONTACT ANGLE
Contact angle measurements were made by placing 10 µL of
deionized water on the surface of each of the PVA composites
of varied glycerol. For each sample, three samples were
studied and 3 measurements for each sample were taken for
statistical representation.

D. MECHANICAL TESTING
Standard uniaxial mechanical testing was conducted on sam-
ples fabricated into a uniform rectangular shape and mounted
to a custom-built Uniaxial Tensile Tester. One side of each
sample was mounted to a fixed stage which was connected
to a commercialized force sensor (DPM-3, Transducer Tech-
niques) to monitor applied force. The opposite side of each
sample was mounted to a screw-driven movable stage which
has a stepper motor that was controlled by a LabVIEW pro-
gram. The apparatusmeasured the applied force as the sample
was elongated along its principal axis. Force measurements
weremade in increments of 5µmat a frequency of 5Hz, up to
20% applied strain. The instrument generated a force versus
displacement curve for each test, and from this information,
a stress versus strain curve was generated. Fitted line slopes
of stress-strain curves were plotted to derive the Young’s
Moduli. In order to evaluate the mechanical stability of the
AFTIDerm samples under periodic loading, a cyclic tensile
test was performed on AFTIDerm samples of varied glyc-
erol percentages. This test structure was subjected to cyclic
loading over a strain range of 0 to 2.5% at 5 Hz. The test
was performed using the previously described tensile tester
for 50 identical cycles. Trung et al. reviewed the applications
of stretchable physical sensors for human performance and
concluded that the required stretchability limit was <2%
and <20% for applications on the face and hands, respec-
tively [24]. Thus, the range of 0-2.5% strain was carried out
for our benchtop testing.

E. ABSORPTION TESTING
AFTIDerm samples, Absorbent Tegaderm, HP Tegaderm,
Telfa, latter three which served as commercial controls,
were immersed in phosphate buffer saline (PBS) solution,
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pH 7.4 andweighed at pre-set timepoints. Sampleswere taken
out of the solution and weighed at hourly increments for the
first 5 hours and 24 hours following for up to one week. Data
reported is mean ± std. deviation with six samples run per
concentration group.

F. BIOLOGICAL TESTING
The biological stability of the AFTIDerm was studied over a
one-week period. Changes in pH were quantified as a sharp
decrease in pH would present a cytotoxic effect. Samples
were placed in PBS and the pH of the supernatant was mea-
sured at each time interval. Experiments were run in triplicate
and data reported is mean ± std. deviation.

G. BIOCOMPATIBILITY ASSESSMENT
AFTIDerm, was evaluated for potential cytotoxic effects
using an in vitro mammalian cell culture test. This study was
conducted by an independent lab (NAMSA, Northfield, OH)
following the guidelines of ISO 10993-5, Biological evalua-
tion of medical devices - Part 5: Tests for in vitro cytotoxicity.
A single preparation of the test article was extracted in single
strength Minimum Essential Medium (IX MEM) at 37◦C for
24 hours. The negative control, reagent control, and positive
control were similarly prepared. L-929 mouse fibroblast cells
were seeded in 10 cm2 cell culture wells, labeled with passage
number and date, and incubated at 37◦C in the presence of
5% CO2 to obtain sub-confluent monolayers of cells prior
to use. Aseptic procedures were used in the handling of the
cell cultures. Triplicate monolayers of the cells were dosed
with each extract and incubated at 37◦C in the presence of
5% CO2 for 48 hours. Following incubation, the monolayers
were examined microscopically (100X) for abnormal cell
morphology and cellular degeneration (Table 2). For the test
to be valid, the reagent control and the negative control must
have had a reactivity of none (grade 0), and the positive
control must have been a grade 3 or 4. Percent rounding
and percent cells without intracytoplasmic granules are not
evaluated in the event of 100% lysis. The test article met
the requirements of the test if the biological response was
less than or equal to grade 2 (mild). The test would have
been repeated if the controls did not perform as anticipated.
The color of the test medium was observed to determine any
change in pH. A color shift toward yellow would indicate an
acidic pH range and a color shift toward magenta to purple
would indicate an alkaline pH range.

