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Cell and Growth Factor-Loaded Keratin Hydrogels
for Treatment of Volumetric Muscle Loss in a Mouse Model

H.B. Baker, PhD,1,2,* J.A. Passipieri, PhD,2,3,* Mevan Siriwardane, PhD,2

Mary D. Ellenburg, BS,4 Manasi Vadhavkar, MS,2 Christopher R. Bergman, BS,2

Justin M. Saul, PhD,5 Seth Tomblyn, PhD,4 Luke Burnett, PhD,4 and George J. Christ, PhD2,3,6

Wounds to the head, neck, and extremities have been estimated to account for *84% of reported combat
injuries to military personnel. Volumetric muscle loss (VML), defined as skeletal muscle injuries in which
tissue loss results in permanent functional impairment, is common among these injuries. The present standard of
care entails the use of muscle flap transfers, which suffer from the need for additional surgery when using
autografts or the risk of rejection when cadaveric grafts are used. Tissue engineering (TE) strategies for skeletal
muscle repair have been investigated as a means to overcome current therapeutic limitations. In that regard,
human hair-derived keratin (KN) biomaterials have been found to possess several favorable properties for use in
TE applications and, as such, are a viable candidate for use in skeletal muscle repair. Herein, KN hydrogels with
and without the addition of skeletal muscle progenitor cells (MPCs) and/or insulin-like growth factor 1 (IGF-1)
and/or basic fibroblast growth factor (bFGF) were implanted in an established murine model of surgically
induced VML injury to the latissimus dorsi (LD) muscle. Control treatments included surgery with no repair
(NR) as well as implantation of bladder acellular matrix (BAM). In vitro muscle contraction force was eval-
uated at two months postsurgery through electrical stimulation of the explanted LD in an organ bath. Functional
data indicated that implantation of KN+bFGF+IGF-1 (n = 8) enabled a greater recovery of contractile force than
KN+bFGF (n = 8)***, KN+MPC (n = 8)**, KN+MPC+bFGF+IGF-1 (n = 8)**, BAM (n = 8)*, KN+IGF-1
(n = 8)*, KN+MPCs+bFGF (n = 9)*, or NR (n = 9)**, (*p < 0.05, **p < 0.01, ***p < 0.001). Consistent with the
physiological findings, histological evaluation of retrieved tissue revealed much more extensive new muscle
tissue formation in groups with greater functional recovery (e.g., KN+IGF-1+bFGF) when compared with
observations in tissue from groups with lower functional recovery (i.e., BAM and NR). Taken together, these
findings further indicate the general utility of KN biomaterials in TE and, moreover, specifically highlight their
potential application in the treatment of VML injuries.
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Introduction

Skeletal muscle injuries and disorders that result in
permanent loss of function have been defined as volu-

metric muscle loss (VML) injuries by Grogan et al.1 Such
injuries are common among active military personnel
wherein head, neck, and extremity wounds constitute an es-
timated 84% of all combat injuries to military personnel.2–4 In

addition to trauma to wounded warriors and civilians (e.g.,
car accidents, gunshot wounds), VML or VML-like injuries
can also arise as a result of excision of cancerous tissue,
congenital birth defects such as cleft lip and cleft palate, and
as a result of acquired diseases such as Bell’s palsy.5–8

Presently, the gold standard of treatment for VML is an
autologous or cadaveric muscle graft. While these interven-
tions have become increasingly successful with advances in
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microsurgery, flap transfer procedures still suffer from do-
nor–host compatibility issues in the case of cadaveric tissue
and from donor site morbidity when using autologous tis-
sues.9–11 Current efforts in tissue engineering (TE) research
seek to develop therapeutic approaches that overcome these
limitations and provide functional improvements that are
capable of better meeting the needs of the wide variety of
VML presentations.

In this regard, researchers have investigated several bio-
material scaffolds, including synthetic and biologically de-
rived materials, for use in skeletal muscle indications.12–17

Biologically derived materials are of particular interest in TE
applications due to their availability and favorable structural
and chemical characteristics.18–20 Investigators have applied
a variety of biologic materials alone or in concert with cells,
drugs, or growth factors in several different animal models of
muscle injury.21,22 Among these approaches, extracellular
matrix (ECM)-derived materials have shown promise for use
in TE applications, and a number of devices consisting of
ECM materials have been FDA approved for several indi-
cations, including soft tissue repair, rotator cuff reinforce-
ment, and superficial wound healing.18

Previous work in our group has focused on the use of a
decellularized, porcine-derived bladder acellular matrix
(BAM) scaffold coupled with cells and physiologic pre-
conditioning in vitro before implantation in rodent models
of VML injury. This implantable technology, referred to as a
tissue-engineered muscle repair (TEMR) construct, pro-
duced a significant improvement in functional recovery
from VML injuries to both the latissimus dorsi (LD) and
tibialis anterior muscles.23–25 In further building a platform
of technologies capable of treating a wider variety of VML
injuries, our group has begun to explore other biologic
scaffold materials, including the keratin hydrogels that are
the subject of this study.

