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1
DEVICES AND METHODS FOR LOCAL
DELIVERY OF TACROLIMUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 62/524,149, filed on Jun. 23, 2017, which is
incorporated by reference herein in its entirety.

GRANT INFORMATION

This invention was made with government support under
grant number W81XWH-15-1-0026 awarded by the U.S.
Army Medical Research and Materiel Command. The gov-
ernment has certain rights in the invention.

1. FIELD

The presently disclosed subject matter relates to tech-
niques for the local delivery of tacrolimus or tacrolimus
derivatives to nervous system tissue that are based on
devices including tacrolimus or derivatives thereof in a
polymeric matrix.

2. BACKGROUND OF THE INVENTION

Injuries and conditions of the nervous system can be
difficult to treat, in part due to the healing response in nerves.
For instance, in adult mammals, central nervous system
(CNS) neurons generally fail to regenerate injured axons
after injury due to several factors including lost axon growth
potential and a pro-inflammatory innate immune response
that can lead to secondary trauma and injury site expansion.
Additionally, extracellular matrix (ECM) remodeling can
support scar tissue formation that inhibits axon degenera-
tion, possibly leading to CNS neuron death. Unlike nerves of
the CNS, the nerves of the peripheral nerve system (PNS)
have the capability to regenerate their axons if an injury is
relatively small. However, larger injuries will necessitate
surgical intervention (Schmidt, C. E et al. 2003). Even with
surgical intervention, such as end to end repairs and nerve
grafts, the ability of axons to regenerate and the growth
support of shwann cells decreases over time (Fu & Gordon
etal. 1995), and countless patients exhibit incomplete recov-
ery resulting in substantial disability (Noble J. et al. 1998,
Houdek M. T et al. 2015). Combinatorial approaches tar-
geting intrinsic and/or extrinsic factors can increase axon
growth to re-innervate target nuclei and restore function.
However, several challenges remain and the number of
axons that successfully regenerate can be low, remyelination
can be incomplete or absent, many axons can misroute, and
the methods used can present translational challenges.

Tacrolimus, also called FK506, is an FDA-approved
immunosuppressive drug used to treat autoimmune diseases
and to reduce the risk of organ transplant rejection. Tacro-
limus suppresses T-cell activation primarily by binding to an
FK506 binding protein (FKBP) immunophilin receptor,
FKBP12, that in turn inhibits calcineurin phosphatase activ-
ity and reduces and the expression of early T-cell activation
genes. Tacrolimus can also modulate the immune response
in the nervous system, including microglial activation, neu-
trophil infiltration, and astrocyte activation. Because astro-
cytes and many neurons also express FKBPs, tacrolimus can
regulate tissue remodeling through an FKBP-dependent
mechanism. Tacrolimus also has neuroprotective and neu-
roregenerative properties. Tacrolimus can regulate the cell
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cycle (Ahearn, Tsai et al. 2011) and other cellular functions
through FKBP independent mechanisms. In cultured astro-
cytes, tacrolimus can decrease pro-inflammatory, TNF-a
and IL-f, but not anti-inflammatory, TGF-$1 and IL-6, gene
expression (Zawadzka and Kaminska 2005), and inhibit
astrocyte glutamate toxicity (Szydlowska, Zawadzka et al.
2006). In vivo, systemic tacrolimus can suppress microglial
activation (Zawadzka, Dabrowski et al. 2012) and microglial
mediated astrocyte activation (Liu, Tang et al. 2011). Tac-
rolimus can reduce the expression of apoptosis-related genes
in astrocytes (Zawadzka, Dabrowski et al. 2012) and down-
regulate the expression of pro-inflammatory cytokines in
both microglia and astrocytes (Zawadzka and Kaminska
2005), which in turn suppresses oxidative cellular stress
(Fukuta, Ishii et al. 2015) and secondary cellular damage
and injury site expansion.

Tacrolimus has been shown to have neuroprotective and
neuroregenerative activities on neurons in pre-clinical mod-
els. Tacrolimus administered orally can promote retinal
ganglion cell (RGC) survival after optic nerve crush in rats
by suppressing apoptotic signaling (Freeman and
Grosskreutz 2000). After spinal cord injury in rats, tacroli-
mus can increase spinal cord axon growth (Wang and Gold
1999), increase growth associated protein-43 (GAP-43)
expression (a neural regeneration marker), and improve
functional recovery (Voda, Yamaji et al. 2005; Madsen,
MacDonald et al. 1998). In experimental stroke models,
tacrolimus can reduce reperfusion injury to CNS neurons
(Fukuta, Ishii et al. 2015) and decrease apoptosis in hip-
pocampal neurons (Sharifi, Abolhassani et al. 2012). Fur-
thermore, certain studies have shown that systemic tacroli-
mus administration can expedite nerve recovery and
improve outcomes after nerve injury and repair (Cottrell, B.
L et al. 2006, Konofaos, P. et al. 2013, Kim, J. S et al 2014,
Yang, L.. M et al. 2014, Shahraki, M. et al. 2015). Studies in
neurons also suggest that tacrolimus can act on neurons
bi-modally, through FKBP dependent and independent
mechanisms (Gold, Armistead et al. 2005).

Tacrolimus is typically administered systemically, either
orally or by injection. However, high systemic tacrolimus
levels can cause life-threatening side effects, including dia-
betogenicity, nephrotoxicity, and neurotoxicity. Several
studies have shown that systemic immunosuppression can
be complicated by numerous poorly tolerated, global side
effects that can lead to organ failure (Tricot, L., et al. 2005,
Oto, T. et al., 2010, Leroy, S. et al., 2010, Gnatta, D. et al
2010, Dehgani. S. M. et al., 2010, Davaus Gasparetto, T. et
al., 2010). In order to minimize these side effects, methods
to deliver tacrolimus locally have been explored, including
topical hydrogels, inhalation-based administration, and
micelle or polymer encapsulation. For example, certain
studies have focused on various carriers (e.g., nerve wrap)
for delivery of tacrolimus (Li et al., 2014, Taidaran et al.,
2015). Nerve wraps have been shown to decrease neuroma
formation and improve nerve healing when bridging small
gaps for nerve repair (Mackinnon 1990, Weber 2000, Meck
2013). However, these approaches can have poor delivery to
nervous system tissues or can be unable to match the
mechanical properties of nervous system tissues during
movement and thus cannot remain in place over the injury
site.

Therefore, there remains a need in the art for improved
techniques for the local delivery of tacrolimus and deriva-
tives thereof to the nervous system.
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3. SUMMARY OF THE INVENTION

The presently disclosed subject matter relates to devices
and methods relating to the local delivery of an active agent,
e.g., tacrolimus or a tacrolimus derivative, to nervous system
tissue.

In certain aspects, a device for local delivery of tacrolimus
or a tacrolimus derivative includes a polymeric matrix
comprising a biodegradable polymer and tacrolimus or a
tacrolimus derivative. In certain non-limiting embodiments,
the biodegradable polymer comprises poly(ester urethane)
urea (PEUU). The PEUU can have a number average
molecular weight (M,,) ranging from about 40,000 Da to
about 200,000 Da, or from about 50,000 Da to about
100,000 Da.

In certain non-limiting embodiments, the device is con-
figured as a sheet. The device can further include an attach-
ment mechanism for securing the device to nervous system
tissue. For example, the attachment mechanism can attach
the device to itself and/or directly to the tissue to secure it
in place. In certain embodiments, the device can have a
Young’s modulus of from about 15 MPa to about 30 MPa.
The device can have an ultimate stress of at least about 5
MPa. The device can have a strain at break of from about
150% to about 300%. In some embodiments, the geometry
of the sheet can be modified based on the geometry of an
implantation site.

As embodied herein, the tacrolimus or a tacrolimus
derivative can be present in the device in an amount of from
about 1 mg to about 100 mg. The biodegradable polymer and
the tacrolimus or a tacrolimus derivative can be present in
the device in a weight ratio of from about 1:50 to about 1:20.

In certain other aspects, the presently disclosed subject
matter relates to methods for local delivery of tacrolimus or
a tacrolimus derivative. For example, a method for local
delivery of tacrolimus or a tacrolimus derivative to a ner-
vous system tissue in a subject can include applying a
polymeric matrix comprising poly(ester urethane) urea and
tacrolimus or a tacrolimus derivative to an implantation site
in the subject.

In certain non-limiting embodiments, the method can
further include securing the polymeric matrix to the implan-
tation site. The tacrolimus or a tacrolimus derivative can be
released from the polymeric matrix over a period of from
about 10 days to about 15 days. In certain embodiments, the
implantation site can be local to the nervous system tissue.
In certain embodiments, the nervous system tissue can
include a nerve, e.g., an optic nerve and an infra orbital
nerve. During local delivery of tacrolimus, the concentration
of tacrolimus in blood of the subject can be maintained at
less than about 20 ng/mL.

In further aspects, the presently disclosed subject matter
provides methods of treating an injury to nervous system
tissue. For example, a method of treating an injury to
nervous system tissue in a subject can include applying a
polymeric matrix comprising poly(ester urethane) urea and
tacrolimus or a tacrolimus derivative to the nervous system
tissue; and releasing an effective amount of tacrolimus or the
tacrolimus derivative to the vicinity of the nervous system
tissue.

In certain non-limiting embodiments, the nervous system
tissue can include a nerve, e.g., an optic nerve and/or an infra
orbital nerve. During treatment, the concentration of tacro-
limus in blood of the subject can be maintained at less than
about 20 ng/mL.

In certain other aspects, the presently disclosed subject
matter provides methods of making a device for local

10

15

20

25

30

35

40

45

50

55

60

65

4

delivery of tacrolimus or a tacrolimus derivative. In certain
embodiments, a method of making a device for local deliv-
ery of tacrolimus or a tacrolimus derivative can include
providing a first solution comprising tacrolimus and a first
solvent; providing a second solution comprising a biode-
gradable polymer and a second solvent; combining the first
solution and the second solution to form a mixture; and
electrospinning a polymeric matrix comprising a biodegrad-
able polymer and tacrolimus or the tacrolimus derivative
from the mixture.

In certain non-limiting embodiments, the method further
includes forming the biodegradable polymer in the second
solution. For example, the biodegradable polymer can
include poly(ester urethane) urea. Poly(ester urethane) urea
can be formed in the first solution by reacting polycapro-
lactone diol, 1,4-diisocyanatobutane, and putrescine.

In certain non-limiting embodiments, the first solvent
comprises dimethyl sulfoxide and/or the second solvent
comprises hexafluoroisopropanol. In certain non-limiting
embodiments, the method further includes sterilizing the
device. The device can be sterilized by exposing the device
to radiation and/or by contacting the device with ethylene
oxide.

4. BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A compares retinal ganglion cells (RGCs) cultured
in cell medium with and without tacrolimus (at a concen-
tration of 5 pM) as described in Example 1.

FIGS. 1B-1C shows RGC viability at various concentra-
tions of tacrolimus, ranging from 0 uM to 100 uM, where
FIG. 1B is a bar chart of viability and FIG. 1C is the
log-transformed data. * indicates significant difference com-
pared to media, p<0.05. Error bars represent SEM, n=150
randomly analyzed neurons cultured in triplicated from at
least 3 experimental repeats.

FIG. 2A provides representative images of RGC neurite
growth with media, EtOH (0.025%), and tacrolimus (5 nM).

FIG. 2B shows a bar chart of neurite length in cell media,
EtOH, and tacrolimus at various concentrations. The table of
FIG. 2B provides the corresponding numerical data. #
indicates significant difference compared to media, p<0.05.
Error bars represent SEM, =30 cells were analyzed for each
of 3 experimental repeats, totaling =90 neurons per condi-
tion.

FIG. 3 A shows the surface morphologies of unloaded and
10 mg and 20 mg tacrolimus loaded sheets before (top row)
and after (bottom row) degradation in PBS for 8 weeks. The
scale bars represent 5 pum.

FIGS. 3B-3C show the release mechanics of 10 mg and 20
mg tacrolimus loaded PEUU sheets. FIG. 3B shows the
release of tacrolimus over 14 days and FIG. 3C shows the
change in weight of the sheets over 8 weeks. Data represent
three experimental repeats, n=3 per group per experiment.
Student’s t-test between 10 mg and 20 mg sheets at each
time point, *p<0.01.

