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Medical care costs can reach an estimated value of $4 billion for spinal cord injuries (SCI) each year in theUSA alone.With no viable
treatment options available, care remains palliative and aims tominimize lifelong disabilities and complications, such as immobility,
bladder and bowel dysfunction, breathing problems, and blood clots. Human hair keratin biomaterials have demonstrated efficacy
in peripheral nerve injurymodels andwere shown to improve conduction delay and increase axonnumber and density. In this study,
a keratin hydrogel was tested in a central nervous system (CNS) application of spinal cord hemisection injury. Keratin-treated rats
showed increased survival rates as well as a better functional recovery of gait properties and bladder function. Histological results
demonstrated reduced glial scar formation with keratin treatment and suggested a greater degree of beneficial remodeling and
cellular influx. The data provided in this pilot study suggest the possibility of using a keratin-based treatment for SCI and warrant
further investigation.

1. Introduction

More than 2.5 million people worldwide are effected by
spinal cord injuries (SCI), with approximately 12,000 new
cases each year in USA alone [1]. The majority of these
cases are caused by motor vehicle accidents (36.5%) and
falls (28.5%) and predominantly affect young males (80.7%)
[1]. Depending on the extent of the injury, survivors can
experience severe lifelong disabilities, including immobility,
pressure sores, autonomic dysreflexia, neurogenic pain, and
breathing problems. Most SCIs will interrupt bladder and
bowel functions because the nerves controlling these pro-
cesses originate in the lower segments of the spinal cord
and are subsequently cut off from brain input. In the case
of the bladder, loss of neural input causes voiding to become
abnormal and thus requires the chronic use of catheters. SCI

injury has an even greater impact when lifetime costs are
considered, which easily reach millions per patient. Medical
care costs alone reach an estimated value of $4 billion per year
in USA [2]. Taking into account the fact that the majority of
patients are young, active people who are now relegated to
long-term palliative care, these numbers increase even more
when considering loss of productivity and income wages [1].

Treatment options after SCI are limited, and life expectan-
cies have not improved for patients since the 1980s. The use
of the steroid methylprednisolone sodium succinate (MPSS)
has fallen out of favor for many clinicians because of the
lack of neurological improvements and serious side effects
[3–5]. Spinal stabilization surgery is performed if the spinal
cord is being compressed by a blood clot or herniated disc
and is effective in terms of stabilizing the spine, relieving
pressure, and preventing further deformities. However, it
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does nothing to address the damage that has already been
done. Moreover, there is no current evidence to suggest that
it offers advantages in functional outcomes [6, 7]. Physical
therapy can offer some improvements, but the standard of
care remains palliative.

After the initial injury, inflammation, cell death, and
limited axon sprouting occur before a glial scar seals the
site of injury. However, the lesion continues to expand
due to secondary damage [8, 9]. The pathophysiological
development of secondary tissue damage in SCIs occurs
through a complicated progression of cellular and molecular
events [2]. Following the immediate mechanical damage to
neural and other soft tissues, there is ischemic cellular death
and edema, along with the infiltration of inflammatory cells,
demyelination, and scarring and cyst formation at the lesion
site. Because the injury compromises the blood-spinal cord
barrier, immune cells migrate from the periphery and elicit
an inflammatory response. The infiltration of neutrophils,
macrophages, and lymphocytes helps fight infection and clear
debris, but it also sets off the release of dozens of proin-
flammatory cytokines and chemokines that have been shown
to negatively influence glial and neuronal cells. Another
consequence is the production of reactive astrocytes, which
in addition to producing inflammatory cytokines, ultimately
participate in the formation of scar tissue. All of these
processes eventually lead to loss of neuronal function.

Therapeutic emphasis in clinical and preclinical studies
has been on cellular and molecular therapeutic interventions
and includes transplantation or administration of a variety
of cell types, neuroprotective agents, and growth factors
[8, 10–12]. But many are associated with several limitations,
including the need for immunosuppressive drugs and amode
of continuous infusion [13, 14], which naturally raises the
question of translation to patient care and how easily such a
treatment could be administered to encumbered patients.