Keratin biomaterials have a host of properties favorable for
regenerative medicine applications and pertinent to skeletal
muscle repair. For example, isolated keratin proteins have been
shown to improve cell attachment26,27 and reductively isolated
keratins (kerateines) have been found to promote platelet ad-
hesion and coagulation.28 In addition, keratin hydrogels are
capable of achieving sustained release of drugs and growth
factors.29–31 Cell differentiation from monocytes to pro-
regeneration type II macrophages has also been shown to occur
in the presence of keratin biomaterials.32 Not surprisingly,
keratin biomaterials have shown positive results in several re-
generative medicine applications, including burn healing,33,34

bone regeneration,30,35 and nerve regeneration.36–38

Keratin proteins have shown promise in applications of
TE, generally using alpha and gamma trichocytic keratins
extracted from human hair. The alpha fraction makes up the
majority of hair fibers, with the beta fraction present in the
cortex of the fibers, while the globular gamma fraction
provides the supporting matrix around filaments.20 The
keratins can be solubilized through disruption of the dis-
ulfide bonds to open the cortex and denature the fibers into
constitutive proteins through either an oxidative or reductive
process.39,40

Oxidative extraction yields keratins with altered cysteine
residues that can no longer cross-link with other keratins and
are referred to as keratose. Reductive isolation results in
keratin referred to as kerateine in which the cysteine group

disulfide bonds are broken, but the cysteine residues are
unaltered and able to reform disulfide bonds. As a result of
these properties, keratose has a faster degradation rate than
kerateine39,40 and the two can be combined to achieve a
desired degradation rate.41

In the current study, several properties of keratin hydro-
gels were utilized in developing and employing a construct
to promote muscle repair. Keratin hydrogels made up of
kerateine and keratose were combined in a manner to
achieve degradation within 2 months while simultaneously
permitting sustained release of growth factors over this time
frame. In addition, keratin hydrogels served as a delivery
vehicle for autologous skeletal muscle progenitor cells
(MPCs) to the site of injury.

Insulin-like growth factor-1 (IGF-1) and basic fibroblast
growth factor (bFGF) were chosen for investigation based
upon their known effects on the skeletal muscle cell popu-
lation. More specifically, IGF-1 has been demonstrated to
promote differentiation of satellite cells and fusion of myo-
blasts, while studies using bFGF indicated that it promotes
satellite cell activation and proliferation; these effects have
been thoroughly discussed and summarized elsewhere.42–46

The overriding hypothesis of this study was that keratin
hydrogels would promote functional improvement of skeletal
muscle in the VML injury setting by encouraging a more
favorable microenvironment for tissue repair and regenera-
tion. It was further hypothesized that the addition of MPCs as
well as growth factors (IGF-1 and bFGF) would complement
and enhance the regenerative capacity of keratin alone. To
investigate these hypotheses, keratin hydrogels, with or
without the addition of a cellular component, growth factors,
or a combination of both, were examined in an established
murine model of VML injury for their ability to enable res-
toration of function and native tissue morphology.

Materials and Methods

Keratin extraction

Keratins were extracted using a patented process in a
quality system regulation/good manufacturing process, QSR/
GMP, facility at KeraNetics, LLC (Winston Salem, NC).
Briefly, a cold solution of 0.5 M thioglycolic acid in sodium
hydroxide (reductive extraction for kerateine) or a 2% per-
acetic acid (PAA) solution (oxidative extraction for keratose)
was added to end cut human hair.

For reductive extraction, the reducing solution was added
to hair in a mixing tank for 12 h at 37�C, followed by two
washes in 100 mM Tris base (Sigma) and water. The solu-
tion was then centrifuged, filtered, dialyzed against a
100 kDa molecular weight cutoff cellulose membrane, and
neutralized to pH 7.4. For oxidative extraction with PAA,
the hair was handled in a similar manner. Following acid
extraction and Tris base/water washes, the extract was pu-
rified by centrifugation and dialyzed in water against a
50 kDa nominal low-molecular-weight cutoff membrane.
Both the oxidized and reduced solutions were lyophilized,
ground, and sterilized by gamma irradiation.

BAM preparation

BAM scaffolds were prepared as previously described.25

Briefly, porcine-derived bladder was washed and trimmed to
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obtain the lamina propria, which was placed in 0.05%
trypsin (Hyclone, Logan, UT) for 1 h at 37�C. The bladder
was then transferred to Dulbecco’s modified Eagle’s me-
dium (DMEM); the solution was supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic–antimycotic,
AA (Hyclone), and kept overnight at 4�C.

The preparation was then washed in a solution containing
1% Triton-X (Sigma) and 0.1% ammonium hydroxide
(Fisher Scientific, Pittsburgh, PA) in deionized water for
4 days at 4�C. Finally, the bladder was then washed in
deionized water for 3 days at 4�C. The decellularized scaffold
was further dissected to obtain a scaffold of 0.2–0.4 mm
thickness. The scaffolds were then cut and draped onto
custom-made silicone molds with a 4.5 cm2 working area.