FIGS. 4A-4D show the mechanical properties of an
unloaded PEUU sheet and 10 mg and 20 mg tacrolimus
loaded PEUU sheets. FIG. 4A provides the stress-strain
response; FIG. 4B provides the Young’s Modulus; FIG. 4C
provides the strain at break of the sheets; and FIG. 4D
provides the ultimate stress. One-way ANOVA with Posthoc
Tukey’s test was performed between groups, *p<0.05. Data
represent three experimental repeats, n=3 per group per
experiment.

FIGS. 5A-5B illustrate the procedure for acute ischemia.
FIG. 5A shows a schematic of acute ischemia via clamping
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with a tacrolimus sheet sutured around a nerve. FIG. 5B is
a photograph taken after the clamping procedure, showing
placement of the tacrolimus-PEUU sheet sutured around the
optic nerve.

FIGS. 6A-6E illustrate tacrolimus concentration in the left
and right optic nerves and retinas 24 hours or 14 days after
treatment. FIG. 6A provides tacrolimus concentration 24
hours after suturing a tacrolimus-PEUU sheet to a fenes-
trated optic nerve (N=4 per tissue). FIG. 6B provides
tacrolimus concentration 24 hours after acute ischemia and
tacrolimus-PEUU sheet application around the right optic
nerve, without fenestration (N=4 per tissue). FIG. 6C pro-
vides tacrolimus concentration 14 days after acute ischemia
and tacrolimus-PEUU sheet application around the right
optic nerve (N=8 per tissue). FIG. 6D provides tacrolimus
concentration 14 days after tacrolimus-PEUU sheet appli-
cation around an uninjured right optic nerve (N=6 per
tissue). FIG. 6E provides tacrolimus concentration 14 days
after subcutaneous implantation of a tacrolimus-PEUU sheet
in the lower right quadrant of the abdomen and acute
ischemia to the right optic nerve (N=8 per tissue). FIG. 6F
provides tacrolimus concentration 14 days after acute isch-
emia to the right optic nerve with systemic tacrolimus
injections every 48 hours (N=8 per tissue). One-way
ANOVA with Posthoc Tukey’s test between groups,
*p<0.05, **p<0.01, ***p<0.001.

FIGS. 7A-7C show tacrolimus concentration in the blood
after acute ischemia. FIG. 7A provides a chart of tacrolimus
concentration after 24 hours and 14 days after (1) acute
ischemia and tacrolimus-PEUU sheet application; (2) tac-
rolimus-PEUU sheet application without ischemia; (3) acute
ischemia and with subcutaneous tacrolimus-PEUU sheet
application; and (4) acute ischemia with system tacrolimus
administration. FIG. 7B illustrates these blood concentra-
tions after 24 hours and FIG. 7C illustrates these blood
concentrations after 14 days. One-way ANOVA with Post-
hoc Tukey’s test between groups, ***p<0.001.

FIG. 8A provides images of a representative full nerve,
and magnified crush sites showing GFAP staining.

FIG. 8B provides quantification of GFAP intensity show-
ing significant GFAP expression after optic crush. Statistical
differences were analyzed by one-way ANOVA with a
Tukey post hoc method, and a significance level of p<0.05.
Data represent the average+ the SEM with the following
number of samples: control: n=4; crush: n=2; tacrolimus
wrap: n=2; and tacrolimus systemic: n=2.

FIG. 9A provides images of a representative full nerve,
and magnified crush sites showing GAP-43 staining.

FIG. 9B provides quantification of GAP-43 intensity
showing no significant GAP-43 expression in uninjured,
crush only, and tacrolimus systemic treatment, although
treatment with tacrolimus wrap caused a significant increase
in GAP-43 expression. Statistical differences were analyzed
by one-way ANOVA with a Tukey post hoc method, and a
significance level of p<0.05. Data represent the average+ the
SEM with the following number of samples: control: n=3;
crush: n=2; tacrolimus wrap: n=3; and tacrolimus systemic:
n=2.

FIG. 10 provides an SEM image of a 10 mg wrap in
accordance with Example 2, taken at 3000x magnification.

FIG. 11 shows the release profile for 10 mg and 20 mg
tacrolimus wraps over two weeks, as described in Example
2.

FIGS. 12A-12B show response magnitude at 4 weeks
after infraorbital transection and repair. FIG. 12A shows
response magnitudes for all samples whereas FIG. 12B
provides the average, as compared to a control.
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FIG. 13 provides the blood concentrations of tacrolimus
when applied as a wrap as compared to systemic adminis-
tration over 6 weeks.

FIG. 14 provides tacrolimus concentrations in the infra-
orbital nerves (ION, intact), muscles, wrap, and the blood at
3 days, 1 week, 2 weeks, and 6 weeks post PEUU-Tac
implantation around IONs.

FIG. 15 shows tacrolimus concentrations in the blood at
days 1 and 14 post PEUU-Tac wrap implantation around
IONSs or following systemic tacrolimus administration.

FIGS. 16A-16E show peristimulus time histograms
(PSTHs). FIG. 16A provides populations of PSTHs in
control animal subjects at six weeks post-transection without
FK (n=113). FIG. 16B provides populations of PSTHs in
FK-treated animal subjects at six weeks post-transection
(n=57). FIG. 16C provides populations of PSTHs in FK-
treated animal subjects at four weeks post-transection
(n=68). FIG. 16D provides populations of PSTHs in control
animal subjects at four weeks post-transection without FK.
FIG. 16E provides a stimulus wave form for movement
onsets (n=53). FIG. 16A provides populations of PSTHs.

FIGS. 17A-17C show responses to stimulus onsets (ON).
ON responses are calculated as the average number of spikes
evoked during the first 20 ms of the response following
deflection onset. FIG. 17A provides ON responses at each
cell’s maximally effective direction (Max Angle). FIG. 17B
provides ON responses in 8 directions in 45° increments.
FIG. 17C provides ON responses during 100 ms of the
plateau.

5. DETAILED DESCRIPTION OF THE
INVENTION

The presently disclosed subject matter relates to tech-
niques for the local delivery of an active agent, e.g., tacro-
limus or a tacrolimus derivative. These techniques can be
used to deliver the active agent to nervous system tissue, for
example a damaged nerve, and can thereby be used to
promote nerve growth and/or neuroregeneration.

The presently disclosed techniques generally relate to a
device comprising a polymeric matrix with an active agent
disposed therein. The polymeric matrix can be biodegrad-
able such that it degrades and releases the active agent under
the conditions of implantation. As such, the disclosed
devices can provide for delayed and extended release of the
active agent to the nervous system tissue.

To date, many of the materials and methods used to
promote regeneration in nervous system tissue are cost
prohibitive and not readily translatable to the clinic, due to
the nature of their molecular and genetic manipulations. The
presently disclosed device is a cost-effective alternative that
uses readily-available materials that are already used in FDA
approved products. These materials do not produce adverse
immune responses and are highly translatable clinically and
can be tailored to the appropriate shape and size for implan-
tation while providing an effective amount of active agent.

The terms “comprise(s),” “include(s),” “having,” “has,”
“can,” “contain(s),” and variants thereof, as used herein, are
intended to be open-ended transitional phrases, terms, or
words that do not preclude the possibility of additional acts
or structures. The singular forms “a,” “an” and “the” include
plural references unless the context clearly dictates other-
wise. The present disclosure also contemplates other
embodiments “comprising,” “consisting of’, and “consisting
essentially of,” the embodiments or elements presented
herein, whether explicitly set forth or not.
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As used herein, the term “about” or “approximately”
means within an acceptable error range for the particular
value as determined by one of ordinary skill in the art, which
will depend in part on how the value is measured or
determined, i.e., the limitations of the measurement system.
For example, “about” can mean within 3 or more than 3
standard deviations, per the practice in the art. Alternatively,
“about” can mean a range of up to 20%, preferably up to
10%, more preferably up to 5%, and more preferably still up
to 1% of a given value. Alternatively, particularly with
respect to biological systems or processes, the term can
mean within an order of magnitude, preferably within
5-fold, and more preferably within 2-fold, of a value.

As used herein, “tacrolimus” refers to an immunosup-
pressive drug, which is also called FK-506 and fujimycin,
having the following structure:

HO,

~

As used herein, an “effective amount” refers to an amount
of the active agent, e.g., tacrolimus or a derivative thereof,
that is able to facilitate regeneration of neurons. An “effec-
tive amount” can depend upon the context in which it is
being applied, and can be based on several factors, including
the condition and/or degree of injury of the neurons, the area
being treated, and the duration of the treatment.

A “subject” can be a human or a non-human animal, for
example, but not by limitation, a non-human primate, a dog,
a cat, a horse, a rodent, a cow, a goat, a rabbit, etc.

For clarity of description, and not by way of limitation,
the detailed description of the presently disclosed subject
matter is divided into the following subsections:

(1) devices for local delivery of an active agent;

(2) methods of making such devices;

(3) methods for local delivery of an active agent; and

(4) methods of treatment.

5.1. Devices for Local Delivery of Active Agent

In certain aspects, the presently disclosed subject matter
relates to devices for the local delivery of an active agent.
For example, such devices can comprise a polymeric matrix
that contains tacrolimus or a tacrolimus derivative as an
active agent. The device can be configured to be applied to
an area of nervous system tissue for treatment, e.g., to a
nerve of the central nervous system (CNS) and/or peripheral
nervous system (PNS).
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In certain non-limiting embodiments, the geometry of the
device can be modified based on the geometry of an implan-
tation site. For example, and not limitation, the device can
be configured as a sheet, wrap, ribbon, tube, or another form
configured for therapeutic use. As embodied herein, the
device can have any suitable size, shape, and dimensions for
application to the target area for implantation. Alternatively,
the device can be provided as a larger unit that is cut to the
appropriate dimensions and shape prior to application. For
example, a sheet or ribbon can be provided having a
thickness ranging from about 1 pm to about 4 mm. In some
embodiments, the sheet or ribbon can have a wide range of
lengths and/or widths. The term “lateral dimension,” as used
herein, refers to the length and/or width. In accordance with
certain embodiments, at least one lateral dimension of the
sheet or ribbon structure can be between about 0.1 mm and
about 5 cm, between about 0.1 mm and about 1 cm. between
about 0.1 mm and about 10 mm, between about 0.1 mm and
about 5 mm, or between about 0.1 mm and about 1 mm.
When implanted in a subject, the device can be placed in a
cylindrical arrangement (e.g., as a wrap or tube around a
nerve). For example, such a cylindrical arrangement can
have a diameter of from about 1 mm to about 10 mm.

The device can be suitable for implantation into a subject.
For example, the device can be applied to a target area in the
subject by covering or wrapping the target area with the
device by suturing, stapling, adhering with adhesive, tying,
or otherwise attaching the device to itself and/or to tissue in
the target area. For example, in particular embodiments, the
device can be configured as a sheet that is wrapped around
a target nerve and sutured in place. In certain embodiments,
the size, shape, and dimensions of the device can be modi-
fied based on a condition of a target area. For example, prior
to implantation, the device can be cut into multiple segments
with appropriate size to cover target nerves, muscles, or
other tissues. As embodied herein, the target area for implan-
tation can be local to the target area for treatment or can be
remote from the target area for treatment, as described in
further detail below.

5.1.1. Polymeric Matrices

The presently disclosed devices can be based on a poly-
meric matrix. As embodied herein, the polymeric matrices
can be based on a variety of different polymers. For
example, and not limitation, the polymer can be a biode-
gradable polymer. A biodegradable polymer can break down
under the conditions of implantation, i.e., in the nervous
system tissue environment. The biodegradable polymer and
its degradation products can be biocompatible and non-
toxic.

For example, and not limitation, suitable biodegradable
polymers include poly(ester urethane) urea (PEUU), poly-
carbonate urethane urea (PCUU), poly (ether ester urethane)
urea, and other degradable polyurethanes, as well as poly-
lactic acid, poly(lactic-co-glycolic) acid, poly(caprolac-
tone), acrylic resins, polyglycolide, polylactide, polyhy-
droxybutyrate, poly(2-hydroxyethyl-methacrylate), poly
(ethylene glycol), polydioxanone, chitosan, hyaluronic acid,
hydrogels, and combinations thereof. In other non-limiting
embodiments, the device can be based on a non-degradable
polymer. For example and not limitation, such non-degrad-
able polymers include silicone rubber, polyethylene, poly-
propylene, poly(methyl methacrylate) (PMMA), poly(tet-
rafluoroethylene) (PTFE), polystyrene,
polyethylcyanoacrylate, poly(vinyl chloride) (PVC),
polyether ether ketone (PEEK), polyether sulfone (PES),
and combinations thereof. In certain embodiments, the poly-
meric matrix can comprise a single type of polymer or a
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combination of different polymers, e.g., as a polymer blend
and/or copolymer. In certain embodiments, the polymeric
matrix can comprise a combination of one or more biode-
gradable polymer and one or more non-degradable polymer.
In certain embodiments, the combination of a biodegradable
polymer and a non-degradable polymer can itself be biode-
gradable. In particular embodiments, the polymeric matrix
can contain poly(ester urethane) urea (PEUU).

