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Keratin is a natural material that can be derived from the cortex of human hair. Our group had previously
presented a method for the printed, sequential production of three-dimensional (3D) keratin scaffolds. Using a
riboflavin—sodium persulfate-hydroquinone (initiator—catalyst—inhibitor) photosensitive solution, we produced
3D keratin-based constructs through ultraviolet crosslinking in a lithography-based 3D printer. In this study, we
have used this bioink to produce a keratin-based construct that is capable of delivering small molecules,
providing an environment conducive to healing of dermal burn wounds in vivo, and maintaining stability in
customized packaging. We characterized the effects of manufacturing steps, such as lyophilization and gamma
irradiation sterilization on the properties of 3D printed keratin scaffolds prepared for in vivo testing. Keratin
hydrogels are viable for the uptake and release of contracture-inhibiting Halofuginone, a collagen synthesis
inhibitor that has been shown to decrease collagen synthesis in fibrosis cases. This small-molecule delivery
provides a mechanism to reduce scarring of severe burn wounds in vitro. In vivo data show that the
Halofuginone-laden printed keratin is noninferior to other similar approaches reported in literature. This is
indicative that the use of 3D printed keratin is not inhibiting the healing processes, and the inclusion of
Halofuginone induces a more organized dermal healing after a burn; in other words, this treatment is slower but
improves healing. These studies are indicative of the potential of Halofuginone-laden keratin dressings in
dermal wound healing. We aim to keep increasing the complexity of the 3D printed constructs toward the
production of complex scaffolds for the treatment and topographical reconstruction of severe burn wounds to
the face.

Keywords: keratin, biomaterial, hydrogel, burns, animal model, 3D printing

Impact Statement

Keratin-based photosensitive bioink can be used to three-dimensionally (3D) print complex scaffolds for the topical
treatment of dermal burn wounds. We have developed reproducible protocols that allow us to 3D print large volumes of
keratin-based hydrogels, and we now have a better understanding of how 3D printed geometrical features, crosslinking
properties, or mass are altered due to the manufacturing processes. The printed hydrogels improved healing parameters
in vivo on a porcine thermal burn model, indicative of the potential of the scaffolds for the regeneration of complex dermal
wounds. Overall, our approach elucidates on physiological and topographical 3D healing of burn wounds.

Introduction while preventing the development of additional necrotic
tissue, thus preventing further burn wound conversion,

IN THE TREATMENT of dermal burn wounds, the severity of  scarring, and minimizing the area in need of medical inter-
the injury can increase if the burn is not properly man- vention. Once the initial injury has been addressed and sur-
aged.! An optimal dressing for initial burn injuries would gical intervention can be initiated, this same dressing should
absorb exudates and maintain a moist, clean environment be able to continue to provide an environment conducive to
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healing and discourage scar formation and contracture. Ide-
ally, this dressing would be customized to the individual’s
anatomy to provide a matrix that encourages a return to an
esthetically acceptable structure.

Protein-based materials have become attractive natural
polymer options for tissue engineering and regenerative
medicine (TERM), including dermal applications and the
optimization of dressings.” Proteins provide three-
dimensional (3D) structures that facilitate cell attachment,
proliferation, and Inigration.‘l_7 Of note, keratin-based ma-
terials are a viable option for scaffold development due to
their biocompatibility, structural characteristics, and abun-
dance as a renewable resource.>®

Keratins are a family of insoluble proteins found in epi-
thelial tissues that can be obtained from epidermal structures
such as feathers, hooves, wool, and human hair.>® They ex-
hibit the ability to self-assemble or be crosslinked to form
porous, fibrous hydrogel scaffolds.>®'%'? Keratin-based
biomaterials have been used in nerve, muscle, skin, and bone
TERM applications.”'** Keratins also contain motifs im-
portant for cellular attachment, such as leucine—aspartic acid—
valine (LDV) and glutamic acid—aspartic acid—serine (EDS)
residues.”>~>> Keratins have been shown to promote cellular
attachment of adipose-derived stem cells,2 osteoblasts,g’27
hepatocytes,28 neural cells,13 and fibroblasts.>® Furthermore,
keratin biomaterials can be used as tunable vehicles for de-
livery of small molecules or cells to treat dermal wounds.

Keratin-based biomaterials have been successfully used
for the delivery of growth factors (e.g., insulin-like growth
factor-1, basic fibroblast growth factor [bFGF]),3O’ 1 pro-
genitor cells (e.g., skeletal muscle myoblasts),'® and anti-
microbial agents (ciprofloxacin),®> among other molecules.
In this study, we studied Halofuginone-laden keratin scaf-
folds for the in vivo treatment of burn, particularly the de-
velopment of an individualized keratin-based dressing
capable of encouraging quick wound healing with the re-
lease of Halofuginone. Halofuginone was selected based on
its effectiveness in preventing abnormal fibrillar collagen
accumulation in pathologies associated with fibrosis and
wound contracture.>*® Halofuginone is an FDA-approved
collagen I synthesis inhibitor that decreases collagen syn-
thesis by inhibiting transformin% growth factor beta-
dependent Smad3 phosphorylation.>

Keratin can be extracted from the cortex of human hair
using reductive or oxidative chemistry.”” Reduced keratin can
self-assemble due to the formation of disulfide bonds between
cysteine amino acids in the protein chain; oxidation, on the
other hand, causes capping of the cysteine groups and greatly
decreases the self-assembling capacity.” We previously reported
the formulation of a keratin-based bioink for 3D printing by
incorporating oxidized keratin into a photosensitive initiator—
catalyst—inhibitor (riboflavin—sodium persulfate[SPS]-
hydroquinone) solution.®*-* Ultraviolet (UV) light was used
to induce dityrosine crosslinking between keratin chains.®>%°
Our previous studies indicate that a keratin scaffold can be 3D
printed and that this construct could be used to efficiently
uptake and release entrained solutions.®