MPC culture

Mouse MPCs were isolated from the tibialis anterior and
soleus muscles of 4–8-week-old male C57/Bl6 mice pur-
chased from Charles River Laboratories. Muscles were
sterilized in iodine and washed with phosphate-buffered
saline (PBS) before transfer to a 0.2% w/v collagenase
(Worthington Biochemical, Lakewood, NJ) low-glucose
DMEM (Hyclone) solution where they were finely minced
and then allowed to further digest at 37�C for 2 h. The cell
slurry was plated on Matrigel (BD Biosciences, San Jose,
CA)-coated tissue culture plastic in myogenic media con-
sisting of high-glucose DMEM supplemented with 20%
fetal bovine FBS, 10% horse serum (HS), 1% chick embryo
extract, and 1% AA (Hyclone). Three days after plating, the
media were changed to seeding media consisting of low-
glucose DMEM supplemented with 15% FBS and 1% AA
(Hyclone). At 70–80% confluence, cells were passaged.

KSO (keratose):KTN (kerateine) optimization
and cell capacity

We have previously investigated the release of growth
factors from variable ratios of KSO to KTN through ELISA
analysis of solution surrounding growth factor-loaded hy-
drogels.41,47 The gels were prepared with selected ratios of
KSO to KTN, in which varied concentrations (w/v) of ker-
atin powder to sterile PBS were also examined. The results
indicated that a 70:30 blend of 15% KSO and 7% KTN

resulted in the sustained release of both IGF-1 and bFGF
over the course of one month, results which were further
examined in a mouse in vivo study.47

Based on rheology data reported by Tomblyn et al.,47 the
elastic modulus of a hydrogel that allows incorporation of
cells and may still be extruded through a surgical syringe is
*100 Pa. The maximum number of cells that could be
incorporated into the optimized blend and still yield a hy-
drogel flowable in nature and capable of being extruded
through a surgical syringe was 1.7 · 106 MPCs/mL in the
KSO fraction. It may be assumed that addition of this
concentration of cells resulted in a hydrogel that did not
have an elastic modulus significantly greater than 100 Pa.
As such, it is worth noting that the viscosity of the hydrogel
limited the concentration of cells used in this study.

Hydrogel preparation

For the growth factor-containing groups, IGF-1 and/or
bFGF (Peprotech, Rocky Hill, NJ) were diluted in sterile
water to yield a final concentration of 100 mg/mL of each
growth factor. Growth factor solutions were added to KTN
powders to make a 7% w/v hydrogel. KSO was added to
either PBS or a serum-free medium cell suspension of
*1.65 · 106/mL passage 2 mouse MPCs to form a 15% w/v
hydrogel. The KTN and KOS hydrogels were then com-
bined at a 70:30 KSO:KTN ratio by passing the gels be-
tween coupled syringes.

Treatment groups

Treatment groups and group sizes are listed in Table 1 and
are as follows: no repair (NR) n = 9, treatment with BAM
n = 8, keratin (KN) n = 6, KN+IGF-1 (KN+I) n = 8, KN+bFGF
(KN+b) n = 8, KN+I+b n = 8, KN+MPCs (KN+M) n = 8,
KN+M+I n = 8, KN+M+b n = 9, and KN+M+I+b n = 8. IGF-1
and bFGF were loaded at a concentration of 100mg/mL hy-
drogel, and cells were seeded at a density of *1.65 · 106/mL
hydrogel.

Animal care

This study was conducted in compliance with the Animal
Welfare Act, the Implementing Animal Welfare Regulations,

Table 1. Design of Experimental Groups Submitted to Latissimus Dorsi Volumetric Muscle Loss Injury

Model: List of Groups, Components, and Number of Animals (n) is Described

Treatment group (abbreviation) Number of animals (n)

Components

Keratin MPCs IGF-1 bFGF

NR 9
BAM 8
Keratin (KN) 6 +
Keratin+IGF-1 (KN+I) 8 + +
Keratin+bFGF (KN+b) 8 + +
Keratin+IGF1+bFGF (KN+I+b) 8 + + +
Keratin+MPC (KN+M) 8 + +
Keratin+MPC+IGF-1 (KN+M+I) 8 + + +
Keratin+MPC+bFGF (KN+M+ b) 9 + + +
Keratin+MPC+IGF-1+bFGF (KN+M+I+b) 8 + + +

KN, keratin; I: IGF-1, insulin-like growth factor 1; b: bFGF, basic fibroblast growth factor; M: MPC, muscle progenitor cell; BAM,
bladder acellular matrix; NR, no repair.
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and in accordance with the principles of the Guide for the
Care and Use of Laboratory Animals. The Wake Forest
University Health Sciences School of Medicine Animal Care
and Use Committee approved all animal procedures. A total of
80 female C57/BL6 mice (Charles River Laboratories)
weighing 19.1 – 0.3 g at 8–10 weeks old were individually
housed in a vivarium accredited by the American Association
for the Accreditation of Laboratory Animal Care and provided
with food and water ad libitum.

Mouse LD VML model and hydrogel implant

The VML model was created by resecting *50% of the
area of the LD muscle, which is *16 – 3 mg, as was done in
previous studies.23,24 After defect creation, animals were
randomly assigned to one of the following treatment groups:
NR, BAM, keratin alone, and keratin with a combination of
cells, IGF-1, and bFGF (groups listed in Table 1, surgery
shown in Fig. 1). For the BAM treatment, scaffolds were
folded and secured with 6–0 vicryl (Ethicon, Somerville,
NJ) at the proximal and distal ends of the defect. For the NR
and keratin groups, after creation of the defect, the fascia
and mammary fat pad were closed with 6–0 vicryl. For
treatment with keratin hydrogels, 0.1–0.2 mL of the hydro-
gel was injected into the fascial pocket over the injury site.
In all groups, the skin was then sutured with 5–0 prolene
(Ethicon) and animals were allowed to recover.