Additionally, the polymer can have a particular molecular
weight, which can affect the morphology of the resulting
polymeric matrix. For example, in embodiments where the
polymeric matrix comprises PEUU, the PEUU can have a
number average molecular weight (M,,) ranging from about
40,000 Da to about 200,000 Da, or from about 50,000 Da to
about 100,000 Da.

The release kinetics of the selected polymer can influence
the release rate of an active agent disposed within the
polymeric matrix. As such, the polymer can be selected to
have a particular degradation profile under the conditions of
implantation. For example, and as described in greater detail
below, it can be desirable to select a polymer such that there
is a constant release of active agent over time in order to
maintain a stable local concentration of the active agent at
the site of implantation and/or at the target area of treatment.
In this manner, the presently disclosed devices can provide
for the delayed and extended release of an active agent.

Additionally, the mechanical properties of the polymeric
matrix (when combined into a device with the active agent)
can be suitable for implantation into a tissue environment.
For example, the amount of active agent added can be
modulated such that it does not impair the mechanical
properties of the polymeric matrix in the device. Desirably,
the device can be pliable and strong, but not brittle, such that
it can be manipulated prior to implantation and is able to
mimic the mechanical movement of the implantation site. As
embodied herein, the device can be kink resistance, such that
kinks or folds are not formed in the device when it is flexed,
e.g., during the implantation procedure or during movement
of the subject post-implantation.

In certain non-limiting embodiments, the device can have
a Young’s modulus of from about 5 MPa to about 50 MPa,
or from about 10 MPa to about 40 MPa, or from about 15
MPa to about 30 MPa. Similarly, in certain non-limiting
embodiments, the device can have an ultimate stress of at
least about 5 MPa. The strain at break of the device can
range from about 5% to about 500%, or from about 5% to
about 400%, or from about 5% to about 300%, or from about
10% to about 300%, or from about 50% to about 300%.
Additionally, in certain non-limiting embodiments, the pres-
ently disclosed device can have improved suture retention
strength. Suture retention strength refers to the ability of a
material to retain sutures when a mechanical force is
applied, and can be measured as the peak strength before
breakage when force is applied to sutures. Thus, suture
retention strength will depend on the testing parameters,
including but not limited to the diameter of the suture, the
thickness of the tested device, the porosity of the tested
device, the distance between the suture and the edge of the
tested device, and the angle of the applied force. For
example, the suture retention strength of the device can be
at least one-fifth that of expanded polytetrafluoroethylene
(ePTFE) when the same testing parameters are applied, e.g.,
at least about 100 gram-force, at least about 200 gram-force,
at least about 250 gram-force, or at least about 300 gram-
force.
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5.1.2. Active Agents

The presently disclosed devices can further include an
active agent that is disposed within the polymeric matrix. In
particular embodiments, the active agent can be tacrolimus
or a derivative thereof, which has neuroprotective and
neuroregenerative properties. Although the presently disclo-
sure specifically describes the use of tacrolimus as the active
agent, a person of skill in the art will understand that the
presently disclosed techniques can be used for the delivery
of other active agents, including tacrolimus derivatives and
other immunosuppressant agents.

Tacrolimus is approved by the FDA to treat autoimmune
diseases and to reduce the risk of organ transplant rejection.
Due to its effects on nervous system tissue remodeling and
neuroprotective and neuroregenerative properties, it can be
desirable to deliver tacrolimus to injured areas of the ner-
vous system to regenerate neurons. Although tacrolimus can
be administered systemically (e.g., orally or parenterally),
the local levels of tacrolimus that are desirable to benefit the
nervous system can have serious and life-threatening side
effects. Thus, the presently disclosed subject matter provides
devices and methods for local delivery of tacrolimus.

In further non-limiting embodiments, the active agent can
be a different agent, other than tacrolimus or a derivative
thereof. For example, and not limitation, suitable active
agents include prednisone, cyclosporine, sirolimus, everoli-
mus, methotrexate, and mycophenolate mofetil, and combi-
nations thereof. In certain embodiments, the active agent can
comprise two or more active agents, e.g., two or more of the
particular active agents described herein or one or more of
the particular active agents described here and one or more
other active agents.

In certain non-limiting embodiments, the active agent,
e.g., tacrolimus or a derivative thereof, can be present in the
polymeric device in a particular amount to provide an
effective amount of the active agent to an injured site within
nervous system tissue, as described in further detail below.
In certain embodiments, for example where the active agent
is tacrolimus, the device can contain from about 1 mg to
about 100 mg, or from about 2 mg to about 80 mg, or from
about 5 mg to about 50 mg, or from about 10 mg to about
20 mg of the active agent. The amount of active agent can
vary depending on the weight and release kinetics of the
polymeric matrix, as well as the properties of the particular
active agent selected. In certain embodiments, the weight
ratio between the active agent and the polymeric matrix can
range from about 1:10,000 to about 1:10, from about 1:10,
000 to about 1:20, from about 1:10,000 to about 1:50, or
from about 1:10,000 to about 1:100, or from about 1:1,000
to about 1:100. In certain non-limiting embodiments, the
concentration of the active agent can be constant throughout
the polymeric matrix of the device. In alternative embodi-
ments, the concentration of the active agent can vary
throughout the polymeric matrix of the device.

5.2. Methods of Making Devices for Local
Delivery of Active Agent

The presently disclosed subject matter also relates to
methods of making devices for the local delivery of an active
agent, e.g., tacrolimus or a derivative thereof. The devices
can be made according to any suitable method for manu-
facturing porous polymeric scaffolds, as is known in the art.
For example, the devices can be made by salt leaching,
thermally induced phase separation, electrospinning, and
other spinning methods. Alternatively, a preformed poly-
meric nerve guide can be steeped with an active agent,
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optionally with a solvent or other agent, such that the nerve
guide becomes coated and/or impregnated with the active
agent.

As embodied herein, devices can be formed by electro-
spinning polymeric matrices containing an active agent. In
certain non-limiting embodiments, methods of making the
devices can include dissolving an active agent in a suitable
solvent to form a first solution. For example and not limi-
tation, when tacrolimus is used as the active agent, a suitable
solvent can be dimethyl sulfoxide (DMSO). Similarly, the
methods can further include providing a second solution
comprising the polymer of the polymeric matrix. The poly-
mer can be formed in the solution, e.g., by combining two
or more reagents to form the polymer in solution. For
example, in embodiments where the polymer comprises
poly(ester urethane) urea (PEUU), the reagents polycapro-
lactone diol, 1,4-diisocyanatobutane, and putrescine can be
combined in solution to form PEUU. Alternatively, the
polymer can be directly added to and dissolved in a solvent
to form the second solution. The solvent of the second
solution should be suitable for dissolving the selected poly-
mer. For example and not limitation, when the polymer
comprises PEUU, the solvent can be hexafluoroisopropanol
(HFIP).

The methods can further include combining the first
solution and the second solution to provide a mixture of the
active agent, e.g., tacrolimus or a derivative thereof, and the
polymer, e.g., PEUU, in solution. Thus, the solvents of the
first and second solutions should be compatible with each
other and with both of the active agent and the polymer. In
alternative embodiments, the polymer and active agent can
be dissolved together in a single solution.

The device can be formed by electrospinning a polymeric
matrix that contains the active agent from the solution
containing both of the polymer and the active agent. Elec-
trospinning uses high voltage current to transform the liquid
polymer into thin polymer threads, which can form the
matrix of the device. The electrospinning can be modulated
to control the pore size of the matrix, which can further
affect the release of active agent from the device, e.g., by
altering the surface area and morphology of the polymeric
matrix. For example, the pore size of the matrix can be
affected by a number of factors, including the molecular
weight and molecular weight distribution of the polymer, the
concentration of the polymer in solution, the viscosity,
surface tension, and conductivity of the solution, and the
process parameters of the electrospinning, such as electric
potential, polymer flow rate, the shape of the mandrel, and
the distance between the capillary and the mandrel.

In certain non-limiting embodiments, the methods can
further include sterilizing the device prior to implantation
using any suitable technique, as known in the art. For
example, the device can be sterilized by exposure to elec-
tromagnetic radiation, such as heat, light, and/or gamma
radiation, and/or by electron beam irradiation. Alternatively
or additionally, the device can be treated with a sterilizing
fluid, such as ethylene oxide (EtO) gas. In certain embodi-
ments, the device can be sterilized upon fabrication and/or
immediately prior to implantation.

5.3. Methods of Local Delivery of Active Agent

The presently disclosed subject matter also relates to
methods for the local delivery of an active agent, e.g.,
tacrolimus or a derivative thereof. As embodied herein, the
active agent, e.g., tacrolimus a derivative thereof, can be
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delivered to an area for treatment by applying a delivery
device with a polymeric matrix comprising tacrolimus or a
derivative thereof.

As described above, tacrolimus binds to FK506 binding
protein (FKBP), which is expressed on neurons in the CNS
and PNS. Thus, it is desirable to deliver tacrolimus or a
derivative thereof locally to nervous system tissue. In certain
non-limiting embodiments, the delivery device can be
implanted locally to a targeted area for treatment. For
example, to treat injuries to a nerve, the device can be
applied to the nerve, e.g., by wrapping it around the nerve.
As such, tacrolimus or a derivative thereof will be released
in the vicinity of the injury.

However, when the device is implanted remotely, released
tacrolimus can still accumulate in nervous system tissue (see
Example 1). Therefore, in other non-limiting embodiments,
the device can be implanted subcutaneously or in another
region that is remote from the target area of treatment and
released tacrolimus can travel from the device to the target
area.

In certain non-limiting embodiments, the device can have
a particular degradation profile, which can affect the release
rate and profile of active agent (e.g., tacrolimus or a deriva-
tive thereof). As such, the devices can be engineered to
increase or decrease delivery of tacrolimus or tacrolimus
derivatives by tuning the degradation profile of the poly-
meric matrix. The degradation profile of the device can
depend on a number of factors, including but not limited to,
the thickness of the device, the type of polymer in the
polymeric matrix, and the location of implantation. In cer-
tain embodiments, the weight of the device can decrease by
at least about 50%, at least about 60%, at least about 70%,
or at least about 80% by 8 weeks after implantation. In
certain embodiments, the device can completely degrade by
up to about 3 months after implantation. In alternative
embodiments, the device can comprise a non-degradable
polymer such that it does not degrade upon implantation. In
such devices, the active agent can be released over time by
diffusing through pores of the device.

As embodied herein, the local delivery of active agent,
e.g., tacrolimus or a derivative thereof can be estimated by
the local concentrations of active agent in nervous system
tissue over time. The device can be tuned such that active
agent is quickly released, e.g., within the first 24 hours after
implantation, followed by a delayed and extended period of
release. In certain non-limiting embodiments, the release
rate of the active agent can be highest in the first 24 hours
after implantation. However, in such embodiments, the
overall amount of active agent released in the first 24 hours
can be low, to reserve active agent for an extended release
period. As such, in certain embodiments, less than 5% or less
than 2% of the active agent is released from the device in the
first 24 hours. In this manner, the local concentration of
active agent can be quickly raised to therapeutic levels and
then maintained at those levels over time. For example and
as embodied herein, tacrolimus concentrations in nervous
system tissue can be maintained at less than about 200,000
ng/mL. For example, the extended period of release can be
from about 2 days to about 100 days, or from about 5 days
to about 90 days, or from about 10 days to about 90 days, or
from about 20 days to about 90 days, or from about 50 days
to about 90 days.

Moreover, and as embodied herein, tacrolimus or a
derivative thereof can be locally delivered to target tissue
while maintaining low blood concentrations of drug. For
example, and not limitation, the blood concentration of
tacrolimus can be maintained at less than about 20 ng/mlL.,
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less than about 15 ng/ml, less than about 10 ng/mL, less
than about 5 ng/mL, or less than about 1 ng/mlL. throughout
treatment.