H. PRE-CLINICAL EVALUATION
A porcine infected wound model was used to assess the
efficacy of AFTIDerm. One female Yorkshire pig (30–35 kg)
was housed prior to surgery in steel cages with a 12- hour
light dark cycle. The animal was fed antibiotic-free food and
water ad libitum throughout the study, Institutional Animal
Care and Use Committee (IACUC) (VA #16-071-SW-16-
009 and CWRU #: 2016-0331). The pig was observed for
signs of infection or altered health at least 7 days prior to
surgery. On the surgery day, the pig was sedated in the cage

TABLE 2. Test scoring following microscopic observation.

by intramuscular injection of Telazol, 3–4 mg/kg (Wyeth
Pharmaceuticals, Madison, NJ, USA) and was then trans-
ferred to the operating suite and an airway was secured
with endotracheal intubation. General anesthesia was then
induced, and the pig was placed in a prone position so that
the entire dorsal region would be accessible for surgery. The
back hair was shaved, and six wound sites were marked over
the paraspinal region using a prefabricated stencil. The pig’s
paraspinal region was then sterilely prepped with chlorhexi-
dine scrub. The areas of skin to be excised were injected sub-
cutaneously with a mixture of 1% lidocaine with 1: 100,000
epinephrine (7cc at each excision site). Bilateral full thickness
excisional wounds (6 cm diameter) were created. To create an
ischemic wound, a sterile double-flanged silicone block (6cm
in diameter and 0.5cm high) was placed into each wound
and left in situ for 14 days. Each wound was covered with a
TegadermTMdressing. The animal was wrapped in an elastic
bandage (VetRap R©3M Health Care, St Paul, MN) to prevent
animal interference with the system. The pig was covered
with a protective body jacket (Goat Tube R©, Sullivan Sup-
plies, Houston, TX) to prevent environmental contamination.
The animal was awakened from general anesthesia, given
post-operative. Following creation of each wound, 150 µL of
a freshly cultured 0.5 McFarland solution of a green fluores-
cent protein labeled P. aeruginosa was evenly applied to each
wound bed by pipette. This strain of bacteria was selected
for initial testing because it is known to cause both acute
and chronic infection due to the formation of stable biofilms
within the wound. AFTIDerm was placed over the wound.
Dressing changes for these wounds occurred on biopsy time-
point days (BTD) 1, 3, 5, 7, 10, and 14 with AFTIDerm
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FIGURE 2. Fabrication of AFTIDerm and surface property characterization.
(a) AFTIDerm synthesis. (b) Water contact angle based on varied glycerol
concentrations (1%, 3%, 5%, 7%, and 10%). (c) Images showing AFTIDerm
on the skin.

TABLE 3. Materials properties of AFTIDerm at varying glycerol
concentrations.

being discarded and replaced anew. The change in mass of
the AFTIDerm was monitored at each of these timepoints.

III. RESULTS
The synthesis scheme of AFTIDerm is depicted in Fig. 2a.
Song et al. showed that one glycerol molecule can sup-
ply three hydroxyl groups; thus, glycerol can act as the
cross-linker for PVA chains to improve the strength and
toughness of PVA hydrogels [25]. The introduction of glyc-
erol into a PVA hydrogel provides AFTIDerm with thermo-
plasticity, self-healing, and long-term moisture retention and
increase its low-temperature tolerance. Figure 2b plots the
water contact angle on the AFTIDerm surface with respect
to glycerol concentration, which demonstrated an increase in
AFTIDerm hydrophilicity up to 5% glycerol, with an insignif-
icant increase noted at 7% and 10%. Figure 2c shows images
of 5% glycerol AFTIDerm sample on the skin under com-
mon material mechanics, namely under unstrained, stretched,
compressed and torsion state. The images show that the sam-
ple was stretchable and remained in good contact to the skin
under both compression and torsion.