At 2 months postimplant, animals were sacrificed, and the
experimental and contralateral LD muscles were explanted
for functional and histological analyses.

Muscle function analysis

While under anesthesia, the entire LD muscle of each
mouse was isolated from the thoracolumbar fascia to the
humeral tendon and the tendon and facial ends were tied
with 5–0 silk suture (Ethicon) and transferred to ice-cold
Krebs–Ringer buffer solution (Sigma; composition: pH 7.4;
concentration in mM: 121.0 NaCl, 5.0 KCl, 0.5 MgCl2, 1.8
CaCl2, 24.0 NaHCO3, 0.4NaH2PO4, and 5.5 glucose).
Muscles were transferred to individual chambers of a DMT
750 tissue organ bath system (DMT, Ann Arbor, MI) filled
with Krebs–Ringer buffer at 35�C bubbled with 95% O2 and
5% CO2. The muscles were positioned between custom-
made platinum electrodes with the proximal tendon attached
to a force transducer and the distal tendon to a fixed support.
Direct muscle electrical stimulation (0.2 ms pulse at 30 V)
was applied across the LD muscle using a Grass S88 stim-
ulator (Grass, Warwick, RI).

Real-time display and recording of all force measurements
were performed on a PC with Power Lab/8sp (AD Instruments,
Colorado Springs, CO). Once the LD muscles were mounted
in the organ bath, the muscles were allowed to equilibrate
for 5 min before determining optimal physiological muscle
length (Lo) through a series of twitch contractions. Force as
a function of stimulation frequency (1–250 Hz) was mea-
sured at 37�C during isometric contractions (750 ms trains of
0.2 ms pulses), with 2 min between contractions. The maxi-
mal force of contraction, Po, was normalized to an approx-
imate physiological cross-sectional area (PCSA), which was
calculated using the following equation, where muscle den-
sity is 1.06 g/cm3:

Equation 1. Physiological cross-sectional area (PCSA)
calculation.

PCSA¼ (wet weight gð Þ=
muscle density g=cm3

� �
· muscle length, Lo cmð Þ

� �

Additionally, the force–frequency curves were fit to the
following dose–response equation:

f xð Þ¼min� max�minð Þ= 1þ x=EC50ð Þ� n½ �,

Equation 2. Dose–response formula.
where x is the stimulation frequency in Hz, min is the
lowest observed force generated, equivalent to the twitch
force or Pt, max is the largest observed force or Po, EC50 is
the stimulation frequency, which yields half the amplitude
of the maximum observed force (Po-Pt), and n is the slope
of the linear portion of the force–frequency curve. Ad-
ditionally, submaximal tetanic contraction at 80 Hz (P80Hz)
is included in Table 2. Of note, tissues that were inadver-
tently damaged during retrieval or testing were not included
in the contraction measurement data.

Histology, immunohistochemistry, and imaging

Muscles from all experimental groups were photographed
before fixation in 4% paraformaldehyde overnight at 4�C
and embedding in paraffin wax. Tissue sections were taken
within the plane of the LD muscle and imaged as shown in
Figure 2. Hematoxylin and eosin and Masson’s trichrome
stains were conducted by standard techniques to determine

FIG. 1. Surgical flow of volumetric muscle loss injury and
keratin implant. Muscle is isolated in (A) with the proposed
defect region outlined; defect is created and outlined in (B).
Fascia is partially closed and keratin hydrogel is injected
into the fascial pocket (C). Fascia and skin are then closed
and the animal is allowed to recover. Color images available
online at www.liebertpub.com/tea
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the basic morphology of cells in and around the implant and
to observe any inflammatory response. Implants retrieved
from three animals in each treatment group were studied.

Immunohistochemical staining was performed by using
antibody to detect myosin (MF-20, 1:10) acquired from
Developmental Studies Hybridoma Bank, Iowa City, IA.
Biotinylated anti-mouse IgG (MKB-2225, 1:250, Vector
Laboratories, Inc.) secondary antibody was used to detect
primary antibodies. The sections were next treated with
avidin–biotin complex reagent (PK-7100, Vector Labora-
tories, Inc.) and then visualized using a NovaRED substrate
kit (SK-4800, Vector Laboratories, Inc.). Finally, the sections
were counterstained using Gill’s hematoxylin (GHS280,
Sigma-Aldrich). Tissue sections without primary antibody
were used as negative controls. Images were captured and
digitized (DM4000B Leica Upright Microscope) at varying
magnifications.

Statistical analysis

Numeric data are presented as mean – SEM. Functional
data were statistically analyzed by one-way ANOVA. When
significance was found ( p < 0.05), a post hoc multiple
comparison test was used to compare group means
( p < 0.05) using a Fisher least significant difference (LSD)
significance test. Statistical analysis was conducted using
GraphPad Prism 6.0 for Windows (La Jolla, California).