As embodied herein, local delivery of tacrolimus can be
validated by studying protein expression in the neurons of
the target area for treatment. For example, and not limita-
tion, local delivery of tacrolimus can decrease glial fibrillary
acidic protein (GFAP) expression and increase GAP-43
expression as compared to injured, untreated neurons (see
Example 1).

5.4. Methods of Treatment

The presently disclosed subject matter also relates to
methods of treating injuries to nervous system tissue. For
example and not limitation, methods can include applying a
polymeric matrix comprising poly(ester urethane) urea and
active agent, e.g., tacrolimus or a derivative thereof, to the
nervous system tissue and releasing an effective amount of
active agent to the vicinity of the nervous system tissue. As
embodied herein, the injury can be any physical injury,
condition, or disease of the nervous system tissue.

The methods can include treating any type of nervous
system tissue. In certain non-limiting embodiments, the
targeted nervous system tissue can be areas formed of
neurons, e.g., areas of the CNS such as the brain, cerebral
cortex, retina, spinal cord, and sensory organs. In certain
non-limiting embodiments, the target nervous system tissue
can be a nerve, including nerves of the CNS such as cranial
nerves and spinal nerves, as well as nerves of the PNS
including the somatic nervous system and autonomic ner-
vous system. Non-limiting examples of nerves include the
abdominal aortic plexus, abducens nerve, accessory nerve,
accessory obturator nerve, Alderman’s nerve, anococcygeal
nerve, ansa cervicalis, anterior interosseous nerve, anterior
superior alveolar nerve, Auerbach’s plexus, auriculotempo-
ral nerve, axillary nerve, brachial plexus, buccal nerve,
cardiac plexus, cavernous plexus, celiac ganglion, cervical
plexus, cervical spinal nerves, chorda tympani, ciliary gan-
glion, coccygeal nerve, cochlear nerve, common fibular
nerve, common palmar digital nerve, cutaneous nerve, deep
fibular nerve, deep petrosal nerve, deep temporal nerves,
dorsal scapular nerve, esophageal plexus, ethmoidal nerve,
external laryngeal nerve, external nasal nerve, facial nerve,
femoral nerve, frontal nerve, gastric plexuses, geniculate
ganglion, genitofemoral nerve, glossopharyngeal nerve,
greater auricular nerve, greater occipital nerve, greater
petrosal nerve, hepatic plexus, hypoglossal nerve, iliohypo-
gastric nerve, ilioinguinal nerve, inferior alveolar nerve,
inferior anal nerve, inferior cardiac nerve, inferior cervical
ganglion, inferior gluteal nerve, inferior hypogastric plexus,
inferior mesenteric plexus, inferior palpebral nerve, infra-
orbital nerve, infraorbital plexus, infratrochlear nerve, inter-
costal nerves, intercostobrachial nerve, intermediate cutane-
ous nerve, internal carotid plexus, internal laryngeal nerve,
interneuron, jugular ganglion, lacrimal nerve, lateral cord,
lateral pectoral nerve, lateral plantar nerve, lateral pterygoid
nerve, lesser occipital nerve, lingual nerve, long ciliary
nerve, long thoracic nerve, lower subscapular nerve, lumbar
nerve, lumbar plexus, lumbar splanchnic nerve, lumboin-
guinal nerve, lumbosacral plexus, lumbosacral trunk, man-
dibular nerve, masseteric nerve, maxillary nerve, medial
cord, medial cutaneous nerve, medial pectoral nerve, medial
plantar nerve, medial pterygoid nerve, median nerve, Meiss-
ner’s plexus, mental nerve, middle meningeal nerve, motor
nerve, musculocutaneous nerve, mylohyoid nerve, nasocili-
ary nerve, nasopalatine nerve, nerve of pterygoid canal,
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nerve to obturator internus, nerve to quadratus femoris,
nerve to the piriformis, nerve to the stapedius, nerve to the
subclavius, nervus intermedius, nervus spinosus, nodose
ganglion, obturator nerve, occipital nerve, oculomotor
nerve, olfactory nerve, ophthalmic nerve, optic nerve, otic
ganglion, ovarian plexus, palatine nerve, pancreatic plexus,
parasympathetic nerves, patellar plexus, pelvic splanchnic
nerves, perforating cutaneous nerve, perineal nerve, petrous
ganglion, pharyngeal nerve, pharyngeal plexus, phrenic
nerve, phrenic plexus, posterior auricular nerve, posterior
cord, posterior scrotal nerve, posterior superior alveolar
nerve, prostatic plexus (nervous), pterygopalatine ganglion,
pudendal nerve, pudendal plexus, radial nerve, recurrent
laryngeal nerve, renal plexus, sacral plexus, sacral
splanchnic nerves, saphenous nerve, sciatic nerve, semilunar
ganglion, sensory nerve, short ciliary nerve, sphenopalatine
nerve, splenic plexus, subcostal nerve, submandibular gan-
glion, suboccipital nerve, superficial fibular nerve, superior
cardiac nerve, superior cervical ganglion, superior gluteal
nerve, superior hypogastric plexus, superior labial nerve,
superior laryngeal nerve, superior mesenteric plexus, supe-
rior rectal plexus, supraclavicular nerve, supraorbital nerve,
suprarenal plexus, suprascapular nerve, supratrochlear
nerve, sural nerve, sympathetic trunk, thoracic aortic plexus,
thoracic splanchnic nerve, thoraco-abdominal nerve, thora-
codorsal nerve, tibial nerve, transverse cervical nerve,
trigeminal nerve, trochlear nerve, tympanic nerve, ulnar
nerve, upper subscapular nerve, uterovaginal plexus, vagus
nerve, ventral ramus, vesical nervous plexus, vestibular
nerve, vestibulocochlear nerve, zygomatic nerve, zygoma-
ticofacial nerve, and zygomaticotemporal nerve. In particu-
lar embodiments, the nervous system tissue is the optic
nerve.

EXAMPLES

The following Examples are offered to more fully illus-
trate the disclosure but are not to be construed as limiting the
scope thereof.

Example 1: In Vitro and In Vivo Effects of Device
for Local Delivery of Tacrolimus on Optic Nerve
and Retinal Tissue

This Example illustrates the dose-dependent effects of
tacrolimus on retinal ganglion cell (RGC) viability and
neurite growth to develop a biodegradable matrix for local
tacrolimus delivery to the optic nerve, which is a CNS tissue.

Materials and Methods

Animals. Sprague-Dawley rats from Charles River Labo-
ratories (Wilmington, Mass.) received care in compliance
with the University of Pittsburgh Institutional Animal Care
and Use Committee and followed guidelines from the Guide
for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Retinal ganglion cell isolation. RGCs were isolated from
female and male postnatal day three (P3) Sprague-Dawley
rat pups, purified by immunopanning, and cultured in NB-
SATO media as previously described (Barres, Silverstein et
al. 1988). The RGCs were seeded (5x10°/cm?) on cell
culture plates coated with poly-D-lysine (70 kDa, 10 pg/mL;
Sigma-Aldrich Corp., St. Louis, Mo., USA) and laminin (2
ng/ml., Sigma-Aldrich Corp.), and maintained at 37° C. in
10% CO2 for 3 days.

RGC viability analysis. To analyze RGC viability a cal-
cein and propidium iodide based live/dead kit was used after
3 DIV per the manufacturer’s instructions (Life Technolo-
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gies, R37601). Briefly, RGC cultures were incubated in the
live/dead reagent for 15 minutes at room temperature and
five random fields per well were imaged at 20x using
standard epi-fluorescence fluorescein and rhodamine filter

sets (Zeiss, Axio Observer). Live and dead cells were 3

analyzed using Image] (National Institutes of Health,
Bethesda, Md., USA). All graphical data represents three
independent experimental repeats.

RGC neurite growth analysis. Neurite growth was ana-
lyzed as previously described (Steketee, Oboudiyat et al.
2014). Briefly, RGCs were fixed after 3 DIV with 4%
paraformaldehyde (Alfa Aesar; 30525-89-4) in PBS, washed
with PBS (2x), and permeabilized with 0.2% triton X-100 in
PBS for 15 minutes. After blocking for 1 hour (1% BSA,
Fisher Scientific), the RGCs were incubated in anti-p III
tubulin (1:300, TUJ-1, Millipore) at 4° C. overnight, washed
in PBS (3x), incubated with a FITC-rabbit anti-chicken IgY
H+L (1:150, #31501, Thermo Scientific) for 3 hours, washed
with PBS (3x), counterstained with the nuclear marker
DAPI (1:3000, Invitrogen) for 20 minutes at room tempera-
ture, and washed in PBS (2x, 5 min. each). The RGCs were
observed as above using epifluorescent microscopy and
analyzed using the ImagelJ plugin, NeuronJ (National Insti-
tutes of Health, Bethesda, Md., USA). Neurites were defined
as any projection longer than twice the cell body, and
branches were quantified as the number of secondary neu-
rites extending from a primary neurite that originated at the
cell body. At least 30 neurons were analyzed blindly as
previously described for three independent experimental
repeats, totaling at least 90 neurons per condition.

PEUU-Tac matrix fabrication. Poly(ester urethane) urea
(PEUU) was synthesized from polycaprolactone diol
(Mn=2000), 1,4-diisocyanatobutane and putrescine, as
described (Guan, Sacks et al. 2002). PEUU-Tac matrices
with tacrolimus were fabricated by electrospinning as
described (Hong, Huber et al. 2011). Briefly, 10 mg or 20 mg
of tacrolimus was dissolved in 500 pl 1,1,1,3,3,3-hexatlu-
oroisopropanol (HFIP). Then, the tacrolimus solution was
mixed with 0.45 g PEUU (12% w/v in HFIP) and electro-
spun onto a rotating stainless steel mandrel (19 mm diam-
eter) by feeding through a charged capillary at a rate of 3
ml/h. The mandrel was located 17 cm from the tip of the
capillary. The voltage between the capillary and mandrel
was 19 kV. The matrix was sterilized under UV light
overnight and then with ETO before animal implantation.

PEUU-Tac release profile. To determine the tacrolimus
release rate, PEUU-Tac matrices were cut into three equal
weight sections and each section was placed in 25 mlL of
0.5% Cremephor EL in PBS (CrEL-PBS; (Howrie,
Ptachcinski et al. 1985) in Sigmacoated (Sigma, St. Louis,
Mo.) 50 mL glass beakers with gentle agitation. At each time
point, 1, 2, 4, 8, and 12 hours, and 3, 7, and 14 days, 300 ul
was removed for analysis and then replaced with 300 pl of
fresh CrEL-PBS. To analyze tacrolimus levels in CrEL-PBS,
50 pl was removed from each 300 ul CrEL-PBS sample,
mixed with 450 pl of blood and then analyzed using HPL.C-
tandem mass spectrometry as described below.

PEUU-Tac degradation rate. Degradation analysis was
done at 37° C. in PBS as described (Hong, Guan et al. 2010).
Briefly, equal size samples (10x5x0.1 mm) were cut from an
unloaded PEUU matrix or a 10 or 20 mg tacrolimus loaded
PEUU matrix and put in 15 mL of PBS in a 20 mL vial. At
each time point, the samples were removed from the buffer,
washed with deionized water, and dried under vacuum at
room temperature for 3 to 4 days before weighing to
determine mass lost, using the equation:
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Mass Remaining (%) = ( )-100

orig

where m, is the sample after drying and m,,,, is the
original mass. After weighing, each sample was placed in
fresh PBS. The time in PBS indicates the total time in PBS,
independent of the drying time. The average mass is
reported with the error bars indicating one standard devia-
tion. For visualization, the PEUU matrices were sputter-
coated with gold/palladium and imaged using standard scan-
ning electron microscopy methods (SEM; JSM-6330F,
JEOL USA).

Mechanical properties. To test mechanical properties of
PEUU matrices, PEUU or PEUU-Tac matrices were cut into
a dumbbell geometry (ASTM D1708) using a custom made
dog-bone cutting die with a 2.5 mm width, a 10 mm gauge
length, and a total length of 20 mm. PEUU tensile properties
were analyzed by uniaxial tensile testing using an MTS
Insight (MTS Systems Corporation, Minn., USA) with a 10
N (0.01 N resolution) load cell at room temperature. The
samples were extensionally deformed at 10 mm/min,
according to ASTM D638M. Young’s modulus was calcu-
lated by finding the initial slope of the stress versus strain
curve (0<e<10%) using linear regression. The ultimate
stress was determined as the maximum stress and the
strain-at-break recorded as the strain at the point where the
force became zero. This experiment was replicated three
times for each sample and the averages reported with the
error bars indicating one standard deviation.