The work in this study seeks to expand these findings. We
aim to produce a keratin-based scaffold that is capable of (1)
releasing a drug such as Halofuginone, (2) providing an
environment conducive to in vivo healing of burn wounds,
and (3) maintaining stability in customized packaging. We
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hypothesized that a Halofuginone-laden keratin scaffold,
printed to meet the wound dimensional needs, would slowly
degrade on the skin, providing a moist environment, ab-
sorbing exudate, and delivering the collagen-inhibiting drug
Halofuginone to reduce scarring while negating the need for
painful wound dressing changes. We first assessed the via-
bility of our bioink for the production of scaffolds for topical
use on wounds, particularly the retention of geometrical
features after the manufacturing processes. Second, we con-
firmed the viability of our 3D printed keratin-based hydrogel
for prevention of burn contracture in vitro using a collagen gel
contracture assay. Third, the efficacy of Halofuginone-loaded
scaffolds on healing dermal wounds was assessed in vivo
using a porcine burn model, studying parameters such as
collagen order, regrowth of dermal appendages, and lack of
hyperkeratosis or hyperplasia.

Materials and Methods
Keratin extraction and bioink preparation

Keratin extraction was conducted following the protocol
adapted from de Guzman ez al.** Briefly, human hair was
oxidized in excess 2% peracetic acid (Sigma-Aldrich Co., St.
Louis, MO) for 10 h at 37°C on an orbital shaker. The treated
hair was rinsed sequentially with water, excess 100 mM Tris
base, and 40-fold excess of ultrapure water. Between rinses
the solutions were strained through 500-um sieves and the
liquids recovered and centrifuged to recover insoluble par-
ticles. The resultant filtrates were purified using filtration
and dialysis. The crude extract was concentrated (pH 7.4),
lyophilized, and ground into powder form. The keratin-
based bioink was then prepared as detailed in our previous
publications.®**%° Briefly, lyophilized keratin was dis-
solved in phosphate-buffered saline (PBS) at a concentration
of 4% wt/vol. The keratin solution was combined with a
photosensitive initiator-catalyst-inhibitor solution using a
4:1 ratio. This photosensitive solution was made of 1 mM
riboflavin (Sigma-Aldrich), 200 mM SPS (Sigma-Aldrich),
and 0.001% wt/vol hydroquinone (Sigma-Aldrich). After
thorough mixing the bioink is curable under UV light.

Three-dimensional printing: continuous
digital light processing

Keratin-based bioink was used to 3D print keratin hy-
drogels on a lithography-based EnvisionTEC Perfactory 4
DLP printer (EnvisionTEC, Inc., Dearborn, MI). UV expo-
sure time was fixed to 240 s per 100 um layer, with intensity
of 350-375 mW/dm?. Samples were printed with circular
cross-section, 2 mm thick, with either 15 (characterization
and contracture assays) or 30 mm (animal burn model) di-
ameter (Fig. 1A, B). Samples for rehydration and soluble
fraction (sol fraction) studies had additional thickness
groups. Printed samples could either be rinsed in PBS and
stored at 4°C, or loaded into custom 3D printed cases and
frozen at —80°C. The cases were printed on the Perfactory
printer using EShell 300 resin (EnvisionTEC) (Fig. 1D) to
hold the scaffolds during freezing, lyophilization, steriliza-
tion, and transport. When appropriate, samples were ly-
ophilized in a FreeZone Lyophilizer (LABCONCO, Kansas
City, MO) at a 0.018 mBar vacuum and —48°C for 24h,
after which they were sterilized under gamma radiation.
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FIG. 1. Three-dimensional printed keratin-based scaffolds for in vitro and in vivo assessments. (A) Four percent wt/vol

scaffolds 3D printed on a lithography-based EnvisionTEC Perfactory 4 DLP printer. (B) Crosslinked samples are stable and
retain their printed dimensions after swelling in PBS. (C) The protocol yields consistent batches of hydrogels with
reproducible dimensions for standardized testing. (D) Three-dimensional printed cases were produced to hold the hydrogels
throughout the manufacturing process. The cases held samples during (i) rinsing; (ii) freezing at —80°C and lyophilization;
and (iii) sterilization with gamma irradiation. (E) End-point sol fraction reveals significant effects of gamma irradiation
on mass loss of thinner constructs. The 2- and 3-mm thick samples have lower sol fraction before sterilization than 4- and
5-mm thick ones, but gamma irradiation increases the amount of soluble components at the end-point; statistical signifi-
cance: *difference between nonsterilized and gamma irradiated sample (z-test, p < 0.05). (F) Sterilization and rehydration
media have significant effects on the thickness of the hydrogel endproducts. All printed scaffolds differ from the designed
constructs and lyophilization does not significantly further reduce the thickness, but gamma irradiation does. Rehydration in
HH or PBS cannot fully restore the dimensions, resultin% in thickness loss over 2mm. Statistical significance: *mean
thickness differs from the Designed value (z-test, p < 0.05); "thickness differs from the Printed value (ANOVA per thickness
group, p < 0.05); *thickness differs from the ReHyd. PBS (No Ster.) value (ANOVA per thickness group, p < 0.05). Sample
size n=12 for all studies. 3D, three-dimensional; ANOVA, analysis of variance; HH, Halofuginone hydration; PBS,
phosphate-buffered saline.

Rehydration and sol fraction of keratin hydrogels

The effects of the manufacturing process, particularly
lyophilization and rehydration, on the dimensions of 3D
printed keratin hydrogels were assessed. Samples with
15 mm diameter circular cross-section were printed with 2,
3, 4, or 5-mm thickness (designed values, n=12). Mass and

thickness of the samples were recorded (unrinsed values),
after which they were moved into excess PBS for 48h to
rinse out uncrosslinked residues. Mass and thickness of the
samples were measured (printed values) and samples were
then frozen at —80°C overnight followed by 24 h lyophili-
zation. After, mass and thickness of the samples were re-
corded again (lyophilized values). Half of the samples were
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left unsterilized, and the remaining were sterilized under
gamma irradiation. Samples from all groups were then re-
hydrated in either PBS or a Halofuginone hydration (HH)
methanol solution (25% methanol [Fisher Scientific, Hamp-
ton, NH], 25% milliQ water, 50% PBS) for 1h, after which
mass and thickness of the samples were measured (rehydra-
tion values). All samples were then moved to excess PBS for
5 days, after which the samples were lyophilized again, and
mass and thickness were recorded for the last time (final
rinsed values). The sol fraction (%) of the sample was cal-
culated as the difference between the unrinsed mass and the
final rinsed mass, over the total mass (n=12).