Results

Creation of VML injury and in vitro
functional assessment

None of the animals died as a result of the surgical pro-
cedure and no postimplantation mortality was recorded. The
weights of the LD muscles excised from the animals in each
treatment group were not statistically different ( p = 0.135),
reflecting the creation of comparable VML injuries (NR:
16.2 – 0.6 mg; BAM: 14.9 – 0.7 mg; KN: 14.5 – 0.7 mg;
KN+I: 16.5 – 1.3 mg; KN+b: 16.8 – 0.5 mg; KN+I+b: 15.6. –
1.3 mg; KN+M: 14.3 – 0.8 mg; KN+ M+I: 18.4 – 1.3 mg;
KN+M+b: 16.3 – 0.7 mg; KN+M+I+b: 15.4 – 0.9 mg).

In vitro force measurement was conducted 2 months
postimplantation on both experimental and contralateral
control muscles harvested from all 10 treatment groups
outlined in Table 1. Mean values for all parameters of in-
terest derived from retrieved LD muscles of all animals are

listed in Table 2, and statistical comparison of mean values
for Po and specific Po is graphically displayed in Figure 3.
The VML injury created in this study resulted in a
58% – 4.3% reduction in maximum isometric contraction
force (Po), a 56% – 5.1% reduction in peak twitch force (Pt),
and a 64% – 5.7% reduction in measured submaximal te-
tanic contraction at 80 Hz (P80Hz) in the NR group relative to
uninjured control muscles (Table 2).

Among all of the treatment groups, implantation of
KN+I+b was associated with the greatest mean value for
Po, Pt, and P80Hz and, furthermore, had the highest specific
Po (Table 2). Statistical analysis revealed that the mean Po

values measured for KN+I+b treatment group were signifi-
cantly greater than the corresponding values in all other
treatment groups except for KN and KN+M+I (Fig. 3). The
mean measured Pt values for the KN+I+b treatment group
were also significantly greater than KN+b, KN+M, and
KN+M+I+b, and furthermore, the mean specific Po values
for the KN+I+b treatment groups were significantly greater
than the corresponding BAM and KN + b mean values. In
addition, the KN+M+I treatment group also had mean spe-
cific Po values that were significantly higher than those
observed in the BAM and KN + b treatment groups (Fig. 3).

Consistent with a previous report,23 analysis of curve fits
to force–frequency data documented significant increases in
EC50 values for all treatments relative to control values,
although with no detectable differences in curve slope (n)
among any of the groups (Table 2). The mean EC50 value
for the KN+I+b treatment group had the largest shift relative
to uninjured values and was significantly different than the
mean EC50 values for NR, BAM, KN+b, KN+M, and
KN+M+I treatment groups. Also of note, at the time of
tissue retrieval, the mass of LD muscles from the BAM
treatment group was significantly greater than any treatment
group except KN + b and was also significantly greater than
control LD mass equating to 178% – 25% of control values.

The LD muscles from the KN + b treatment group were
also significantly heavier than that of several treatment
groups (Table 2), with a mean value of 142% – 26% relative
to the corresponding mean value for uninjured control tis-
sues. Significant differences in optimal muscle length (Lo)
were also detected among the treatment groups. More spe-
cifically, among the treatment groups, only the LD muscles
retrieved from the BAM treatment group had a significantly
greater mean Lo value than that of the NR group, although it
is worth noting that several keratin-treated groups, including

FIG. 2. Depiction of location of tissue
sections for use in histological analyses.
Tissues were sectioned longitudinally in
the same plane as the length of the LD
muscles at 5 mm thickness. Images were
taken at the regions indicated with rect-
angles in the figure to include the inter-
face between uninjured and treated tissue
with native tissue in the lower portion of
each image. LD, latissimus dorsi. Color
images available online at www
.liebertpub.com/tea
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the KN+I+b animals, had mean Lo values, which were not
significantly different from those observed in uninjured
control muscles.

To better frame the nature of the functional recovery ob-
served in this study with prior work from our group in a
similar, although immune-incompetent, murine LD VML
injury model,23,24 we have graphed the complete frequency–
response curves for the KN+I+b group versus that of native
LD, as well as NR and BAM-implanted animals (Fig. 4). As
shown, 2 months after implantation of this KN hydrogel
formulation, we observed a statistically significant increase
in contraction throughout the majority of the frequency–
response curve when compared with the NR and/or BAM
treatment groups (which were not different from each other).
This clearly illustrates the magnitude of functional recovery
that can be achieved with KN hydrogels, which is *70% of
the maximal response observed in native LD muscle.

Whole tissue morphology

Upon completion of functional studies and physical
measurements, retrieved tissues from all animals and treat-
ment groups were photographed. Representative examples
from each treatment group are shown in Figure 5. Among
treatment groups, variable degrees of volume recovery were
observed. All KN treatment groups as well as BAM-
implanted animals had obvious signs of vascularization in
the implant area at the macroscopic level.

Histology and immunochemistry

Retrieved tissues from three animals in each treatment
group were sectioned and stained with hematoxylin and
eosin, Masson’s trichrome, or myosin heavy chain. An il-
lustration of how the VML defect was created and treated
with the keratin implant is shown in Figure 1, and a sche-
matic illustration of the regions of interest studied through
histology is provided in Figure 2. As indicated, specific at-

tention was paid to identify the interface between the im-
plant (or injured area in the NR; indicated by dashed yellow
line) and the native muscle tissue.