Optic nerve ischemia and PEUU-Tac matrix application.
Animals were anesthetized by intraperitoneal injection of
45:10 mg/kg ketamine/xylazine cocktail. Once anaesthe-
tized, the optic nerve was exposed by making a small
incision and then creating a nearly bloodless plane through
the conjunctiva by blunt dissection with #5 forceps. The
surrounding muscle and connective tissue around the optic
nerve were then gently separated until the optic nerve was
exposed. Using a Yasagril aneurysm clip, the right optic
nerve was clamped ~2 mm behind the globe for 10 seconds
(Sarikcioglu, Demir et al. 2007). After removing the clip,
ophthalmic artery integrity was confirmed by visualization.
For some animals, the optic nerve sheath was fenestrated at
the injury site by making an 1-2 mm incision. For animals
receiving PEUU-Tac, a 1x5 mm section cut from a 10 mg
PEUU-Tac matrix was sutured around the injury site and
then secured by suturing to the outer sheath. After each optic
nerve procedure, the conjunctiva was sutured and antibiotic
ointment (Gentamicin, Bausch & Lomb, Tampa, Fla.) was
applied to the eye. In total, twenty-eight animals received
acute optic nerve ischemia to the right optic nerve with or
without a PEUU-Tac wrap. The experimental groups were as
follows:

(1) Five animals received a 1 mmx5 mm section of a 10

mg PEUU-Tac sheet sutured around the nerve.

(2) Five animals received a 1 mmx5 mm section of a 10
mg PEUU-Tac matrix implanted subcutaneously in the
lower right quadrant of the abdomen.

(3) Five animals received daily intraperitoneal injections
of tacrolimus (2.2 mg/kg/day) for 14 days with the first
injection administered immediately after ischemic
injury.

(4) Five animals were used as a sham control.

Blood and tissue collection. Twenty-four hours after

injury, blood samples were drawn from all four groups via
the tail vein. Four of the eight animals treated with PEUU-
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Tac were sacrificed at 24 hours and sixteen animals were
sacrificed at 14 days. Blood, both retinas and both optic
nerves were collected from all animals.

Tacrolimus tissue extraction and reconstitution in blood.
Tissue (retina and optic nerve) samples were weighted and
homogenized with organic solvent (methanol, 100%) using
Mini-BeadBeater-1 sonicator for cell disruption and left
over night to assure complete tacrolimus extraction. The
homogenate was centrifuged at 2100100 rpm for 10 min.
The methanol was transferred to a microcentrifuge tube and
evaporated using a sample concentrator. The drug residue
was reconstituted with 1 mL of blood. Tacrolimus in the
blood was analyzed as described below and tissue drug
concentration was expressed in ng/g of tissue weight.

Quantification of tacrolimus in blood by HPLC-tandem
mass spectrometry. Standard curves and quality control
blood samples were prepared using tacrolimus powder. Fifty
microliters of blood were added to a conical centrifugation
tube, followed by 200 pl of zinc sulfate heptahydrate
(ZnS0O4.7H20) to precipitate blood proteins and 500 pl of
an acetonitrile-based solution containing an internal stan-
dard (ascomycin) at a concentration of 20 ng/l. The mixture
was vortexed at 3000 rpm for 2 minutes to ensure optimal
precipitation. Samples were centrifuged at 13,000 rpm for 3
minutes with the supernatant poured off and collected into
individual glass LCMS vials for analysis. Analysis was
performed using a fully validated, reverse phase high per-
formance liquid chromatographic method for the detection
of tacrolimus in blood on a Waters micromass Quattro micro
API mass spectrometer operated in a positive electrospray
ionization mode, utilizing multiple reaction monitoring, and
an injection volume of 20 pl. The Waters 2795 Alliance
Separations Module was equipped with a nova-pack® C18
column, 2.1x10 mm cartridge (Waters #186003523) and
heated to 55° C. Analytes were effectively separated using a
gradient elution consisting of an aqueous mobile phase (95%
H,0/5% MeOH) and an organic mobile phase (100%
MeOH), at a flow rate of 0.6 mL per minute. In order to
optimize ionization and enhance the quality of chromato-
graphic output, both mobile phases contained 0.1% formic
acid (CH,0,) and 2 mM ammonium acetate. Monitored
parent to product mass transitions for tacrolimus and asco-
mycin were 821.63—768.33 and 809—756 m/z, respec-
tively. Under these conditions, tacrolimus had a retention
time of 1.2 minutes. The method showed an acceptable
linearity in the range of 2-40 ng/ml. with a correlation
coefficient (R?) of 0.9996. Both intra- and inter-day preci-
sion were shown to be acceptable (C.V.<10%, n=3) at
concentrations of 4.3, 15.7, and 24.6 ng/mL.

Immunohistochemistry. Animals were euthanized 14 days
after injury and the retinas and the optic nerves removed,
fixed in 4% paraformaldehyde for 4 h, cryoprotected in 30%
sucrose for 4 h, embedded in optical cutting temperature
(OCT) medium (Tissue-Tek; Miles Inc, Elkhart, Ind.) and
placed at 4° C. overnight before freezing in liquid nitrogen.
Embedded tissues were stored at —80° C. prior to sectioning
(15 pm thickness) on a cryostat. Optic nerve sections were
labeled with anti-glial fibrillary acidic protein antibody
(anti-GFAP, 1:500, Abcam) or anti-growth associated pro-
tein 43 (anti-GAP 43, 1:500, Thermo Scientific), and DAPI.
Retinal sections were labeled with anti-GFAP, anti-GAP-43,
DAPI, anti-doublecortin (DCX, Abcam), and anti-SOX2
(SOX2, Abcam). Retinal sections were stained with a
TUNEL assay kit according to manufacturer’s instructions
(Click-iT Plus TUNEL Assay, Alexa Fluor 488 Dye, Thermo
Scientific).
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Statistical analysis. All measurements were performed by
blinded individuals. To determine significance between
groups (p<0.05), one-way analysis of variance (ANOVA)
was used in conjunction with a Turkey’s post-hoc test using
SPSS Statistical Analysis Software (IBM, Chicago, IlI.,
USA). All error bars represent standard error of the mean
(SEM) unless noted otherwise.

Results

Tacrolimus and RGC viability and neurite growth in vitro.
Previous studies indicate that tacrolimus has both neuropro-
tective and neuroregenerative propertics. However, the
therapeutic concentration ranges have not been previously
reported for RGCs. Therefore, prior to in vivo studies, the
dose-response effects of tacrolimus on RGC viability and
neurite growth were analyzed using primary RGCs purified
from P3 rat retinas.

To determine the effects of tacrolimus on RGC viability,
RGCs were cultured in tacrolimus concentrations, ranging
from 0.1 to 100 uM or in controls that included media or
EtOH (0.025%) for 3 days in vitro (FIGS. 1A-1C). At lower
concentrations, tacrolimus initially increased RGC cell
viability. However, viability of RGCs decreased in higher
concentrations of tacrolimus, with an IC50 of 24.17 uM
(FIG. 1C). For example, RGC viability initially increased
from 70% in EtOH vehicle to 87.4% in 0.5 uM tacrolimus,
a 17.4% increase, before decreasing dose-dependently to 0%
at 50 uM with IC50=25 uM (FIGS. 1B-1C). Thus, in vitro
viability increased at levels outside typical levels used
therapeutically, demonstrating that local delivery mecha-
nisms can be needed to safely deliver tacrolimus to CNS
tissues in vivo. Moreover, tacrolimus effects on RGC viabil-
ity in vitro follow a bi-modal dose-response curve suggest-
ing that tacrolimus differentially regulates a single signaling
pathway causing a switch from pro-survival to pro-death or
that tacrolimus regulates RGC viability by more than one
mechanism.

Tacrolimus and RGC neurite growth and branching. To
determine the effects of tacrolimus on RGC neurite growth
and architecture, RGCs were cultured as above and based on
total and longest neurite, the presumptive axon growth and
branching were analyzed after 3 DIV (FIGS. 2A-2B). Total
neurite growth, which includes axons and dendrites, was
optimal at 5 uM. Tacrolimus at 50 uM and 100 pM signifi-
cantly decreased neurite growth as compared to all other
conditions, including media control (FIG. 2B). Thus, total
neurite growth response did not follow a typical dose-
response relationship. Instead, an optimal therapeutic con-
centration “window” appears to increase total neurite
growth. Analysis of the longest neurite or axon, showed that
axon growth was increased without a change in branching.
Thus, 90% of the increase in total neurite growth was
manifested in axon growth. These data suggest a therapeutic
window exists that optimally increases primary axon growth
in RGCs.

Electrospun PEUU and PEUU-Tac matrices. To construct
a tacrolimus releasing matrix, an electrospinning protocol
for PEUU (Stankus, Guan et al. 2004) was extended by
blending either 10 or 20 mg of tacrolimus and 450 mg of
PEUU prior to electrospinning. Macroscopically, PEUU and
10 or 20 mg loaded PEUU-Tac matrices are off-white,
pliable sheets indistinguishable from one another as reported
previously (Stankus, Guan et al. 2004). Microscopically,
PEUU polymer fiber size and organization were also similar.
In both PEUU and PEUU-Tac matrices, scanning electron
microscopy (SEM) revealed polymer fibers that varied in
diameter (FIG. 3A). However, the mean fiber diameter was
similar in all three matrices: Unloaded PEUU fibers were
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510£130 nm in diameter and 10 or 20 mg loaded PEUU-Tac
fibers averaged 560+210 nm in diameter and 560+160 nm in
diameter, respectively. Thus, tacrolimus loading does not
alter the gross organization of PEUU matrices.

PEUU-Tac tacrolimus release kinetics. Analysis of the
tacrolimus release kinetics, showed that both the 10 and the
20 mg PEUU-Tac matrices released tacrolimus at similar
rates to a final concentration proportional to their loading
concentration (FIG. 3B). Tacrolimus-PEUU sheets loaded
with 20 mg released twice the amount of tacrolimus over 14
days as compared to PEUU sheets loaded with 10 mg
tacrolimus. The 10 mg PEUU-Tac matrix yielded a concen-
tration of 11.56 pg/mL of tacrolimus within the first 24 hours
and this concentration was sustained in the media for 14
days, with a final concentration of 9.53 pg/mlL at 14 days.
The 20 mg matrix released tacrolimus similarly, yielding a
concentration of 20.38 ug/ml. tacrolimus in the media after
24 hours and a final concentration of 23.68 pg/ml at 14
days. Thus, both 10 and 20 mg loaded PEUU-Tac matrices
release tacrolimus similarly in vitro with a maximum con-
centration reached by 24 hours.

PEUU and PEUU-Tac degradation rates. To determine if
tacrolimus loading alters the degradation rate of PEUU
matrices, the percent change in mass of unloaded PEUU and
10 or 20 mg loaded PEUU-Tac matrices were analyzed over
eight weeks (Hong, Guan et al. 2010). Changes in mass
followed a similar profile for all three matrices (FIG. 3C). At
1, 2, and 5 weeks, the mass was largely unchanged. How-
ever, by eight weeks the mass decreased similarly and
significantly in all three matrices. Unloaded PEUU matrix
was reduced to 30.67£1.06% and PEUU-Tac 10 and 20 mg
tacrolimus loaded matrices were reduced to 21.30+8.94%
and 22.15+17.82%, respectively. In contrast to mass, time-
dependent changes in fiber morphology differed with tacro-
limus loading. At eight weeks, SEM showed obvious poly-
meric fibers in PEUU but not in PEUU-Tac matrices (FIG.
3A). Thus, although differences in mass were undetected,
the qualitative data indicate that tacrolimus loading leads to
a more rapid loss in polymeric fiber architecture during
degradation.