In vitro collagen gel contracture assay

Impact on fibroblast-mediated contracture was examined
using a collagen gel contracture assay. A collagen gel working
solution (bovine type I collagen at 3.0 mg/mL) was prepared
according to the manufacturer’s protocol (Cell BioLabs, San
Diego, CA), and mixed with 500,000 cells/mL suspension of
adult normal human dermal fibroblasts (HDF; ATCC, Mana-
ssas, VA) in a ratio of 4:1 (collagen:cells). Samples of 500 uL.
of the collagen/cell mixture were plated in 24-well plates and
incubated (37°C). After 1h, 1.5mL of media were added to
each well. The following day, collagen gels were released from
the walls and floor of the well using a 20 pL pipette tip. Then,
Falcon transwell inserts with a pore size of § pm were placed in
each well over the collagen gels, carrying the keratin-based
hydrogels to assess 3D printed keratin with or without Halo-
fuginone. Overall, the groups studied were: unseeded collagen
without hydrogel treatment (no cells, negative control); HDF-
seeded collagen without hydrogel treatment (HDF cells only,
positive control); HDF-seeded collagen with keratin hydrogel
treatment (3D printed keratin); and HDF-seeded collagen with
Halofuginone-laden keratin hydrogel treatment (3D printed
keratin + Halofuginone). Digital images were taken from a
fixed position with fixed ruler in the field of view at time O (gel
release), 12, and 24 h.

In vivo porcine burn model

In vivo evaluation of the 3D printed keratin constructs was
conducted using a 3cm red Duroc porcine circular burn
model as approved by the Institutional Animal Care and Use
Committees (IACUC) at the U.S. Army Institute of Surgical
Research and at the University of Maryland. A total of 24
wound areas were marked on each pig (two rows of 6
wounds on each side of the midline, at least 3 cm from the
spine line, on two animals). Each area was separated from
other wound areas by 3 cm to prevent site-to-site influence.
The skin was tattooed over these markings using an electric
tattoo machine (Spaulding and Rogers, Voorheesville, NY)
to provide guidance as to where to take biopsies postinjury.
Pigs were sedated with an injection of acepromazine (0.5—
1.5mg/kg) and ketamine (10-25mg/kg,) into the clavo-
trapezius muscle just behind the ear. During the procedure,
a nose cone attached to the anesthesia machine was used
to deliver isoflurane (3—4%) with an oxygen flow rate of
3-4L/min. A 0.9% NacCl solution was delivered intrave-
nously into an ear vein to maintain hydration. The animals
were intubated, and isoflurane was maintained at 2% through-
out the procedure. To perform the burn, brass cylinders (3 cm
diameter) were heated in a dry bath incubator to 100°C, after
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which the external contacting surface of the cylinder was
placed on the skin of the pig, as performed previously.!” The
brass cylinder was held in contact with the skin for 17s to
produce a deep partial-thickness burn. Before bandaging, the
burn wounds were allowed to cool and pictures were taken.
Afterward, Tegaderm™ dressing (3M, Maplewood, MN) was
placed over the wound, followed by nonadherent TELFA
gauze taped into place with Elastikon surgical tape. A layer of
antibiotic Ioban was then used to cover the entire dorsum/
flank of the animal.

On postburn day 3, the animal was again anesthetized, the
dressing was removed, and the following treatments ap-
plied: Group 1 (3D Halo), a 3D printed lyophilized keratin-
based hydrogel loaded with 225 pg/mL Halofuginone;
Group 2 (keratin cream), a proprietary formulation for a 5%
nonlyophilized keratin topical solution supplemented with
emollients, emulsifiers, and humectants to provide a creamy
consistency; Group 3 (no treatment), negative control; and
Group 4 (3D Keratin unloaded), a 3D printed lyophilized un-
loaded keratin-based hydrogel. Treatments were bandaged as
before. At either 30 or 70 days postinjury, bandages were re-
moved, wounds observed, and select wounds biopsied (n=6
per group, per time point).

Histomorphologic wound evaluation

On days 30 and 70, animals were anesthetized as detailed
above and burns were assessed using a histomorphologic
scale to quantify cutaneous scarring, as described by Singer
et al.*' Biopsy samples were collected to ensure that the
excised biopsy spanned the burn site, strips 0.5 cm in width
X4 cm in length were obtained through the middle of the
burned tissue, extending beyond the margins (normal skin to
normal skin). Samples were placed in 10% formalin for at
least 48 h before processing. Samples were embedded in
paraffin, cut into 6 um-thick sections, and mounted onto glass
slides. Slides were stained with Hematoxylin and Eosin
(H&E), Masson’s Trichrome, alpha smooth muscle actin, and
Picrosirius Red to monitor structural changes of the tissue
over time, following regular protocols.

Images were semiquantitatively scored in a blind manner by
a veterinary pathologist using a scale for the following cate-
gories: presence or absence of (1) epidermal hyperkeratosis,
(2) epidermal hyperplasia, (3) inflammation, (4) vascular
proliferation at late-stage wound healing, (5) collagen orien-
tation, (6) hair follicles, (7) apocrine glands, and (8) smooth
muscle. Each parameter examined was assigned a score of +1
for a normal finding; otherwise, a score of 0 was given. The
presence of normal collagen was assigned a maximum score of
+3, followed by a decreasing score of 4+2 to 0 given to pro-
gressively deeper scar: +2 involving the papillary dermis, +1
for upper half of reticular dermis, and O for upper and lower
half of the reticular dermis. The total histology score was de-
termined by adding all individual scores. The best possible
outcome was a score of 10, equivalent to normal tissue with no
residual scarring. A score of 0 was equivalent to a deep scar
involving all layers of skin. Points are given for the findings as
described in Table 1.