The rationale for this analytical approach is that in this
VML injury model, all of the tissue is removed from a
contiguous section of the LD muscle parallel to the

FIG. 3. Muscle function analysis at 2 months postsurgery. Maximum isometric contraction force (P0) as a result of
electrical field stimulation (1–250 Hz, 0.2 ms, 30 V) (A); normalized to PCSA (B). For both measurements, uninjured
contralateral control muscles n = 41, NR n = 9, BAM n = 8, KN n = 6, KN + I n = 8, KN + b n = 8, KN+I+b n = 8, KN + M
n = 8, KN+M+I n = 8, KN+M+b n = 9, and KN+M+I+b n = 8. Acellular hydrogel treatment groups are colored green,
cellularized hydrogel treatment groups are colored blue. Significant differences are denoted as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, { different from all other groups p < 0.001, and #different from all other groups p < 0.0001. NR, no
repair; BAM, bladder acellular matrix. Color images available online at www.liebertpub.com/tea

FIG. 4. Selected force–frequency curves with fitted dose–re-
sponse curves. At 2 months postsurgery, contractions were
elicited through electrical stimuli from 1 to 250 Hz as shown for
uninjured, KN+I+b, BAM, and NR muscles. Dose–response data
have been curve fit according to Equation (2). Curve fitting was
used to determine EC50 and Hill Slope values shown in Table 2.
Letters above group curves denote groups that were statistically
different at a given data point; brackets indicate differences were
observed for all points included in the span of the bracket;
p < 0.05; a: Uninjured; b: KN+I+b; c: BAM; d: NR. Color images
available online at www.liebertpub.com/tea
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remaining native tissue (Figs. 1 and 2). The keratin hydrogel
(or BAM) is then injected (or sutured) into the pocket cre-
ated by surgical excision of the muscle tissue, and the fascia
is closed with sutures (Fig. 1C).

For the NR and BAM treatment groups, identification of
the interface with the native tissue was quite straightforward
because the NR animals had little or no new tissue in the
excised region, while the BAM-treated animals had little or

no new muscle tissue in the implanted region. Of note with
respect to the keratin-implanted mice, for example, no new
muscle tissue is expected beyond the borders of the re-
maining native tissue in the absence of de novo tissue re-
generation as the hydrogel degrades during the 2-month
course of study.

Depicted in Figure 6 are representative images obtained
in tissue sections of the LD muscle retrieved at the 2-month
time point from both control and selected experimental
groups. Figure 6A–C shows the normal architecture of the
mouse LD muscle in the same region as the section that was
surgically removed to create the VML injury. Figure 6D–F
shows the periphery of the remaining native LD muscle
from an NR mouse. As illustrated, there was little or no
evidence of new tissue formation observed in the NR mouse
following surgical excision, although a minimal amount of
adipose tissue and collagen deposition was noted at the edge
of the native tissue adjacent to the defect region (Fig. 6E, F
respectively).

In contrast, in BAM-treated muscles (Fig. 6G–I), a much
greater volume of collagen was observed in the surgically
created defect area well beyond the native tissue interface.
Within the collagenous region (indicated with #), there are
apparently dispersed mononuclear cells present with no
obvious muscle tissue organization, although minimal evi-
dence of de novo muscle tissue formation was occasionally
detected contiguous with the edge of the native tissue (data
not shown).

New tissue formation was much more notable among the
keratin treatment groups and consisted of varying amounts of
collagen, adipose tissue, mononuclear cells, and neomuscle

FIG. 6. Representative examples of mouse LD cell and tissue morphology and functional protein expression. (A–C)
Uninjured control, (D–F) NR, (G–I) BAM, (J–L) KN, and (M–O) KN+I+b. Cell and tissue morphology was examined
through hematoxylin and eosin staining (A, D, G, J, M) wherein nuclei are stained blue-purple and cytoplasm and cellular
proteins are stained pink. Collagen deposition was examined through Masson’s trichrome staining (B, E, H, K, N), in which
tissue stains red, collagen stains blue, and nuclei stain black. The presence of new muscle tissue formation within the defect
and treatment site was evaluated by staining for myosin (MF-20) (C, F, I, L, O); (#) denotes collagen deposition; new
muscle formation is indicated with black arrows; and yellow dashed lines indicate the interface between native and
remodeling tissue. It is important to note that even in the case of relatively robust new muscle tissue formation, the interface
between the newly formed skeletal muscle and the native tissue was quite readily identified by the greater deposition of
extracellular collagen and/or adipose tissue, as well as the presence of smaller muscle fibers, which frequently exhibited
branching profiles and centrally located nuclei (Fig. 7). Color images available online at www.liebertpub.com/tea

FIG. 5. Representative tissue gross morphology. Images
shown were taken following functional assessment carried
out at 2 months postsurgery. Representative samples from
each group are shown. Color images available online at
www.liebertpub.com/tea
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tissue formation. Representative examples of KN-treated
animals are also shown in Figure 6. Consistent with the func-
tional studies (Figs. 3 and 4), KN-treated tissues showed a
greater extent of de novo muscle tissue formation compared
with BAM and NR groups.