PEUU-Tac mechanical properties. The stress-strain rela-
tionship, Young’s modulus, ultimate stress, and strain at
break were calculated for the PEUU and 10 and 20 mg
PEUU-Tac matrices (FIGS. 4A-4D). The stress-strain rela-
tionship is shown for each PEUU device (FIG. 4A). Analysis
showed tacrolimus loading did not significantly change
Young’s modulus. Unloaded PEUU was 24.5£9.24 MPa, 10
mg PEUU-Tac was 19.35+£12.21 MPa, and 20 mg PEUU-
Tac was 15.02x£11.29 MPa (FIG. 4B). Ultimate stress was
reduced significantly in tacrolimus loaded PEUU matrices
compared to the unloaded matrix; PEUU was measured at
12.90+3.81 MPa, PEUU-Tac 10 mg at 5.89+0.47 MPa, and
PEUU-Tac 20 mg at 5.80+2.79 MPa (FIG. 3C). However, no
significant difference in strain at break was observed
between the PEUU (262.33%£20.70%), 10 mg
(217.33£66.83%), and 20 mg (221.93+34.47%) matrices
(FIG. 3D). These results show that tacrolimus loading
altered some but not all of the analyzed mechanical prop-
erties. However, these changes did not appear to alter the
release kinetics nor the scaffold degradation rate.

In vivo blood and tissue tacrolimus levels. Tacrolimus
retina and optic nerve concentrations were analyzed at 24
hours after suturing PEUU-Tac matrices around injured or
uninjured optic nerves with or without fenestration (FIGS.
5A-5B). For all animals, the right optic nerve was injured
and/or treated with PEUU-Tac matrices. As shown in FIG.
5A, the clamping was done 2 mm behind the globe of the eye
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and held for 10 seconds. A 5 mmx1 mm tacrolimus-PEUU
sheet was sutured around the optic nerve immediately after
the clamping. In fenestrated optic nerves, tacrolimus was
detected at therapeutic levels or greater in both retinas and
both optic nerves. For example, in the fenestrated optic
nerve, tacrolimus was detected at approximately 56 pg/g,
resulting in a significantly higher tacrolimus concentration
in the right optic nerve compared to the left optic nerve and
left and right retinas (FIG. 6A). Additionally, the concen-
tration was significantly higher in the ipsilateral retina (1.5
ng/g), which was significantly higher than the contralateral
retina (438 ng/g) and optic nerve (569 ng/g) (FIG. 6A). In
contrast, tacrolimus in the wrapped, unfenestrated nerve was
approximately 5 ng/g, significantly less than in the fenes-
trated nerve (FIG. 6B). In the ipsilateral retina, tacrolimus
was not significantly different than the optic nerve at 1.9
ng/g, whereas the contralateral retina and optic nerve were
341 ng/g and 1.7 ng/g respectively (FIG. 6B).

At 14 days post implantation, tacrolimus was measured at
3.3 pg/g in the right optic nerve and 609 ng/g in the right
retina (FIG. 6C). In the left optic nerve, tacrolimus was
measured at 559 ng/g in the retina and 2.2 ng/g in the optic
nerve (FIG. 6C). Thus, in the unfenestrated optic nerve,
tacrolimus levels were significantly higher in the right optic
nerve as compared to both retinas. However, tacrolimus
concentrations were not significantly different between reti-
nas or optic nerves. Tacrolimus in the uninjured optic nerve
had similar results after 14 days, with the optic nerves
having significantly greater tacrolimus concentration as
compared to the corresponding retinas (FIG. 6D). The
wrapped optic nerve had a tacrolimus concentration of 2.7
ng/g, and the contralateral optic nerve showed a concentra-
tion of 1.7 ng/g. The tacrolimus concentration in the retinas
was significantly lower, with the ipsilateral and contralateral
retinas showing concentrations of 499 ng/g and 387 ng/g,
respectively. After subcutaneous PEUU-Tac implantation,
tacrolimus concentrations were similar in the both optic
nerves and retinas at 2.1 pg/g in the right optic nerve and 2.2
ng/g in the left optic nerve and 389 ng/g in the right retina
and 352 ng/g in the left retina (FIG. 6E). Thus, the right and
left optic nerves had significantly higher tacrolimus concen-
trations as compared to the left and right retinas. After
systemic tacrolimus injection of 2.2 mg/kg/day, tacrolimus
concentrations were also similar to subcutaneous PEUU-Tac
implantation at 2.2 pg/g in the right optic nerve and 1.7 pug/g
in the left optic nerve, and 530 ng/g in the right retina and
618 ng/g in the left retina (FIG. 6F). The right and left optic
nerves had significantly higher tacrolimus concentrations
compared to the left and right retinas. Thus, tacrolimus
tissue concentrations in the optic nerve and in the retina are
in line with the desired therapeutic concentrations. However,
tacrolimus concentration in the optic nerve and in the retina
appear to be independent of the location or the method of
administration.

Despite similar tissue levels regardless of the location or
the method of administration, blood levels of tacrolimus
were significantly reduced (FIGS. 7A-7C). At both 24 hours
and at 14 days in ischemic optic nerves treated with PEUU-
Tac matrices, tacrolimus blood concentrations were unde-
tectable. In uninjured optic nerve nerves, tacrolimus was
undetectable in the blood at 24 hours and detected at
0.30£0.10 ng/mL at 14 days. Similarly, in animals receiving
subcutaneous PEUU-Tac matrices blood concentrations
were undetectable at 24 hours and detected at 0.26+0.12
ng/ml at 14 days. Thus, the blood levels in both the optic
nerve and the subcutaneous PEUU-Tac matrix treated ani-
mals are well below typical therapeutic trough levels, which
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range from 10-20 ng/g. In contrast, systemic blood levels
were measured at 7.05£1.09 ng/ml. at 24 hour and
27.66+3.53 ng/mL at 14 days (FIGS. 7B-7C). Thus, despite
similar tacrolimus concentrations in the retina and in the
optic nerve, the tacrolimus concentration in the blood was
significantly higher following systemic administration as
compared to the tacrolimus-PEUU sheet application around
the optic nerve or subcutaneous implantation. These data
suggest that tacrolimus accumulates in the retina and, to a
greater degree, in the optic nerve.

Next, the effects of tacrolimus on astrocyte activation
were analyzed in vivo after 14 days (FIGS. 8A-8B). After
optic crush, quantification of GFAP expression showed a
significant increase in GFAP expression (FIG. 8A). In con-
trast, and consistent with the suppression of glial activation
reported in in vitro studies, GFAP expression in PEUU-Tac
treated nerves was similar to uninjured and systemically
treated nerves (FIG. 8A). Similarly, treatment with tacroli-
mus wrap and systemic tacrolimus treatment after optic
nerve crush did not cause significant GFAP expression as
compared to uncrushed controls (FIG. 8B).

Finally, PEUU-Tac was studied to determine whether it
altered the expression of the axon growth marker GAP-43
(FIGS. 9A-9B). Consistent with previous studies adminis-
tering tacrolimus systemically, local tacrolimus administra-
tion increased GAP-43 expression in the optic nerve in a
manner consistent with retinal axon growth (FIG. 9A).
Interestingly, PEUU-Tac increased GAP-43 expression in
the optic nerve to levels above systemically treated animals
(FIG. 9B).

Discussion

This Example demonstrates that an electrospun tacroli-
mus-PEUU sheet is able to sustainably and locally release
tacrolimus. Two tacrolimus-PEUU sheets were fabricated,
one with 10 mg tacrolimus total, and another with 20 mg
tacrolimus total, and both tacrolimus-PEUU sheets sustain-
ably released tacrolimus for up to 14 days. In current clinical
applications, systemic tacrolimus is administered frequently
and the presently disclosed tacrolimus-PEUU sheet is able to
achieve a sustained release of tacrolimus, which eliminates
the need for repeated systemic doses of tacrolimus.

The addition of tacrolimus to the PEUU sheets did not
alter the degradation properties of the material. The sheets
maintained their mass for up to 5 weeks after the onset of the
degradation study, suggesting that the sheets are able to
maintain their form and support for an extended period of
time in vivo. Importantly, it was found that PEUU did not
induce cellular toxicity, necrosis, abnormal growth, or
inflammation, and therefore can be a suitable drug delivery
vehicle for treating both PNS and CNS nerve injuries.

In vitro studies were conducted to examine the effects of
tacrolimus on RGCs. High dosages of tacrolimus can have
fatal side-effects, including liver and kidney toxicity (Rand-
hawa, Starzl et al. 1997), and therefore the survival of RGC
survival in culture was studied. The live/dead study dem-
onstrated that the dosage of tacrolimus had no significant
effect on neuron survival. Neurite outgrowth was assessed
by analyzing the total neurite length, longest neurite length,
and branching of the isolated primary RGCs. In the assays
with RGCs only, tacrolimus significantly increased total and
longest neurite growth; however in the assays with RGCs
and microglia, tacrolimus did not show an increase in axonal
outgrowth, suggesting that tacrolimus acting on the neurons
themselves was responsible for the observed increases.
Tacrolimus has been shown in other systems to act directly
on neuronal calcineurin inhibition (Klettner and Herdegen
2003).
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In the in vivo studies, the tacrolimus sheet localized the
release of tacrolimus into the optic nerve where it was
applied, with negligible amounts of tacrolimus in the ipsi-
lateral retina and contralateral optic nerve and retina. The
negligible amounts of tacrolimus in the ipsilateral retina and
contralateral tissues emphasizes the ability of the sheet to
deliver tacrolimus locally and has a number of advantages
for treating nerve injuries, including the use of lower
amounts of tacrolimus than would be needed with systemic
administration. The sustained release of the compound indi-
cates that a single sheet application can be sufficient to treat
nerve injury where systemic administration requires fre-
quent injections to maintain the same level of tacrolimus,
which would greatly reduce the chance of nephrotoxicity
and neurotoxicity. In cases where high levels of tacrolimus
were maintained in the blood for an extended period of time,
elevated serum creatine, tremor, diarrhea, and hyperglyce-
mia have been reported (Mayer, Dmitrewski et al. 1997).

Preliminary histology data suggests that the tacrolimus
decreases inflammation and increases RGC axon growth 14
days after optic nerve crush, as indicated by a decrease in
astrocyte activation and an increase in GAP-43 positive
staining, which is a marker for axon regeneration.

Example 2: In Vitro and In Vivo Effects of Device
for Local Delivery of Tacrolimus on Mystacial
Tissue in Rats

This Example illustrates the use of a biodegradable matrix
for local delivery of tacrolimus. Two wraps were fabricated
using poly(ester urethane) urea (PEUU) as a polymer base,
and loaded with either 10 mg or 20 mg tacrolimus. The
wraps were fabricated by electrospinning to incorporate the
tacrolimus into the PEUU wrap.

Poly(ester urethane) urea (PEUU) was synthesized from
polycaprolactone diol (Mn=2000), 1,4-diisocyanatobutane,
and putrescine, as described previously (Guan, Sacks, et al.
2002). Two separate scaffolds containing tacrolimus were
fabricated by electrospinning. Briefly, 10 mg or 20 mg of
tacrolimus was dissolved in 608 uL. DMSO to yield a 20 mM
or 40 mM solution, respectively. The tacrolimus solution
was mixed with 0.45 g PEUU, which was dissolved in
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration
of' 12% (w/v), and electrospun onto a rotating and translating
stainless steel mandrel (19 mm diameter) by feeding through
a charged capillary at a rate of 1.5 mL/h. The mandrel was
located 17 cm from the tip of the capillary. The voltage
between the capillary and mandrel was 19 kV. The wraps
were sterilized under UV light overnight and then with
ethylene oxide (EtO) before use. FIG. 10 shows a represen-
tative scanning electron microscopy (SEM) image of the 10
mg wrap.

In Vitro Release Kinetics

Six 50 mL glass beakers were coated with Sigmacote
(Sigma, St. Louis, Mo.) to minimize absorption of the
FK506 binding protein onto the surface of the glass beaker
during the assay. As tacrolimus is poorly soluble in PBS, a
solution of 0.5% Cremephor EL (Sigma, St. Louis, Mo.) in
1xPBS was used as release media for the release study.
Three sections of each of the PEUU-Tac scaffolds were
placed in 25 mL of 0.5% Cremephor EL solution in coated
beakers with gentle agitation (90 RPM). 300 ul. of the
release media was collected at different time points and
replaced with fresh media. Time points for collection for the
media were 1, 2, 4, 8, 12 hours, and 3, 7, 14, 21, 28 days after
start of the experiment. The concentration of tacrolimus in
the respective samples was measured using HPLC.
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In vitro data showed that both the 10 mg and 20 mg wraps
have an initial burst release, proportional to their loading.
The 10 mg wrap released tacrolimus to yield a concentration
of 14 ng/ml. tacrolimus within the first 24 hours and this
concentration was sustained in the media for 2 weeks, with
a concentration of 10.03 pg/ml. at the final time point. The
20 mg wrap followed a similar profile, releasing tacrolimus
to yield a concentration of 28.6 pg/ml in the media after 24
hours. The 20 mg wrap continued to release tacrolimus over
time, with a concentration of 35.1 ug/ml. at the final time
point (FIG. 11).