Statistics

Statistics for quantitative tests were performed using
analysis of variance (ANOV A) and Tukey’s multiple pairwise
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TABLE 1. SCORING PARAMETERS FOR WOUND HEALING IN Vivo

Parameter examined Scoring Parameter examined Scoring
Hyperkeratosis Absent (1) Smooth muscle Absent (0)

Present (0) Present (1)
Epidermal hyperplasia Absent (1) Collagen orientation Normal (3)

Present (0)

Abnormal Pap. dermis (2)
Abnormal upper reticular dermis (1)
Abnormal upper/lower reticular dermis (0)

Hair follicles Absent (0) Active chronic inflammation Absent (1)
Present (1) Present (0)
Apocrine glands Absent (0) Vascular proliferation Absent (1)

Present (1)

Present (0)

comparisons (significance using p <0.05). Differences be-
tween individual groups and references were assessed with
two-sample t-test for the mean. For the wound healing data,
statistical analysis was conducted using GraphPad Prism 7.0
for Windows (La Jolla, CA) with data expressed as the
mean * standard of error. Histological scores were considered
nonparametric data; a nonparametric, two-way ANOVA and
t-test using Holm-Sidak Method were used to study these sets
(significance using p <0.05).

Results and Discussion

The goal of this work was to assess the viability of a 3D
printed keratin-based construct that is capable of the in vivo
delivery of Halofuginone for the treatment of dermal burn
wounds. Oxidized keratin has been successfully imple-
mented into a UV photosensitive bioink and 3D printed on a
lithography-based continuous digital light processing (cDLP)
printer using UV light.**** This approach yielded biocom-
patible hydrogels with honeycomb-like structures that al-
lowed high uptake of solutions (PBS or minimum essential
media [MEM)]) as well as cellular adhesion, proliferation, and
migration.® Uptake and swelling capacities are characteristics
of great interest for drug or growth factor delivery, as well as
for cell culturing in TERM applications. Printed scaffolds
presented maximum swelling of 1770% and 1580%, with
PBS or MEM respectively, exceeding those of casted keratin
or gelatin reported in literature.**** The saturation levels
were sustained throughout a 5-day observation period without
any qualitative changes to the scaffold’s dimensions or con-
sistency. Furthermore, we showed that neither the bioink nor
the printing process results in significant cytotoxicity, with
seeded cells sustaining normal metabolic activity, morphol-
ogy, and proliferation rates.® These results indicated that
printed keratin hydrogels are suitable candidates for drug
delivery in the treatment of dermal burn wounds.

Alternative crosslinkers such as visible light-induced ru-
thenium and studies on the adequate loading of the Halo-
fuginone have further confirmed our delivery hypothesis
while opening new research questions to study in the future
(Supplementary Data and Supplementary Fig. S1). As
shown in Figure 1A and B, our 3D printing protocol yields
consistent batches of hydrogels with reproducible dimen-
sions. Furthermore, we have a manufacturing protocol that
yields large quantities of samples for standardized in vitro
and in vivo testing (Fig. 1C).

Effects of manufacturing processes on the hydrogel
mass and dimensions

The geometry of the scaffolds is a key feature in dermal
wound healing. The dressing should fit the burn wound site,
accommodating the thickness and contours of irregular
wounds, to restore the barrier function of skin against ir-
regular water loss or bacterial infection.*> Even if the ge-
ometry is adequately scanned to print a complex dressing,
the dimensions must hold throughout the manufacturing
process, particularly the sterilization and rehydration steps
before application. The custom 3D printed cases (Fig. 1D)
used allowed us to track samples along the manufacturing
process from production in the laboratory to utilization in
the surgery room.

Construct manufacture includes steps that can potentially
alter the mass and dimensions of the 3D printed constructs,
particularly the steps of rinsing (Fig. 1Di), freezing, lyophi-
lization (Fig. 1Dii), and sterilization (Fig. 1Diii). Tracking
mass and dimensions of the samples throughout manufactur-
ing allowed us to assess these alterations quantitatively. As
seen in Figure 1E, the soluble fraction at the end of the process
indicates significant effects of gamma irradiation on mass loss
of thinner constructs. The 2- and 3-mm-thick samples have
lower sol fractions without sterilization (3.1% £6.4% and
5.0% £4.2% respectively) than 4 and 5-mm-thick constructs
(13.5%+2.5% and 14.6% = 1.7%, respectively). Gamma
irradiation alters the crosslinked networks, particularly for
the thinner samples, and results in higher content of soluble
components at the sterilized endpoint.

After irradiation, the 2-mm-thick samples had a 478%
increase in sol fraction, while the 3 mm samples had a 391%
increase. On the other hand, the thick samples only had
17.5% and 3.9% sol fraction increases (4 and 5 mm, respec-
tively). The sol fraction is a measurement of uncrosslinked
mass in a hydrogel network. In this case, the intermediate
lyophilization and sterilization steps are interfering with the
crosslinked network and may produce changes in the
shape and mass loss. As samples were crosslinked under
the same conditions, particularly exposure time to UV per
crosslinked layer, thinner samples initially had a higher
crosslinking density, demonstrated with lower sol frac-
tion. Nevertheless, thinner samples are also more vul-
nerable to gamma penetration, which, as indicated in the
sol fraction increase, results in breaking the crosslinked
network. Higher sol fraction is indicative of higher mass
loss and probably an increased degradation rate in vivo.
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Sterilization and rehydration also have significant effects
on the dimensions of the hydrogels. Thickness was particu-
larly tracked due to the layered nature of the lithography-
based 3D printing process. As summarized in Figure 1F, all
printed scaffolds are significantly thinner than the original
designs. Lyophilization does not significantly further reduce
the thickness, but gamma irradiation generally does. Lyophi-
lized samples are sufficient for transportation and sterilization
but require a step of rehydration to uptake the Halofuginone
before application. Rehydration in methanol HH solution (to
solubilize Halofuginone) or PBS was proven to not fully
restore the dimensions of the printed samples in all cases,
resulting in thickness loss of 2.19 mm in the most extreme
case (5 mm, gamma sterilized, rehydrated in HH). The thin-
ner samples, particularly the 2 mm group, were able to re-
hydrate back to the printed conditions in both HH and PBS.
Sterilization with gamma irradiation had significant effects
on the samples. In all cases, gamma irradiation resulted in
significant reduction of thickness, and those samples then
experienced further thinning after rehydration.