It is important to note that even in the case of the rela-
tively robust new muscle tissue formation observed in the
KN-treated animals, the border between the remaining na-
tive tissue and newly formed muscle tissue was quite readily
identified. This border showed more extracellular collagen
and/or adipose tissue deposition among the detectable stri-
ated muscle fibers, as well as the presence of smaller fibers
that frequently exhibited branching profiles and centrally
located nuclei, both of which are hallmarks of muscle re-
generation.48 However, even well beyond the border of the
defect site (dashed lines in Fig. 6), numerous muscle fibers
(black arrows) traveling along the long axis of the native
tissue are evident with thinner fibers observed at the outer-
most edge of the neotissue, although with less structural
organization than observed in the remaining native muscle.

The main implication is that in the keratin-treated groups,
most obviously for the KN+I+b treatment (Fig. 6M–O), the
most robust average functional recovery (i.e., increased
contraction) was observed in the presence of the greatest
amount of de novo muscle tissue formation in the implanted
area of the VML injury (Figs. 3 and 4).

Discussion

In previous studies, our group developed two distinct
models of VML injury in rodents to examine the effec-
tiveness of regenerative medicine/TE approaches to muscle
repair. Specifically, we focused on evaluating a TEMR
technology platform as a potential treatment for VML in-
jury.23–25 In this scenario, a BAM scaffold is loaded with
MPCs and subjected to cyclic stretch preconditioning in a
customized bioreactor before implantation. Implantation of

TEMR is associated with recovery of *70% of the native
contractile response within 2–3 months postimplantation
and with significant skeletal muscle regeneration. With
these established rodent models in hand as a baseline for
comparison, it is possible to evaluate additional technolo-
gies, such as keratin hydrogels, as potential therapeutics for
VML injuries.

Development and evaluation of multiple potential tech-
nologies for treatment of VML injuries seem prudent in light
of the complexity of these injuries and the resulting varia-
tion in functional and cosmetic deficits that can occur. In
this regard, keratin is a viable candidate for VML repair due
to its capacity to serve as an injectable cell and drug delivery
vehicle.26,28,31,32,35,37

As alluded to above, there is now a significant extant liter-
ature documenting that the inclusion of a cellular component in
TE strategies for VML repair provides improved functional
outcomes when compared with implantation of decellularized
matrices/biomaterials alone.23–25,49–55 Our group has docu-
mented this in two distinct VML injury models, in both
immune-competent rats25 (tibialis anterior muscle) and nude
mice23,24 (LD muscle).

Others have reported similar findings with distinct decel-
lularized extracellular matrices, highlighting the fact that
modest functional improvements are clearly possible following
ECM implantation alone, although they are generally associated
with little, if any, evidence for robust de novo muscle regener-
ation.56–58 Investigators have also shown that growth factors
alone, or coupled with cell and scaffold-based therapies, can
improve muscle recovery after injury in vivo.52,59,60 Such ob-
servations, in conjunction with corresponding in vitro investi-
gations, highlight the potentially important role of, for example,
IGF-1 and bFGF, in skeletal muscle regeneration.44–46 Taken
together, this body of work provided the underlying rationale for
the current investigation.

Functional studies in vitro indicated that the combination
of keratin, IGF-1, and bFGF (KN+I+b) resulted in the

FIG. 7. Histological evidence of newly regenerated muscle fibers in keratin and keratin+IGF+bFGF-treated muscles.
Hematoxylin and eosin stain of representative samples from the uninjured control groups (A, B), KN-treated (C, D), and
KN+I+b-treated groups (E, F) highlighting the skeletal muscle morphology observed in native and newly formed (re-
generating) muscle tissue postimplantation. As shown, (B, D, F) represent the higher magnification image of black boxes in
(A, C, E), respectively. Arrows denote examples of muscle fibers with centrally located nuclei in the KN implant region.
The yellow box encircles a representative example of a branching fiber, although such fibers were identified throughout the
implant region. Yellow dashed lines indicate the interface between native and regenerating/remodeling tissue. Color images
available online at www.liebertpub.com/tea
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greatest overall recovery in EFS-induced contraction after
injury at 2 months postimplantation (Figs. 3 and 4; Table 2).
Interestingly, this treatment also yielded the greatest re-
covery of absolute and specific contractile force in the ab-
sence of a cellular component. In fact, overall, it seems clear
from Figure 3 and Table 2 that the inclusion of cells in the
keratin hydrogel provided little apparent additional func-
tional benefit over the hydrogel alone or the hydrogel in
combination with IGF-1 and/or bFGF. Similar results with
KN+I+b were obtained in the companion article to this
work, which used a rat tibialis anterior VML injury model.61

Our current observations beg the question as to why the
inclusion of MPCs in the KN hydrogel provided little de-
tectable functional improvement in the same VML injury
model(s). Of note, our studies did use donor male cells
implanted into female recipients. The rationale for this ap-
proach was to minimize the requirements for donor animals
(given the larger muscle sizes in males) and to ensure
comparison with our prior studies.23–25 In this regard, there
are reports of the potential importance of gender differ-
ences in muscle stem cells.62–63 While we cannot unequiv-
ocally rule out a potential role for gender differences in
muscle-derived stem cells in our current observations, our
previously published observations have reported robust func-
tional regeneration in the same animal models of VML injury
using the same approach.