Keratin biomaterials have unique chemical, physical, and
biological properties and have shown a significant ability
for nerve repair in peripheral nerve injuries that surpasses
conventional biomaterials; yet they do not rely on some of
the more complex technologies needed to enhance other
therapies, such as the addition of cells, growth factors, and/or
gene constructs [13–18].These studies using other biomaterial
fillers such as hyaluronic acid, collagen, and fibrin gels
and scaffolds, as well as numerous tubular devices made
from synthetic and natural polymers, have shown promise,
primarily in rodent studies, but relatively few have translated
clinically and no filler materials are currently approved for
human use by theUS Food andDrugAdministration. Studies
using keratin biomaterial hydrogel fillers improved periph-
eral nerve regeneration by promoting Schwann cell activity
via chemotaxis, increasing attachment and proliferation, and
up-regulating genes that contribute to cell proliferation and
differentiation [19]. However, later studies demonstrated only
a modest increase in cellular infiltration into the conduit at
early time points [20]. Pace et al. found that while keratin
hydrogel fulfills primarily a structural role, increased myelin
debris clearance in the distal nerve stump and reduced
inflammatory cell influx also may influence the regenerative
process in peripheral nerve regeneration.

Keratin biomaterials constructed from human hair are
particularly versatile and can be processed into hydrogels,
coatings, films, and sponges.The purpose of the current study
was to investigate the potential use of a keratin hydrogel
in SCI following a hemisection injury. Based on our earlier
work in peripheral nerves, we postulated that keratin would
be able to overcome the deterrent environment normally
caused by SCI and provide a permissive milieu that supports
repair and regeneration, as well as functional recovery. To
investigate this, a rat hemisection model was used. This
study addressed the critical question of assessing functional
outcomes, which some previous studies have neglected. We
hypothesized that treatment with a keratin hydrogel would
encourage restoration of the ability to walk as well as void the
bladder, the twomost common disabilities present in persons
with SCI.

2. Materials and Methods

2.1. Keratin Hydrogel Preparation. Isolation of the crude
keratin material was achieved using previously described
methods [19, 21]. Briefly, human hair was oxidized using
peracetic acid followed by washing with deionized (DI) water
to remove the residual oxidant. The soluble keratin proteins
were extracted in tris(hydroxymethyl) aminomethane (Tris)
base and DI water. The pooled solution was then dialyzed
and neutralized (pH 7.4) withNaOH, lyophilized, and ground
into powder.The keratin powderwas sterilized using a 25 kGy
dose of 𝛾-irradiation. To form hydrogels, sterile lyophilized
keratin was aseptically reconstituted to 15% (w/v) solution
in phosphate buffered saline (PBS) and left to shake at 37∘C
overnight.

2.2. Rat Spinal Cord Hemisection Injury. 25 male Lewis
rats were randomly divided into two treatment groups,
keratin hydrogel and saline treatment. All animal procedures
were approved by Wake Forest University Animal Care and
Use Committee and conducted according to the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals. All procedures were performed under
sterile conditions. Rats were anesthetized using isoflurane
(1.5%–2%) and oxygen. An ∼2 cm incision was made along
the thoracic vertebral level. The laminae were resected and
the dura mater was incised to expose the spinal cord. A
left lateral hemisection at T8-T9 was made by creating a
cut along the midline of the cord. Immediately after, 100 𝜇L
of keratin hydrogel or saline was placed into the gap. Dura
mater and skin were closed using 4-0 Vicryl suture (Ethicon).
Buprenorphine (0.01mg⋅kg) was administered after closing
and as needed for analgesia. Cefazolin (250mg/kg) was
administered after closing and prophylactically for 2 weeks.
Rats were given lower abdominal and bladder massages 3-
4 times daily to aid digestion and bladder voiding until they
were able to void independently.

2.3. Cystometric Analysis and Bladder Weight. Cystomet-
ric studies were conducted at 3 weeks and 6 weeks after
hemisection injury in awake, moving rats, as previously



ISRN Biomaterials 3

described [22–24]. Briefly, the implanted bladder catheter
was attached to a two-way valve that was connected to a
pressure transducer and infusion pump. An ETH 400 (CD
Sciences) transducer amplifier and MacLab/8e (Analog Dig-
ital Instruments) were connected to the pressure transducer.
Saline was introduced at 10mL/h and micturition volumes
(MVs) measured using a force-displacement transducer.
Analyses were conducted over a 25-minute time period. After
cystometric analysis, animals were sacrificed and bladders
immediately harvested and individually weighed.