The mechanical and hydrophilicity of AFTIDerm (100 µm
thickness) based on various glycerol percentages was first

FIGURE 3. Mechanical testing of the AFTIDerm substrate at varied
glycerol concentrations. (a) Stress versus strain plot; (b) Young’s modulus
versus glycerol concentration; (c) Cyclic stress versus glycerol
concentrations at the 25th cycle; (d) Cyclic stress of the AFTIDerm
substrate of 5% glycerol concentration.

evaluated to optimize a desired weight percentage of glyc-
erol (Table 3). Figure 3 shows the evaluation of surface and
mechanical properties of AFTIDerm as a function of varied
glycerol concentration. Young’s Modulus and cyclic stress
were found to decrease with increasing glycerol concentra-
tion (r2 = 0.70 modeled by an exponential regression for
Young’s modulus and r2 = 0.95 modeled by an exponential
regression for cyclic stress) (Fig. 3a, b). While outside the
scope of this study, we hypothesize that glycerol serves as
a plasticizer, not only reducing the degree of crystallinity in
the substrates with increased concentrations, but perhaps also
lowering the crystalline melting temperatures due to defects
introduced into the crystal lattice [26]. This lowered the water
resistance of the plasticized PVA substrates due to coupling
with the leaching of the glycerol from the substrates when
immersed in water during the fabrication process [26]. The
influence of glycerol on the properties of PVA substrates is
related to the degree of compatibility between the plasticizer
and PVA [26]. Thus, an increase in glycerol concentration had
an inverse effect on the stiffness of the material. AFTIDerm at
a 5% exhibited no hysteresis when subjected to cyclic stress-
strain testing (380.7 ± 45.5 kPa). The stress of AFTIDerm
at varied glycerol concentrations apart from 5% was also
investigated (Fig. 3c). Concentrations below 5% experienced
hysteresis under cyclic testing (Fig. 4). Data suggests that
glycerol percentages above 5% provide long-term mechan-
ical stability (Fig. 3d).
AFTIDerm absorptive properties at various glycerol con-

centrations were evaluated (Fig. 5) and compared to industry
products including HP Tegaderm and Absorbent Tegaderm
(Fig. 6; Table 4). Samples with glycerol concentrations below
5% exhibited a decrease in absorbed mass from Day 2 to
Day 7 (Fig. 5). The same was observed for both HP Tega-
derm and Absorbent Tegaderm (the latter two being common
wound care bandage materials used as controls in this study).
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TABLE 4. Absorption data comparing AFTIDerm at varied glycerol percentages against HP Tegaderm and Absorbent Tegaderm. Data reported as mean ±
std. dev (n = 6).

FIGURE 4. Long-term mechanical actuation of AFTIDerm samples at
varied glycerol concentrations. (a) 0% glycerol; (b) 1% glycerol; (c) 3%
glycerol; (d) 7% glycerol; (e) 10% glycerol.

FIGURE 5. Absorption study comparing AFTIDerm at varied glycerol
concentrations. Mean data reported, n = 6 trials per glycerol
concentration group.

The trend observed in the AFTIDerm samples less than 5%
glycerol suggests that these materials reached their maximum
absorption capacity prior to Day 2, reflecting the effect of
a low PVA crosslinking density at lower glycerol concen-
trations. The decrease in absorbed mass was negligible for
glycerol concentrations at 5%, 7%, or 10%, thus suggesting

TABLE 5. pH of PBS, PVA, and AFTIDerm over a one-week period.
Experiments run in triplicate; data reported as mean ± std. dev.

a glycerol concentration between 5-10% as opportune glyc-
erol concentrations as well for AFTIDerm. When compared
to commercially available control materials, specifically HP
Tegaderm and Absorbent Tegaderm, 5% glycerol demon-
strated consistent absorption profiles over a one-week span,
indicative of glycerol stability.

Towards assessing their clinical utility and the biologi-
cal stability, indicative of the relative change in pH when
immersed in PBS, of AFTIDerm was evaluated over a
one-week period, with intermediate timepoints reflecting
pre-clinical benchmarks (Day 0, 1, 3, and 7) followed in
our animal studies [27] (Fig. 7). No statistical difference
was noted among measured pH between the various samples
(Table 3). The pH found among the samples confirms their
stability with and without glycerol. The testing performed
was representative of that required for implantable materials
as dictated in ISO-10993-12 (pH within ± 0.2) [28].