As such, the most likely reasons for the reported findings
are twofold. First, our prior work included mechanical
preconditioning (i.e., bioreactor-induced cyclic stretch) and
culturing in differentiation medium before implantation to
induce formation of myotubes.23–25 In the current study,
cells were combined with keratin immediately after culture
expansion (i.e., no bioreactor preconditioning). Second, in
our prior work, implanted scaffolds carried *6 · 106 MPCs
(1 · 106 MPCs/cm2 per side on a 1 · 3 cm construct) com-
pared with *1.2–2.3 · 105 MPCs in the injected volume of
hydrogel used in this study. This constitutes a 26–50-fold
reduction in cell number in the current study. This low cell
concentration is the maximum we could achieve given the
viscosity requirement of the hydrogel that could be dis-
pensed (and held in place) into the injury in a 200 mL hy-
drogel volume.

These practical constraints likely precluded critical cell–
cell interactions that are possible in the monolayer of
myoblasts and myotubes characteristic of the TEMR scaf-
fold that was implanted in our prior studies.23–25 In short, it
would appear that the lower cell concentration coupled with
the absence of mechanical preconditioning may have miti-
gated the beneficial functional effects typically attributed to
cell-based therapies.23–25,64 Although the present study did
not containing mechanical preconditioning, it is important to
recognize the role of matrix stiffness in directing cellular
behavior, including differentiation for both stem cells65–66

and muscle satellite cells.67

We have recently demonstrated41 that the keratin hydro-
gel formulation used in this study has an elastic modulus of
*1.5 kPa. It has previously been shown that matrix stiffness
in this range is suitable for satellite cell differentiation and
therefore the keratin formulations used in these studies are
not expected to impede cellular differentiation. However, it
is important to note that previous studies have used poly-
ethylene glycol (PEG) hydrogels that are synthetic in nature

and lack cell binding motifs found in keratin. As such, op-
timization of the keratin stiffness is an avenue for future
research.

To further frame the nature and extent of the functional
recovery observed following implantation of KN hydrogels,
we plotted the complete frequency response curves for the
KN+I+b group versus that of native LD, as well as NR and
BAM-implanted animals (Fig. 4). The rationale for em-
phasizing this subset of experiments is that the KN+I+b
group displayed the greatest degree of functional recovery
(as judged by the number of statistically significant differ-
ences in contractile force from all other treatment groups),
and furthermore, the degree of functional recovery ob-
served was comparable with that previously seen for the
TEMR technology.23,24

As illustrated, at 2 months postimplantation, a statistically
significant increase in contraction throughout the majority of
the frequency–response curve was observed compared with
the contractile responses observed for retrieved LD muscles
from NR and/or BAM treatment groups. This observation
clearly confirms and extends our prior work to document
that *70% recovery of the maximal response observed in
native LD muscle is achievable following VML injury in
this animal model using a distinct regenerative technology.

It is also important to highlight that in the companion
article to this work,61 implantation of KN+I+b in a rat TA
VML injury model had exactly the same functional outcome
(again, not significantly different from KN alone) among the
same treatment groups in another immune-competent ani-
mal model. While the precise mechanism responsible for the
KN+I+b treatment group in two distinct VML injury mod-
els, in two different species, is not precisely known, the
implications of these findings are of obvious importance to
improved functional muscle regeneration and will be further
explored in future investigations.

Whole tissue images (Fig. 5) of retrieved implants indi-
cated a wide range of tissue reconstitution among the vari-
ous treatment groups. Histological evaluation also indicated
the ability of keratin treatments to support favorable tissue
remodeling and muscle regeneration. For example, KN+I+b
tissues showed evidence of robust new muscle tissue for-
mation (Fig. 6M–O), consisting of abundant de novo muscle
fibers, which extended from the borders of the native tissue
well into the region where muscle was surgically excised.
This observation stands in stark contrast to results in the NR
and BAM groups (Fig. 6D–F, G–I) where new muscle tissue
formation was rarely observed and, even then, was visible
only as a thin layer along the border of the injury nearest the
native tissue.

Although we recognize that both IGF and bFGF are pleio-
tropic peptides with numerous potential effects on skeletal
muscle regeneration,42,46,52,59,60,68–70 the selected doses in the
current investigation were based on previous results in vitro
and in a subcutaneous rodent model47 and clearly have a
positive impact on the regenerative microenvironment in this
VML injury model. Clearly, future investigations will be re-
quired to further delineate the mechanism(s) responsible for
the current observations and to further optimize the use of
growth factors for an even greater degree of functional re-
covery in the setting of VML injury.

Taken together, these observations have shown, for the first
time, the important implications of a tunable KN hydrogel
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biomaterial platform for improved therapeutics for VML
injuries and VML-like conditions. Future work will be aimed
at optimization of the KN formulation for growth factor de-
livery as well as for inclusion of a cellular component, each of
which could provide further improvements in functional
muscle regeneration. Additionally, further studies will be
required to evaluate the durability of the functional regener-
ation beyond the 2-month time point studied herein.

Finally, these studies provide further credence for the
results shown in the companion article to this work,61 in that
implantation of KN+I+b in a rat TA VML injury model had
exactly the same functional outcome (again, indistinguish-
able from KN alone) among the same treatment groups as it
does following implantation in a mouse model of VML
injury. The major implication of these initial studies is that
utilization of a tunable KN hydrogel biomaterial platform
provides another promising strategy for functional muscle
regeneration and repair in the setting of VML injury.
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