In Vivo Methods

Animals. All animals received care in compliance with
the University of Pittsburgh Institutional Animal Care and
Use Committee and followed guidelines from the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Adult Lewis rats, 8-10 weeks of age (Harlan Sprague-
Dawley, Indianapolis, Ind.), were anesthetized with 50
mg/kg of pentobarbital sodium (i.p.) supplemented, as
needed, with 10/mg/kg injections. Surgeries were performed
using sterile techniques with animals kept on a heating pad
to maintain core temperature at 37° C. A small incision was
made just proximal to the mystacial (whisker) pad on the left
side of the face. Subcutaneous tissue was dissected to expose
the infraorbital branch of the trigeminal nerve. The nerve
was transected using micro-scissors. The cut ends of the
nerve trunk were approximated in their normal anatomical
orientation and sutured through the epineurium with 10-0
nylon suture impregnated with 20 mg of tacrolimus. The
wound was closed with 5-0 chromic dissolvable sutures.
Following recovery from anesthesia the rats were returned to
individual cages with a 12-hour light-dark cycle. Rat chow
and water were available ad libitum. Nerve transected ani-
mals (n=41) were studied electrophysiologically from 3 to 8
weeks post-transection and repair. Ten un-operated animals
served as controls.

Trigeminal ganglion cell recordings. Electrophysiological
experiments were performed using procedures similar to
those described previously (Lee and Simons 2004; Lichten-
stein et al. 1990). Rats were anesthetized with isoflurane
(1-2%) using a ~1:1 mixture of O, and N,. A short length of
polyethylene tubing was inserted into the trachea as a
cannula, the dorsal surface of the skull was exposed, and a
steel post for holding the animal’s head was fixed to the bone
using dental acrylic. During the recording sessions, the head
post allowed unimpeded access to the facial whiskers. A
stainless steel skull screw for electrical grounding was
inserted into the frontal region of the skull. The head was
positioned so that the dorsal surface of the skull was parallel
to the recording table.

Using a dental drill, a craniotomy was produced on the
left side overlying the left trigeminal ganglion at the base of
the skull (~2.4 mm anterior to bregma and ~2.6 mm lateral
to the midline). Core temperature was maintained at 37° C.
using a servo-controlled heating blanket. At the conclusion
of the recording session, which typically lasted 10 hours, the
animal was euthanatized with an overdose of pentobarbital
sodium (>100 mg/kg, i.v.) or isoflurane. In some animals,
the nerve was harvested for later histological study.

Single neuron recordings and whisker stimulation. Extra-
cellular recordings of single neurons in the trigeminal gan-
glion were obtained using varnished coated stainless steel or
tungsten microelectrodes (2-4 Mohms at 1000 Hz, Frederick
Haer, Brunswick, Me.) that were advanced from the surface
of the cortex into the ganglion using a hydraulic stepping-
motor driven microdrive. Standard amplification and band-
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pass filtering (300-10 k Hz) were used for recording action
potentials. Spike waveforms, collected at 32 kHz, were
parsed on-line according to amplitude criterion and subse-
quently examined on the basis of principal components
using custom spike-sorting software written in LabView
(National Instruments, Austin, Tex.). Single units were iden-
tified on the basis of spike waveform. Sequential spikes
could be recorded at intervals of less than or about 0.53 ms.

The whisker activating the recorded unit, called the Prin-
cipal Whisker (PW), was first identified using a hand-held
probe and audio monitoring. A multi-angle piezoelectric
stimulator (Simons 1983) was then attached to the PW 10
mm from the base of the hair. The stimulator was used to
deflect the whisker in eight angular directions in 45° incre-
ments (O=caudal, 90=dorsal). Stimuli consisted of ramp-
and-hold deflections of 125 mm/s onset and offset velocities
and plateau durations of 200 ms. Data were collected for a
500 ms period bracketing the stimulus. Each deflection was
repeated 80 times, in 10 blocks of 8 randomized directions.
A laboratory computer controlled the stimulator and col-
lected the neurophysiological data. Spike waveforms and
spike times, along with stimulus information, e.g., deflection
angle, were saved to disk.

Infraorbital nerve stimulation and trigeminal ganglion
recording. Eleven animals (9 transected, 2 control) were
examined to determine conduction speed of the infraorbital
nerve. The nerve was exposed a few mm proximal to the
mystacial pad and ~20 mm from the trigeminal ganglion.
For transected animals the stimulation site was distal to the
repair. A bipolar electrode consisting of a pair of Teflon-
coated stainless steel wires (0.011 inch outer diameter)
spaced ~3 mm apart were positioned to span the width of the
nerve. A Grass stimulator and constant current isolator were
used to deliver monophasic pulses of 0.05 ms duration at a
rate of 0.6 Hz. Recordings of evoked potentials were made
with the same microelectrodes used for single-unit record-
ings. Potentials were band-pass filtered at 300-3 k Hz to
reduce the stimulus artifact. Stimulus intensity was adjusted
to 2xthreshold for eliciting a response; thresholds ranged
from 0.65 to 5.5 mA. Using a digital oscilloscope, conduc-
tion time was measured from the onset of the stimulus to the
initial positive peak of the response. Some of the animals
were subsequently studied using whisker stimuli and unit
recordings.

Data analyses. Data were analyzed using custom software
written in Excel Visual Basic and the Excel add-on statistical
package, Analyze-it (Analyse-it Software, LTD). Peristimu-
Ius time histograms (PSTHs) having 1 ms bins were con-
structed from spike times of individual single units. Spike
counts for different time epochs were averaged over the 10
trials for each of the 8 deflection directions. Responses to
stimulus onsets (ON responses) were calculated during a 20
ms period beginning 1 ms after deflection onset; this epoch
captures the initial, transient phase of the whisker evoked
response (see FIGS. 12A-12B). Data are presented as mean
spikes per stimulus; a response of 1 spike per stimulus
corresponds to an average firing rate of 50 Hz. Responses to
the sustained phase of the stimulus were calculated over the
final 100 ms of the 200 ms steady-state deflection (Plateau
responses). Spontaneous activity, which is typically sparse
or absent altogether in trigeminal ganglion cells, was mea-
sured during a 100 ms epoch preceding stimulus onset
averaged over all 8 deflection angles. Responses were clas-
sified as “slowly adapting” if the plateau response exceeded
spontaneous firing with a confidence limit of 95% (one-tail);
all other responses were classified as “rapidly adapting”. In
whisker follicles slowly adapting responses are thought to be
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associated with Merkel cells and rapidly adapting responses
with lanceolate endings (Gottschaldt and Vahle-Hinz 1981;
Lichtenstein et al. 1990; Rice 1985). For interspike interval
analyses, spike times were converted to 0.1 ms intervals.

ON response latency was calculated as the time in ms of
the first statistically significant bin in the maximal angle
PSTH constructed from stimulus onsets. The first bin within
the ON response window having a spike count that was
statistically larger than spontaneous activity was identified.

Results

As shown in FIGS. 12A-12B, 20 mg loaded tacrolimus
wraps were found to have increased response magnitude at
4 weeks after implantation in the infraorbital cut and repair
model. For topical treatment, blood levels of tacrolimus
were close to undetectable, particularly as compared to
systemic administration through an intraperitoneal injection
(FIG. 13).

Example 3: Tacrolimus Impregnated Nerve Wraps
Accelerate Peripheral Nerve Generation

This Example illustrates the use of a biodegradable matrix
for local delivery of tacrolimus as a peripheral nerve treat-
ment using a rodent whisker-trigeminal system model.

Materials and Method

Animals and Surgeries. All animals received care in
compliance with the Institutional Animal Care and Use
Committee and protocol approval from the University of
Pittsburgh and followed guidelines from the Guide for the
Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health. 10 Lewis rats (RT1) per group
(treatment group, non-treatment group), aged 8-10 weeks,
were anesthetized with 50 mg/kg intraperitoneal pentobar-
bital sodium and supplemented as necessary with 10 mg/kg
injections. Sterile technique were utilized for all surgeries
and a heating pad was used to maintain core animal tem-
perature at 37° C.

The surgical procedure is described in depth in Xiao et al.,
2016 and is briefly defined here. Proximal to the mystacial
pad, an incision was made on the left hemiface distal to
where the infraorbital nerve exits from the infraorbital
foramen. Tissue was discretely dissected in order to expose
the infraorbital branch of the trigeminal nerve and was
transected using microscissors. Following transection, the
nerve trunks were coapted using standard microsurgical
nerve repair procedure with 10-0 nylon suture using
approximately 10 sutures. Following captation of the nerve
in the treatment group, FK506 wraps were sutured to itself
around the transection and repair portion of the nerve.
Following this, the skin incision was repaired with 5-0
chromic dissolvable sutures. The rats were observed until
recovery from anesthesia and returned to individual cages.
Rats were given a standard 12-h light-dark cycle and rat
chow and water were available ad libitum.

FK506-PEUU sheet Fabrication. Poly(ester urethane)
urea (PEUU) was synthesized from polycaprolactone diol
(Mn=2000), 1,4-diisocyanatobutane and putrescine as
described (Guan et al., 2002). Sheets containing FK506
were fabricated by electrospinning (Hong et al., 2011).
Methods used to synthesize FK506-PEUU sheets are
described in depth in Merwe et al., 2017. Briefly, 20 mg of
FK506 was dissolved in DMSO in order to create a 20 mM
solution. This FK506 solution was mixed with 0.45 g PEUU,
which was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) at a concentration of 12%-(w/v), and electrospun
onto a rotating stainless steel mandrel (17 cm from capillary
tip) by feeding through a charged capillary at a rate of 1.5
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ml/h. Voltage between the capillary and mandrel was 19 kV.
Sheets were cut into 50 mm by 50 mm segments with 20 mg
FK506 per wrap (5 cmx5 ¢cm=20 mg FK total). The sheet
was sterilized under UV light overnight and then with ETO
prior to surgical implantation.

Quantification of Tacrolimus concentration in infra orbital
nerves, muscle, and PEUU wraps. Infra orbital nerves
(IONs), muscle, and PEUU wraps were weighted and
homogenized with methanol (100%) using Mini-Bead-
Beater-1 for cell or scaffold disruption. The homogenate was
left over night in the sonicator to allow for the complete
extraction of the drug from the tissues. The homogenate was
centrifuged at 2100100 rpm for 10 min. Supernatant was
evaporated by sample concentrator, and the drug residue was
reconstituted with blood. Drug concentration was measured
by L-CMS/MS and the results were expressed as ng/g of
tissue or wrap weight.

Quantification of Tacrolimus by LC-Tandem Mass Spec-
trometry (LC-MS/MS). Fifty microliters of blood containing
an unknown concentration of Tacrolimus was added to a
conical centrifugation tube, followed by 200 ul of zinc
sulfate heptahydrate (ZnS0O4.7H20) to precipitate plasma
proteins. Five hundred microliters of an acetonitrile based
solution containing a deuterated internal standard (ascomy-
cin) at a concentration of 15 ng/ml was then added, and the
mixture was vortexed at 3000 rpm for 2 minutes and
centrifugated at 13,000 rpm for 3 minutes and the superna-
tants collected in LCMS vials for analysis.

Analysis was performed using a fully validated, reverse
phased method for the detection of TAC in blood on a Waters
micromass Quattro micro API mass spectrometer that is
operated in positive electrospray ionization mode, utilizing
multiple reaction monitoring, with an injection volume of 20
pul. The Waters 2795 Alliance Separations Module was
equipped with a nova-pack® C18 column, 2.1x10 mm
cartridge (Waters #186003523) heated to 55° C. Analytes
were effectively separated using a gradient elution consist-
ing of an aqueous mobile phase (95% H,0/5% MeOH) and
an organic mobile phase (100% MeOH), at a flow rate of 0.6
ml per minute. Mobile phases also contained 0.1% formic
acid (CH,0,) and 2 mM ammonium acetate. Results were
shown to be linear for concentrations ranging from 2-40
ng/ml, with an r2 value of 0.9996. Both intra- and inter-day
precision were shown to be acceptable (C.V.<10% n=3) at
concentrations of 4.3, 15.7, and 24.6 ng/mL.