Regarding biocompatibility, cell culture studies indicate
that excessive levels of glycerol can be cytotoxic. Wiebe et al.
studied the effect of the exogenous delivery of glycerol on the
proliferation of several cell lines [29]. Complete proliferation
suppression occurred at glycerol concentrations as low as 4%
in cell culture medium for some cell lines [29]. Armitage
and Mazur reported that human granulocytes are damaged by
exposed to exogenously delivered glycerol concentrations of
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TABLE 6. Reactivity grades for elution testing.

FIGURE 6. Absorption study comparing AFTIDerm at 5% glycerol
concentration, HP Tegaderm, and Absorbent Tegaderm relative to
baseline values at Day 0. Data reported as mean ± std. dev, n=6 trials per
glycerol concentration group.

FIGURE 7. Assessing the change in pH of samples at 5% glycerol
concentration over a 7-day period. Experiments run in triplicate; data
reported as mean ± std. dev.

around 5% [30]. However, 5% glycerol has also been shown
to be have viable therapeutic effect for dry skin [31].

FIGURE 8. Translation of the AFTIDerm substrate as a wound dressing
(a) Schematic detailing packaged wound dressing prior to ethylene oxide
sterilization; (b) Images of the AFTIDerm wound dressing on a chronic
wound; (c) Absorption of exudate by the AFTIDerm wound dressing after
removal from the chronic wound (n = 4 dressing per wound; mean ± std.
dev.) (d) AFTIDerm’s mass increase percentage measurements from day
1 to 14.

Independent cytotoxicity testing to ISO 10993-5 found
no cytotoxicity or cell lysis. No pH shift was observed at
48 hours. The reagent control, negative control, and the
positive control performed as anticipated. The individual
reactivity grades are presented in Table 5. In short, the test
article extract showed no evidence of causing cell lysis or
toxicity. The test article extract met the requirements of the
test since the grade was less than a grade 2 (mild reactivity).
These results confirm the biocompatibility of the AFTIDerm
substrate for use as a wound dressing. Thus, we do not expect
the AFTIDerm to pose any cytotoxic effects when placed on
healthy or compromised skin.

The mechanical, absorption, and therapeutic attributes
within a biological threshold provided indicate that the
AFTIDerm with 5% glycerol in PVA is the optimal concen-
tration is appropriate for in vivo or ex vivo studies.
AFTIDerm was evaluated as an absorbent wound dressing

(Fig. 8a). When placed over the wound in a porcine chronic
wound model, 5% glycerol AFTIDerm substrate absorbed
exudate from the wound over a one-hour period (Fig. 8b).
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Images of wound dressing taken immediately post-biopsy,
after 30 and 60 minutes (Fig. 8c). The images show the
wound-dressing controlled bleeding in the first 60 minutes.
To evaluate absorption, a 14-day AFTIDerm mass measure-
ment test was carried out in the same model. The mea-
surements show a maximum of ∼44% increase in exudate
absorption over a 14-day period (Fig. 8d) with no noticeable
change in optical transparency.

IV. CONCLUSION
This study developed an absorbent, flexible and transparent
wound dressing. The mechanical, absorption, and biologi-
cal properties of this material were evaluated as a platform
substrate material for bioelectronic applications. The tensile
and cyclic properties demonstrated a decrease in Young’s
Modulus and cyclic stress with an increase in glycerol con-
centration. The optimal glycerol concentration was found
to be 5% due to the relative stability in absorption over a
one-week span compared with lower glycerol percentages,
a lack of mechanical fatigue when tested over 50 cycles at
2.5%, and the alleviation of any biocompatibility concerns
due to excess glycerol concentration (e.g., greater than 7%).
The fabrication methodology is amenable to construction
of AFTIDerm based wound dressings of varying geometries
to address the diversity of clinical wounds. Benchtop pH
measurements demonstrated an insignificant increase in pH
suggestive of the chemical stability of the substrate with
respect to glycerol concentration. Independent cytotoxicity
testing to ISO 10993-5 found that AFTIDerm meets the test
standard for biocompatibility. The lack of erythema, indica-
tive of increases in skin temperature, when AFTIDerm is
placed on compromised skin (wound) validates the utility of
this material as a wound dressing. The technology presented
herein broadens the translational utility of AFTIDerm not
only as a material for wound dressings in low to moderate
exudate environments, but also as a potential substrate mate-
rial for epidermal electronics, in particular smart bandages.
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