2.4. Evaluation of Hind Limb Locomotor Function. Gait prop-
erties were evaluated using a treadmill and the TreadScan
software system. Prior to the hemisection injury, rats were
introduced to a treadmill to acclimate them and obtain nor-
mal baseline levels of gait parameters. It has been previously
shown that increased exposure to the treadmill preceding
injury can lead to adverse training effects [25], so animals
were given minimal exposure. The recording and analysis
procedure has been previously described [25]. Briefly, a high-
speed digital camera recorded the rats from underneath as
they walked across a clear treadmill. The TreadScan software
identifies each footprint and analyzes it for numerous gait
parameters. All analyses were done using data from the lower
right leg (per lateral hemisection injury).

2.5. Histology/Tissue Preparation. Rats were sacrificed at
3 weeks and 6 weeks after hemisection injury. Animals
were anesthetized with a ketamine/xylazine (100mg/mL and
20mg/mL, resp.) solution and transcardially perfused with
4% paraformaldehyde. Spinal cords were dissected, removed,
and stored in 30% sucrose for 24 hours at 4∘C. Cords were
then cut into 2 cm segments, embedded in O.C.T compound
tissue freezing medium (Sakura), flash-frozen using liquid
nitrogen, and stored at −80∘C. Serial sections were cut
longitudinally using a cryostat at 15𝜇m thick. Masson’s
trichrome staining was done to elucidate scar formation and
tissue organization. Images were captured using a Zeiss Axio
Vert.A1 (Carl Zeiss Microscopy).

2.6. Statistical Analyses. Comparisons between treatment
groups were analyzed for statistically significant differences
using Prism v5.0 (GraphPad Software, Inc.). All data are
reported as mean ± standard deviation (SD). Survival curves
were derived by the Kaplan-Meier method and compared
by log-rank test. One-way analysis of variance (ANOVA)
was used to determine significant differences between groups
with 𝑛 ≥ 3 for bladder weights. Repeated measures ANOVA
with Tukey’s post hoc test was run on the baseline averages
to assess any significant differences due to time or treatment
in gait characteristics. 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. Effect of Keratin Treatment on Survival. Kaplan-Meier
survival curves demonstrate that treatment with keratin
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Figure 1: Kaplan-Meier survival curve of saline-treated rats (𝑛 = 11)
compared to keratin- treated rats (𝑛 = 12).

hydrogel improved survival rates compared to saline treat-
ment following hemisection injury (Figure 1). However, a
high mortality rate in the saline group, particularly at long
time points, contributed to the nonsignificance of this out-
come.

3.2. Cystometry and Recovery of Bladder Function. Represen-
tative cystometrograms (CMGs) at 6 weeks after hemisection
of the treatment groups and age-matched controls show
distinct recovery of voiding abilities in rats that have been
treated with keratin (Figure 2). Voiding pattern variability
was observed within all groups at 3 weeks and 6 weeks,
making a quantitative analysis difficult. However, trends
in voiding pattern were observed. A typical saline-treated
rat’s bladder presented spontaneous uninhibited contractions
not coupled with definite voids, which is indicative of an
incontinent bladder (Figure 2(b)). Although the keratin-
treated rat’s bladder has some instability during the filling
phase (Figure 2(c)), it is much closer to a normal micturition
pattern (Figure 2(a)), as it shows a regular pattern of definite
voids coupled with pressure spikes and uninhibited contrac-
tions between voids (Figure 2(c)). This is representative of a
functioning yet neurogenic bladder.

Average bladder weights at 6 weeks after hemisection
demonstrate that the keratin group had significantly smaller
bladders than the saline group overall (Figure 3). Bladders
from the saline group were significantly larger than normal
bladders from the uninjured age-matched control group,
indicating a greater degree of hypertrophy. There is no
significant difference between the keratin group and the
uninjured age-matched controls.

3.3. Effects of Keratin Treatment on Hind Limb Motor Func-
tion. Keratin treatment was shown to significantly improve
recovery of several gait properties (Figure 4). Stance time,
which is the time elapsed while the foot is still in contact
with the tread in its stance phase, was significantly higher in
the keratin group at 3 weeks after hemisection (Figure 4(a)).
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Figure 2: Representative cystometrograms showing the qualitative
trends observed within each group. (a) Normal uninjured bladders
show normal micturition pattern. (b) Saline-treated rats displayed
uninhibited contractions not coupled with definite voids, while
keratin-treated rats (c) showed a closer to normal voiding pattern.
Each group includes a pressure curve (0–60 cm/H

2

0) versus a
volume curve (0–5mL) over a 25-minute time scale (𝑥-axis).