The effects of lyophilization and sterilization observed in
these studies are in line with our own studies on keratin-based
hydrogels and with the reports in literature. In the charac-
terization of the 3D printed keratin we detailed how rinsing in
PBS removes uncrosslinked components from the hydrogel,
reducing sample mass up to 57%.>® We observed that freez-
ing and lyophilization cycles induce additional alterations to
the crosslinked network. Dimensions of the scaffolds can be
generally restored with rehydration in PBS, but the total mass
uptake can be irreversibly decreased; this is indicative that
swelling assessments, which require a 1yog)hilization step, can
be offset due to additional entanglement.*®

Sterilization methods have been widely studied to determine
their effects on hydrogel networks. Gamma radiation has been
used before to sterilize keratin-based constructsls’16’28’31’32;
other methods include UV irradiation, ethanol, or sterile water
rinsing.®?>*® Gamma radiation is generally accepted as a safe
method to reduce bacterial proliferation without inducing
cytotoxic side effects.***” On UV-crosslinked poly(ethylene
glycol) (PEG) acrylate hydrogels, Escudero-Castellanos et al.*’
concluded that gamma irradiation did not affect fibroblast vi-
ability and showed significantly lower hemolysis levels (direct
human red blood cells incubation) than samples disinfected
with 70% ethanol or sterilized in an autoclave.*” On the other
hand, Tyan et al.*® showed that gamma irradiation cleaves
peptide linkages and alters collagen-bonded surfaces, sug-
gesting that gamma irradiation of about 10 kGy can signifi-
cantly degrade the bioactivity of crosslinked collagen surfaces.

Gamma has also been proven to induce dimensional chan-
ges due to possible alterations on the crosslinking chemistry.
PEG hydrogels sterilized with gamma radiation have higher
concentration of radical species when compared with con-
structs sterilized with ethylene oxide or left unsterilized;
gamma-irradiated samples additionally present significant
decreases in swelling ratio for all PEG molecular weights and
formulations assessed.*® On natural materials, gamma irradi-
ation has been shown to strongly reduce the bioink viscosity
and stability after extrusion of 3D printed alginate and methyl
cellulose, significantly reducing printing fidelity. Furthermore,
gamma caused significant reduction of methyl cellulose mass
over time, indicating that the crosslinked chemistry was altered
and eventually released all the components.*’
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Based on the data obtained and literature, it is important
to highlight that the manufacturing process of keratin-based
hydrogels can result in changes to the 3D printed scaffolds
ready for application. Specifically, the steps of lyophiliza-
tion and rehydration can result in changes in the crosslinked
network, loss of mass, and changes in the dimensions of
the samples. We want to highlight that the biological effects
of the manufacturing process, including the effectiveness
of sterilization, of crosslinked keratin hydrogels has been
previously characterized and reported.® These observations
are important for the eventual treatment of complex 3D
wounds. Even if the 3D scanning and printing are precise
and the bioink is adequate, the manufacturing and prepara-
tion of constructs can modify important parameters that
could eventually impact healing characteristics such as
wound coverage or contraction.

In vitro contracture of keratin-based hydrogels

The viability of 3D printed keratin-based hydrogels for pre-
vention of burn contracture was assessed in vitro using a colla-
gen gel contracture assay. As illustrated in Figure 2A, the use of
3D printed keratin constructs was always positive to reduce
relative contracture compared with a no treatment, HDF-
only group. Using unloaded keratin hydrogels saw a contrac-
ture reduction close to 53% compared with the HDF-only
group. Inclusion of the Halofuginone further reduced contrac-
ture, by 83%, compared with the cells-only behavior, coming
very close to the no-contracture (no cells) case although still
significantly different. Furthermore, the inclusion of Halofu-
ginone significantly reduced contracture compared with the
unloaded 3D printed hydrogels.

Contraction of the open wound is necessary to restore the
dermal barrier, but uncontrolled contracture due to excessive
migration of fibroblasts and disorganized collagen deposition
results in higher degrees of scarring.**3! Increasing wound
size and depth reduce wound closure (reapproximation); deep
wounds that destroy progenitor fibroblast stem cells rely on
re-epithelialization from the wound margins to close, which
delays healing and results in higher scarring and contrac-
ture.*> Halofuginone has been proven to prevent abnormal
fibrillar collagen accumulation in wound contracture®> > by
inhibiting collagen I synthase to decrease collagen synthe-
sis,”> and we have successfully coupled this beneficial feature
into our 3D printed constructs.

Scaffolds and dressings, both in research and industry, have
attempted to reduce skin wound contracture, particularly
collagen-based constructs.”>> Commercial products, such as
MatriDerm or Hyalograft® C, have been proven to reduce
contraction while additionally improving elasticity, epitheli-
alization, and basement membrane formation in vitro.>?
Collagen—glycosaminoglycan sponges were used to reduce
wound contracture on mice; in this study, the lower concen-
trations of the 1-ethyl-3-3-dimethylaminopropylcarbodiimide
hydrochloride (EDC) crosslinker resulted in better contrac-
tion processes, indicating that single components within a re-
generative scaffold can greatly impact contracture.>*>
Similarly, collagen matrices loaded with bFGF were used on a
rabbit model and in vitro on collagen gels; collagen matrix and
bFGF independently promoted reepithelization and reduced
contracture, results that were further improved when the two
parts were combined as a delivery system.’®
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FIG. 2. (A) In vitro con-

tracture assay using a cell-

laden collagen gel treated

+ with loaded or unloaded

keratin hydrogels. The use of

3D printed keratin constructs

was generally positive to re-

duce relative contracture

| compared with no treatment
group; the inclusion of Ha-
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On a case closer to our own, Xu et al.'® used freeze-dried
keratin scaffolds on a Wistar rat model and reported less
contraction compared with a nonscaffold treatment, addi-
tional to earlier vascularization, thicker epidermis, and hair
follicle formation.'® In this study, we further demonstrated
that crosslinked keratin has a significant effect on contrac-
tion, either caused by products of keratinolysis being re-
leased into the medium or by the hydrogel soaking up a
portion of the nutrients in the contracture media being used,
resulting in decreased nutrient availability (and subsequent
contracture potential) for the fibroblasts. Compared with
literature, our data in this study confirms reported results for
hydrogels, loaded or not, supporting reductions in contrac-
ture in dermal wounds. We further confirm studies and ef-
fects of Halofuginone and keratin use, although our studies
are the first to report them coupled together. As collagen
constructs reported previously, the 3D printed keratin does
not inhibit the effect of the loaded component, in this case
Halofuginone, and it provides an adequate transport system
with the additional characteristic of controlled geometry for
delivery to complex dermal wounds.

In vivo assessments of keratin-based hydrogels

The efficacy of Halofuginone-loaded scaffolds in healing
dermal burn wounds was assessed in vivo using a swine burn
model. Healing parameters studied included order of colla-
gen microstructures, regrowth of dermal appendages, and

lofuginone further reduces
contracture. Statistical sig-
nificance: *difference when
compared with HDF cells
only group, p < 0.01; *dif-
ference when compared with
3D printed keratin group,

p < 0.01. (B) Combined
histomorphologic scores at
30 and 70 days post-
implantation, expressed as
average mean t standard of
error, best possible out-
come =10, worst=0. Statis-
tical significance: “mean
histomorphologic score is
different at days 30 and 70,
p < 0.001. (C) Representative
macroscopic images showing
treatment groups at day 0
(burn induction), day 3 (initial
treatment applications), day
30 and 70 (biopsy collection,
end points). HDF, human
dermal fibroblasts.

Keratin 3D printed 3D printed
Cream keratin keratin +
Halofuginone

Day 70

lack of hyperkeratosis or hyperplasia, among others. Animal
models to assess excessive dermal scarring include rabbit
ear or porcine dermis.’’ Red Duroc pigs in particular are a
suitable model for hypertrophic scarring and excessive
contraction following cutaneous injury.’®>" The objective of
this study was to evaluate the ability of 3D printed keratin
constructs loaded with Halofuginone to reduce burn-induced
hypertrophic scarring and contracture in a porcine partial-
thickness burn model.

Partial-thickness burns were created on the dorsum of a
Red Duroc pig using a brass burn block, and wounds were
dressed with 3D printed keratin constructs, unloaded or
supplemented with Halofuginone, at day 3 postinjury. In the
current study, we utilized a histomorphologic scale meth-
odology*' to determine the efficacy of the three different
treatment groups (keratin-based formulations) in reducing
burn-induced hypertrophic scarring and contracture versus
no treatment (negative control). Injury to epithelial and
mesenchymal dermal components was determined by ex-
amining the presence and/or absence of epithelial hyper-
plasia, epidermal hyperkeratosis, inflammation, vascular
proliferation, and appendage structures, including hair fol-
licles, apocrine glands, and smooth muscle, and scored as
described in Table 1. Statistical histomorphologic findings
are summarized in Figure 2B; individual time point results
are shown as incidence formatted data (30 days in Table 2,
and 70 days in Table 3) and as histologic images (30 days in
Fig. 3 and 70 days in Fig. 4).
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TABLE 2. INCIDENCE OF HISTOLOGICAL OBSERVATION AFTER 30 DAYS

Group 1: 3D

Group 2: keratin Group 3: Group 4: 3D printed

Parameter examined Ideal printed keratin cream no treatment  keratin + Halofuginone
Hyperkeratosis Absent 1/6 4/6 1/6 1/6
Epidermal hyperplasia ~ Absent 0/6 0/6 0/6 0/6
Hair follicle Present 6/6 5/6 6/6 4/6
Apocrine glands Present 6/6 6/6 6/6 6/6
Smooth muscle Present 0/6 2/6 3/6 2/6
Collagen orientation Normal (+3) 0/6 0/6 0/6 0/6
Abnormal (+2) 0/6 0/6 0/6 0/6
Abnormal (+1) 5/6 6/6 6/6 5/6
Inflammation Absent 1/6 2/6 3/6 2/6
Vascular proliferation ~ Absent 0/6 1/6 0/6 1/6

3D, three-dimensional.

Representative biopsy sections from each of the burn sites
(n=24 per time point) at the 30 days time point showed no
statistically significant differences among treatment groups.
As summarized in Figure 2B and Table 2, the mean histo-
morphologic scarring score of about +4 was given to Groups
2 (4.331£0.42), 3 (4.17+£0.48) and 4 (3.83%£0.60) (keratin
cream, no treatment, and 3D keratin unloaded, respectively),
and slightly lower (3.1710.31) for Group 1 (3D Halo).

Using macroscopic (Fig. 2C) and microscopic histologic
(Fig. 3) data, epidermal hyperplasia was observed in all
groups, and the absence of hyperkeratosis occurred only
once in Groups 1, 3, and 4 but with greater incidence (four
of six wounds) in Group 2. The presence of mesenchymal
structures (dermal appendages), such as hair follicles, apo-
crine glands, smooth muscle (arrector pili), and blood ves-
sels occurred variably but with similar incidence in all
groups and thus, no significant treatment effect between
treatments, including the untreated control. Specifically,
apocrine glands were observed with equal incidence six of
six wounds in all treatment groups. Smooth muscle had
variable incidence: three of six wounds for Group 3, two of
six wounds for Groups 2 and 4, but not observed zero of six
wounds in Group 1. Figure 3 at 30 days reveals an immature
formation of collagen in the upper layers of the dermis,
characterized by the pale purple stain of the collagen rather
than with bright blue.