Although the saline group showed increased recovery at 6
weeks, the keratin group still maintained its significance.
Stride length, which is the distance the tread has moved
while the foot is still in contact with it, also revealed a
significant increase in the keratin-treated group by 6 weeks
after hemisection (Figure 4(b)). Range of motion (ROM) or
the distance between the farthest point and the closest point
during each stride is typically a good indication of front-
to-back motion. Again, by 6 weeks following hemisection
injury, keratin treatment significantly improves recovery and
is closer to the uninjured baseline level (Figure 4(c)).
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Figure 3: Average weight of bladders of animals treated with saline
(control), keratin (experimental), and an uninjured age-matched
control (positive control) at 6 weeks.

3.4. Histologic Analyses. By 3 weeks after hemisection, both
keratin- and saline-treated rats show degeneration as well as
scar formation at the lesion epicenter (Figure 5). However, by
6 weeks the keratin group displayed remarkable recovery to
a near-normal anatomy. Of particular note is the lessening of
the glial scar, where it is almost completely absent and limited
to the lesioned half of the cord. Spinal cords from the saline-
treated group had especially severe degeneration at 6 weeks
after hemisection.

4. Discussion/Conclusion

SCIs are particularly difficult to treat and there are many
experimental approaches being pursued, including the use of
stem cells, small molecule therapies, and various autologous
cell and tissue grafts.While some promising results have been
noted, a recent stem cell clinical trial by Geron Corporation
was halted, indicating that a clinical treatment using these
complex approaches may still be many years away. This
study has taken a simpler, biomaterials-based approach using
a keratin hydrogel. Keratin biomaterials have previously
demonstrated efficacy in promoting repair following injury
in a peripheral nerve model in mouse, rat, rabbit, and,
most recently, nonhuman primate models [19, 20, 26, 27].
Given the significance of those results, keratinwas considered
a viable candidate for use in the central nervous system.
Moreover, hydrogels are especially well suited for SCIs
because of intrinsic properties such as softness, highly porous
three-dimensional structure, mimicry of the extracellular
matrix (ECM), and a reduced foreign-body response [28].
In addition to encompassing these classic characteristics,
studies have shown that keratin hydrogels are able to avoid
any major fibrous capsule response, can support cellular
and vascular infiltration, can evade foreign-body giant cell
formation and graft rejection, and, because of the absence
of genetic elements, is nonantigenic and nonimmunogenic
[21, 29, 30].

The purpose of this study was to investigate keratin’s
potential role in promoting repair following SCI. Due to the
exploratory nature of this pilot study and the high mortality
rate, the experiments were underpowered. Survival rates for
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Figure 4: Gait analysis shows greater recovery of stance time (a) with keratin treatment at both 3 weeks and 6 weeks after injury. Keratin-
treated rats also showed significantly greater stride length (b) and longitudinal range of motion (c) by 6 weeks.

those rats treated with keratin were markedly greater than
those treated with saline (Figure 1), but due to the lack
of surviving animals in general, and in the 6 week saline
group in particular, statistical significance in this particular
outcomewas not achieved.The attrition rates observed in this
study were higher than expected, although this type of data is
typically not published and difficult to obtain. Nevertheless,
all animals were given the exact same postoperative care and

treatment, so within the present study it is difficult to ignore
the effects observed.

It is well known in SCI that urinary bladder control is
one of the first problems patients encounter. The normal
expectation after spinal cord damage above the level of S2 is
an initial spinal shock where there is complete urinary reten-
tion with possible overflow incontinence, followed within
2-3 weeks by the initiation of an autonomic bladder, or
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Figure 5: Trichrome staining of recovered spinal cords showed notable restoration of tissue in the keratin-treated group compared to saline
by 6 weeks. While some scarring is evident, the deterioration that occurred with saline treatment was not evident in keratin-treated animals.

loss of micturition reflexes, abnormal amounts of residual
urine, and involuntary urination. In the present study, the
effect of keratin on regeneration in the spinal cord was
studied and consequently bladder function was used as an
indication of successful recovery. Our postulate was that, in
rats, more rapid recovery from the spinal shock phase would
be observed, and thus our analysis was focused on the 3-
week time point. As expected, the saline group showed severe
nerve damage with no clear voiding pattern in any of the
animals tested (Figure 2(b)). Pressure data showed marked
uninhibited contractions and irregular voiding pattern that
was not correlated with specific spikes in pressure. This
pattern indicates loss of upper motor neuron control on the
bladder and failure of nerve regeneration at the spinal cord
level. In the keratin group, however, there was a more robust
pattern of voiding in some of the animals tested and there
were regular bouts of micturition in 60% (3/5) of animals
tested (Figure 2(c)). The bladder pressure data showed a
clear trend toward normalization of micturition, albeit with
a sustained increase in uninhibited contractions in between
those sections. These data suggest at least some regeneration

at the spinal cord level, allowing at least minor upper center
control of the bladder to resume.