Additional evaluation of collagen alterations using Pi-
crosirius Red-stained sections under polarized light revealed
equivalent collagen fiber disorganization in all treatment

groups, particularly in the lower reticular dermis, and thus
all wounds received a low score of +1 (Fig. 5). Less fre-
quently observed changes such as the absence of inflam-
mation and vascular proliferation occurred with similar
incidence in all groups regarding of the treatment. It is
important to highlight that in skin wound healing, after 30
and 70 days of wounding there should be a lower amount of
vessels sprouting in the dermis and none present in the epi-
dermis, which is the normal anatomy of skin.**> The growth of
vessels, vascularization, should be rapid and appropriate after
the scaffolds are implanted to ensure proper oxygen and nu-
trient delivery for healing and remodeling to occur.*>!" At our
later time points, the vascular network should have matured to
a stable and efficient system. But increasing the amount of
vascularization at such late stages could be indicative of the
healing and remodeling processes still occurring. Overall, such
late advancing vascularization could be indicative of subop-
timal healing. The incidence of active chronic inflammation
was similar in three groups: absent in three of six wounds for
Group 3, in two of six wounds for Groups 2 and 4, but absent in
one of six wounds for Group 1. Vascular proliferation was
absent in one of six wounds for Groups 2 and 4, but present in
six of six wounds for Groups 1 and 3.

At the 70-day time point, wound healing mostly contin-
ued the trends observed at 30 days, as summarized in
Figure 2B and Table 3, and evaluation again showed no
statistically significant differences among treatment groups.
A mean score of about +5 was given to for Groups 1
(5.17£0.54) and 3 (5.17£0.79), and a score close to +6 for

TABLE 3. INCIDENCE OF HISTOLOGICAL OBSERVATION AFTER 70 DAYS

Group 1: 3D Group 2: keratin Group 3: Group 4: 3D printed
Parameter examined Ideal printed keratin cream no treatment  keratin + Halofuginone
Hyperkeratosis Absent 6/6 5/6 4/6 4/6
Epidermal hyperplasia ~ Absent 0/6 0/6 0/6 0/6
Hair follicle Present 3/6 5/6 6/6 4/6
Apocrine glands Present 5/6 5/6 6/6 6/6
Smooth muscle Present 1/6 2/6 1/6 2/6
Collagen orientation Normal (+3) 0/6 0/6 0/6 0/6
Abnormal (+2) 2/6 4/6 2/6 4/6
Abnormal (+1) 4/6 2/6 4/6 2/6
Inflammation Absent 4/6 4/6 4/6 3/6
Vascular proliferation  Absent 4/6 4/6 2/6 3/6
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FIG. 3. Representative histological sections (H&E, Masson’s Trichrome, and Picrosirius Red stains, 20 X magnification)
of all treatment groups after 30 days. At 30 days postprocedure, there are general cases of epidermal and dermal hyperplasia
and hyperkeratosis (black arrows), and immature collagen deposition (comparison of vibrant stain in native tissue compared
with pale pink by H&E, pale blue by Masson’s Trichrome, and pale red by Picrosirius Red) predominantly involving the
papillary dermis and upper reticular dermis. Dermal appendages such as hair follicles (green arrowheads), smooth muscle
(orange arrows, confirmed with alpha smooth muscle actin, not shown), or glands (white arrowheads) appear in multiple
cases. Scales: 2 mm. H&E, Hematoxylin and Eosin.
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Halofuginone

FIG. 4. Representative histological sections (H&E, Masson’s Trichrome, and Picrosirius Red stains, 20 X magnification)
of all treatment groups after 70 days. At 70 days postprocedure, there are indications that for all groups the layers have
matured, although the decrease of hyperplasia and hyperkeratosis (black arrows) is negatively compensated with an
apparent decrease in the number of dermal appendages such as hair follicles (green arrows) or glands (white arrows). The
collagen networks in all groups seem more homogeneous when compared with day 30 (Fig. 3), but do not present the
organized, dense structure of native tissue (vibrant, dense coloration, compared with the treatments showing pale pink by
H&E, pale blue by Masson’s Trichrome, and pale red by Picrosirius Red). Scales: 2 mm.
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Group 4
3D printed keratin + Halofuginone

Group 1 Group 2 Group 3
Keratin cream No treatment

3D printed keratin

Normal native
dermal tissue

Groups 2 (5.83%0.70) and 4 (5.67%0.67). Using macro-
scopic (Fig. 2C) and microscopic (Fig. 4) information, we
observed the absence of hyperkeratosis occurred with
slightly variable incidence among all groups but with a
positive trend favorable to Groups 1 and 2, although the
scores for Groups 3 and 4 were not far behind. The presence
of epidermal hyperplasia was a frequent finding as it oc-
curred with equal incidence in all wounds regardless of
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FIG. 5. Representative (low-
power, X 20) sections of Picrosirius
Red-stained samples of all treatment
groups imaged under polarized light.
Collagen content and order is charac-
terized by the intensity and pattern of
polarized light-induced birefringence
of collagen fibers. Intense red/orange/
yellowish birefringence indicates ma-
ture and organized collagen fibers
(control, normal tissue, far left). Green
birefringence has generally been cor-
related to immature, fine, and less or-
ganized collagen, although color
change can be correlated to rotations
of the samples and light incidence.’!
In this study, color was not considered
to assess quality of the collagen but
merely to identify it and its general
orientation trends. At 30 days post-
procedure, the heterogeneity of color-
ation is indication of collagen
orienting in different directions (black,
purple, orange, and red are indicative
of different orientation); collagen is
only present but disorganized in the
lower reticular dermis. At 70 days,
images show improved patterns or
heterogeneity, with collagen present
throughout the dermal layers although
still disorganized with different ori-
entations colored blue/green and
yellow. Scale shown: 1 mm.

treatment. However, the presence of normal appendage
structures varied between groups without trend. Hair folli-
cles were frequently observed with a variable incidence
between treatment groups; in three of six wounds for
Group 1, four of six wounds for Group 4, five of six wounds
for Group 2, and six of six wounds for Group 3. The pres-
ence of apocrine glands occurred with equal incidence five
of six wounds for Groups 1 and 2; and six of six wounds for
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Groups 3 and 4, respectively. Similar findings were observed
for the presence of smooth muscle, with equal incidence oc-
curring in one of six wounds for Groups 1 and 3; and two of six
wounds for Groups 2 and 4. Collagen fiber alterations appeared
to have diminished in all groups but with best overall im-
provements observed in Groups 2 and 4 when compared with
lower scores in Groups 1 and 3 (Figs. 4 and 5).