Another indication of a neurogenic response by the
bladder to SCI is the degree of hypertrophy. As a muscle,
the bladder will compensate for any voiding problems by
enlarging. Measuring the weights of bladders taken from
each treatment group provides an indication of how the
bladder is responding. Keratin treatment yielded significantly
smaller bladders compared to saline treatment and there
was no significant difference between uninjured age-matched
controls and the keratin treatment group bladder weights
(Figure 3).

Another substantial functional outcome following SCI
is gait analysis. The ability to walk is a good assessment
of SCI deficit because it shows definitively that neurite
connections have regenerated to an extent of becoming
functional. Moreover, walking is noted to be the highest
priority for SCI patients [31, 32]. A thoracic hemisection
injury, such as the one employed for this study, will cause
the animal to lose the use of one hind limb, in this case the
right hind limb. The TreadScan system allows the animal to
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be recorded from underneath a clear treadmill as they are
walking. It provides a highly sensitive and objective output
that in most, but not all, cases is more insightful than the
classic open-field assessments [25]. Baseline readings taken at
day 0 are pre-SCI and show how a normal response appears
(Figure 4). Keratin treatment promoted a significant recovery
of all three properties by 6 weeks. Previous studies using
mousemodels of SCI have found that injured animals display
a phase of initial recovery, which then plateaus by 2-3 weeks
[33–35]. This is consistent with trends observed within the
saline treatment group, as there was no significant difference
between 3 weeks and 6 weeks for all three gait properties
measured. In contrast, there was significant restoration of
stance time, stride length, and longitudinal ROM to near-
normal levels with keratin treatment, thus showing recovery
occurring longer and later.

Regeneration of neurons is limited by many factors that
contribute to an environment that is impermissible to growth
and repair, unlike regeneration of peripheral nerves which
can occur at a rate of up to 5mm per day [36]. Previous
studies have shown that spinal cord regeneration is possible
if the lesion milieu promotes and supports growth [36–38].
Specifically, the inhibitory lesion site or glial scar must be
prevented or kept at a minimum to allow CNS axons to grow
[36, 38–41]. Spared white matter has been shown to correlate
well with functional recovery following SCI [34, 35, 42, 43].
This study demonstrated consistent findings in this regard, as
seen at 6 weeks after hemisectionwhere the keratin treatment
group spinal cords showed greater remodeling (Figure 5),
which is also the time point at which the greatest functional
recovery appeared to take place (Figures 2 and 4). At 3 weeks
after hemisection, the keratin treatment group’s spinal cords
were not visibly different from the saline treatment group, as
both displayed degeneration and some scar tissue formation.
By 6 weeks after hemisection, it is apparent how similar the
tissue structure and organization of the keratin-treated cord
are to the uninjured spinal cord (Figure 5). There are several
potential cellular and molecular mechanisms that could be
responsible for regeneration at this level, such as modulation
of cell-mediated inflammatory cascades and/or promotion
of glial cell remodeling activity. However, previous studies
would suggest that keratin is not acting directly on neurons
or axons but rather as a structural support, providing an
environment more conducive to growth, which is achieved
in the spinal cord through promoting beneficial cell types like
oligodendrocytes, microglia, and macrophages.

5. Conclusion

This pilot study suggests the potential of a keratin
biomaterial-based treatment in SCI applications. Although
the study was underpowered, gait parameters did reach
statistical significance and other notable observations were
made. In general, keratin treatment seemed to improve
survival rates compared to saline treatment. Rats treated
with keratin also appeared to have greater recovery of
bladder function. Although micturition patterns are shown
in qualitative terms, the average weight of bladders was
significantly smaller with keratin treatment, indicating less

hypertrophy and thus restored innervation of the bladder
muscle. There was also a significant improvement in hind
limb motor function recovery with keratin treatment.
Histological analysis suggests an increased cellular presence
with keratin, which may be indicative of several potential
mechanisms of action. However, further studies are needed
to confirm these findings in a more statistically robust design
as well as explore these initial observations and address
mechanistic questions.
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