There was an improvement in the incidence of collagen,
observed in the H&E, Masson’s Trichrome, and Picrosirius
Red stains, score of +2 assigned to Groups 2 and 4 in four of
six wounds versus two of six wounds for Groups 1 and 3. A
score of 42 is characterized by abnormal weave pattern of
collagen only limited to the papillary dermis, having col-
lagen throughout the cross-section of the samples. Again,
while these changes (improvement in collagen organization)
were not statistically significant between treatment groups at
70 days postprocedure, they may be considered favorable
trends toward improving the outcome of burn-injury scar-
ring. Other parameters examined, such as inflammation and
vascular proliferation, showed similar histological findings
between treatment groups, and thus, no statistical signifi-
cance was found. The incidence of active chronic inflam-
mation occurred equally in three groups; absent in four of
six wounds for Groups 1, 2, and 3; and absent in three of six
wounds for Group 4. Vascular proliferation occurred equally
in two groups; absent in four of six wounds for Groups 1 and
2, but at lower incidence two and three of six wounds for
Groups 3 and 4.

Most of the parameters examined appeared to have been
improved over time when comparing the 30-day versus
70-day time points, except for the presence of epidermal
hyperplasia, which was observed in all wounds regardless of
the treatment and time points. However, the referenced
overall improvements were not considered statistically sig-
nificant. While the overall improvement in collagen orga-
nization observed between treatment groups by the 70-day
endpoint was nonsignificant, there was general trend fa-
vorable to dressing wounds with keratin cream and 3D
keratin unloaded that was demonstrated by the improvement
in the level of collagen fiber organization. The most im-
portant improvement was the statistically significant dif-
ference in the total outcome scores for Group 1 (3D Halo) at
30 days (3.1710.31) versus at 70 days (5.17%0.54) post-
procedure ( p-value=0.0094). It is worth highlighting again
that this group, the 3D printed keratin scaffolds loaded with
Halofuginone, was the only sample to present significant
improvement between days 30 and 70. This is indicative that
the use of 3D printed keratin is not inhibiting the healing
processes, and the inclusion of Halofuginone induces a more
organized dermal healing after a burn; in other words, this
treatment is slower but improves healing.

As a collagen inhibitor, the Halofuginone appears to
initially delay collagen deposition, order, and general heal-
ing, which is then recovered at a later time point, although
presenting no significant improvement when compared with
the other groups at the 70-day endpoint of our study. This is
supported by our previous in vitro observations on con-
tracture and reports in literature. Three-dimensional printed
keratin is noninferior to other reported natural, regenerative
scaffolds for skin wounds in vivo,lg’sz’56 and it includes the
additional complex parameters of controlled geometry
through 3D printing and drug delivery.

NAVARRO ET AL.

Last, it is important to comment on the limitations of the
histomorphologic scale used in this study. This scale bundles
all the scored parameters into a single number, and that value
is not significantly different for all the treatments studied,
including the no-treatment group (Fig. 2B). The scoring was
based on similar published assessments to quantify cutaneous
scarring,*' but it would be important to highlight that all the
parameters scored might not have the same value. For ex-
ample, collagen organization scored higher for Groups 2 and
4 compared with the nontreatment case (Group 3), which is
an important finding for proper wound healing, but this fact
was obscured by the lack of significant difference between
the histomorphologic scores of all groups. It would be pos-
sible to state that collagen organization has more value to
wound healing than the appearance of hair follicles, but other
questions might consider the absence of hyperplasia or in-
flammation with higher incidence in the final score.

Conclusions

Our previous studies on 3D printed keratin had given us
indications that the scaffolds could be used as a drug delivery
mechanism for the treatment of dermal burn wounds. In this
study, we have further elucidated on the manufacturing pro-
cess and the effects of critical steps such as lyophilization and
sterilization. Keratin-based bioink can be used to produce large
amounts of scaffolds for topical use on wounds, and we now
have a better understanding of how 3D printed geometrical
features, crosslinking properties, or mass are altered when the
constructs undergo freeze-thawing cycles and gamma irradi-
ation. We now have built a complete protocol to 3D print
keratin scaffolds that can be used in vivo, including the pre-
sentation of a viable form of customized packing for produc-
tion and transportation. Furthermore, keratin hydrogels are
viable for the uptake and release of a contracture-inhibiting
drug such as Halofuginone, which provides a mechanism to
reduce scarring of severe burn wounds.

In vivo data show that the Halofuginone-laden printed
keratin is noninferior to other similar approaches reported
here in our study, and by others in literature. Although not
entirely solving the issue of hyperplasia, this particular
treatment does result in growth of apocrine glands and hair
follicles, in the development of smooth muscle although to
a lesser effect, it does provide an environment with low
inflammation and low late-stage vascular proliferation, and
a general improvement in collagen deposition and order
over 70 days. The combined use of keratin and Halofugi-
none showed significant improvement in healing from days
30 to 70, compared with any other group studied, indicative
of the inhibiting effect of Halofuginone on collagen de-
position, which gives time to organization and healing.

Considering the limitations of the histomorphologic
scoring, these studies are indicative of the potential of ker-
atin bioink in delivering small molecules to support dermal
wound healing. Having proven its viability in vitro and
in vivo, in this and in previous studies,®>%2° we aim to keep
increasing the complexity of the 3D printed constructs and
exploring optimization alternatives, such as the ruthenium
crosslinker or the order of Halofuginone loading in the
manufacturing process, particularly aiming to treat complex
facial burn wounds and elucidate in complex topographical
reconstruction of dermal tissues.
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