Trigeminal ganglion cell recordings. Studies were per-
formed based on procedures as described previously in
detail (Xiao, B. et al., 2016). Rats were anesthetized with
1-2% isoflurane in a 1:1 mixture of N, and O,. A servo-
controlled heating pad-maintained core temperature at 37°
C. Polyethylene tubing was inserted into the trachea as a
cannula, the dorsal surface of the skull was exposed, and a
steel post fixed to it with dental acrylic; this allowed
unimpeded access to the left facial whiskers. For electrical
grounding, a stainless-steel screw was inserted into the
frontal region of the animal’s skull. A dental drill was used
to create a left-sided craniotomy overlying the left trigemi-
nal ganglion at the skull. Neural recordings lasted ~10 hours
after which the animal was euthanatized with an overdose of
isoflurane. In some cases, the nerve was harvested for later
histological evaluation.

Varnish-coated stainless steel or tungsten microelectrodes
(2-4 Mohms at 1,000 Hz, FHC, Bowdoin, Me.) were
advanced from the brain’s dorsal surface into the left
trigeminal ganglion using a hydraulic microdrive. Extracel-
Iular neural signals, including action potentials or “spikes”,
were obtained from single trigeminal ganglion cells using



US 11,529,318 B2

27

standard neural signal recording methods. Spike times,
measured at 32 kHz, and spike waveforms were saved to
disk for further analysis, including spike waveform sorting
techniques to ensure that data were analyzed only from
single cells or “units”. As the microelectrode was advanced,
whiskers were deflected using hand-held probes to identify
responsive cells. As reported previously (Xiao, B. et al,,
2016), all such units responded to deflection of only single,
individual whiskers on the mystacial pad, denoted as the
cell’s Principal Whisker (PW).

Quantitative neural data were obtained by recording to
disk spikes evoked by deflecting the PW in controlled
fashion using a multi-angle piezoelectric stimulator that
moved the whisker in 8 directions in 45° increments. Each
whisker was attached to the stimulator at 10 mm from the
skin surface and moved 1 mm using a ramp-and-hold
stimulus of 125 mm/s with a plateau duration of 200 ms.
Deflections were randomized in 10 blocks of 8 directions in
for a total of 80 stimulus presentations. A laboratory com-
puter controlled the stimulator and collected the spike times
and waveforms.

Data were analyzed with Microsoft Excel using custom
software written in Visual Basic. Responses to whisker
movement are transient and brief followed in some cells by
lower levels of sustained discharge during the steady-state
stimulus plateau. ON responses were quantified as average
spike counts per deflection during the first 20 ms following
stimulus onset and during the latter 100 ms of the plateau.
These counts, expressed as spike per stimulus, were used to
identify each cell’s maximally effective or “best” deflection
angle; deflections in the other directions evoke fewer or no
spikes. ON response data were examined separately for
maximal angle deflections (n=10) and for deflections aver-
aged over all directions (n=80). Plateau firing rates were low
and often null; therefore, only maximal angle spike counts
were examined.

Experimental design and analyses. Neural data were ana-
lyzed from four groups of animals, all of which experienced
nerve transection and surgical repair: 1. 4 week post-tran-
section (hereafter denoted as “4-wk”, n=5); 4 weeks post-
transection with FK506 treatment (“4-wk-FK”, n=6); 6
week post-transection (“6-wk”, n=10); and 6 week post-
transection with FK506 (“6-wk-FK”, n=3). Data for the two
Repair-only groups were taken from Xiao et al. (2016).
Statistical analyses were performed using the Excel add-on
Analyse-t (Analyse-it Software, Leeds, UK). Dunnett tests
for multiple comparisons examined spike counts for all four
groups using the 6-wk cohort as the control group.

Results

PEUU-Tac significantly increases tacrolimus in the infra-
orbital nerves and muscles. Tacrolimus concentrations were
analyzed in the intact infra-orbital nerves (IONs) and
muscles at 3 days, 1 week, 2 weeks, and 6 weeks post
PEUU-Tac implantation. PEUU-Tac significantly increased
tacrolimus concentrations in the IONs and muscle but at
much lower levels in the whole blood as shown in FIG. 14.

As shown in FIG. 14, at day 3, PEUU-Tac increased
tacrolimus concentrations to approximately 673.7+55.7 ng/g
in in IONs and 171.3+36.3 ng/g in muscles respectively, and
to very lower extend in the blood with 2.6+1.2 ng/ml.
Tacrolimus concentrations were sustained with approxi-
mately 663.4+115.7 ng/g in IONs and 201+112.7 ng/g in
muscle at day 7, and to very lower extend in the blood with
3+1.74 ng/ml. The highest tacrolimus concentrations were
achieved at day 14 with approximately 21384+24749.5 ng/g
in IONs and 16354.5+£24816.6 ng/g in muscles. Tacrolimus
concentrations significantly declined to achieve approxi-
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mately 41.8+43 ng/g in IONs and 51.5+£38.3 ng/g in muscle
at day 42 (week 6), and to very lower extend in the blood
with 0.5+£0.26 ng/ml. Similarly, tacrolimus concentrations
within the PEUU-Tac wrap were 198305+£132576 ng/g
(246.6 uM) at day 14, and gradually declined over time to
achieve 1434.5£230.6 ng/g (2 uM) at day 42.

Daily systemic (intraperitoneal) injections of tacrolimus
in a dose of 1 mg/kg for 14 days increased tacrolimus
similarly in both IONs and muscles, but at much lower
levels than PEUU-Tac wrap. Tacrolimus concentrations
were approximately 195.7+44 ng/g in IONs and 172+34
ng/g in muscle respectively as shown in FIG. 15. These data
confirm that PEUU-Tac wraps deliver tacrolimus locally to
IONs and the surrounding local tissues, compared to the
systemic administration where the drug distributes into the
whole system. Interestingly, tacrolimus concentrations in
both IONs and muscles days following daily intraperitoneal
injections of tacrolimus for 14 days, were similar to the
concentrations obtained in IONs and muscles at day 42 post
PEUU-Tac wraps implantation.

Tacrolimus  concentrations  were  approximately
351.6+196 in the injured IONs, and 240+171 ng/g in muscle
at day 30 and 351.6£196 in the injured IONs and 240+171
ng/g in muscle at day 42 post PEUU-Tac implantation as
shown in FIG. 16 (A-B). n=3 animals per group.

PEUU-Tac significantly reduces tacrolimus levels in the
blood. Trough Tacrolimus concentrations were analyzed in
the whole blood at days 1 and 14 post PEUU-Tac implan-
tation or post systemic injections as shown in FIG. 15.
Compared to systemic administration, Tacrolimus blood
levels in PEUU-Tac treated animals were significantly lower
at all times. At 24 hours, tacrolimus blood levels were
detected at 2.6+1.2 ng/ml which is below therapeutic trough
levels (5-10 ng/ml), whereas tacrolimus levels in systemi-
cally treated animals were high at 18.8£14.8 ng/ml at 24
hours post injection.

At 14 days, tacrolimus levels increased to 3+1.74 ng/ml in
PEUU-Tac treated animals. In contrast, tacrolimus levels
increased to 14+10.6 ng/ml in systemically treated animals.
n=4 animals per group. Error bars represent the SD.

Trigeminal ganglion cell recordings. Effects of the differ-
ent treatments on trigeminal ganglion cells to whisker
deflection are illustrated qualitatively by population peris-
timulus time histograms (PSTHs) in FIG. 16. Here, spike
counts for all deflections are accumulated in successive 0.1
ms bins for a period of 30 ms following movement onset
which occurs at time 0; the height of each bin is scaled to the
total number stimuli (number of animalsx8 anglesx10 rep-
etitions). ANOVA’s for each experimental group indicated
that there are no differences related to individual animal
subjects, and therefore data are pooled for all recorded cells.
In all groups, as in naive animals (see Xiao et al., 2016),
responses are highly transient to the initial movement,
display similar time courses, and diminish to low level firing
when the whisker is held in a fixed, deflected position.
Overall response magnitude is noticeably smaller for 4-week
recovery cases without FK treatment (FIG. 16D).

Data were quantified as average spikes per stimulus
evoked during the first 20 ms of the response, i.e., ON
responses (Table 1 and FIG. 17). For deflections at each
cell’s maximally effective direction (“Max Angle”, FIG.
17A) FK-treated animals at six weeks post-transection
responded with the same overall firing rates as control
subjects at six weeks without FK (Dunnett’s test, p=0.97).
Thus, FK treatment did not lead to better functional outcome
six weeks after nerve transection and repair. Interestingly,
FK-treated animals at 4 weeks post-transection were as
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responsive to whisker deflections as un-treated animals at
six weeks (p=0.49), whereas untreated animals at 4 weeks
post-transection were less responsive (p=0.001). Similar
results were obtained when ON responses were averaged
over all 8 deflection angles and for Plateau responses (Table
1, FIGS. 17B-C). Taken together, the findings indicate that
FK treatment accelerated the recovery process but did not
lead to improved longer-term outcome.

TABLE 1
Group ON Max (20 ms) ON ALL (20 ms) Max Plateau (100 ms)
6-wk 3.05 = 1.61 1.26 = 0.65 2.10 = 3.80
(n=113)
6-wk-FK 2.95 = 1.67, 1.30 = 0.68; 1.99 = 3.07;
(n=57) p =097 p =096 p =099
4-wk-FK 2.76 = 1.51; 1.15 = 0.64, 1.62 = 02.56;
(n = 68) p=1049 p =034 p =0.65
4-wk 2.15 + 1.08; 0.89 = 0.55; 0.78 = 1.50;
(n =53) p = 0.001 p = 0.002 p =0.03

* p values relative to 6-wk control group (Dunnett test)

Discussion

Peripheral nerve injuries can be devastating, leading to
permanent functional disabilities. Systemic FK506 admin-
istration has been shown to hasten recovery and improve
outcomes after nerve injury repair. However, high systemic
levels of FK506 can result in adverse side-effects leading to
organ failure as well as other complications. The utility of a
novel FK506-impregnated nerve wraps in treating periph-
eral nerve injuries in a rat infraorbital nerve transection and
repair model was tested in this study.

Surgeries were performed on two groups of adult Lewis
rats. In both groups, infraorbital branch of the trigeminal
nerve was transected. The nerve was then repaired primarily
with 10-0 nylon suture with (treatment group) or without (no
treatment group) the addition of a Poly(ester urethane) urea
(PEUU) wrap impregnated with 20 mg of FK506. To
evaluate neuroregeneration, the trigeminal ganglion cell
recordings, objective sensory testing, directional sensitivity,
maximal response, and receptor compositions were analyzed
from five rats in each group at four and six weeks postop-
eratively. Recordings from the trigeminal ganglion in naive
rats were taken for comparison. To assess local FK506
administration, blood and tissue samples (infraorbital nerve,
muscle) were analyzed using liquid chromatography-mass
spectrometry at four and six weeks postoperatively in the
treatment group.

Data were analyzed using a custom software written in
Excel Visual Basic and the Excel add-on statistical package,
Analyze-it (Analyse-it Software, I'TD). Peristimulus time
histograms (PSTHs) having 1 ms bins were constructed
from spike times of individual single units. Responses to
stimulus onsets (ON responses) were calculated during a 20
ms period beginning 1 ms after deflection onset; this epoch
captures the initial, transient phase of the whisker evoked
response. Rats within the treatment group (FK506 wraps)
were found to have increased response magnitude at 4 weeks
after implantation in the infraorbital cut and repair model in
comparison to no treatment group (p<0.013, FIG. 17).
FK506 blood levels at 4 and 6 weeks were close to the limit
of quantification (<2 ng/ml), whereas concentration within
the tissues of interest, the infraorbital nerve and muscle, was
much higher.

The use of an FK506-impregnated PEUU nerve wrap
improved healing following peripheral nerve injury. Sensory
testing provides objective data on the effects of these wraps
in the treatment of peripheral nerve injuries and the FK
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wraps appear to accelerate nerve recovery, with minimal
systemic drug exposure. The findings from this study can be
translated into novel treatment systems and protocols for
nerve injuries.

In addition to the various embodiments depicted and
claimed, the disclosed subject matter is also directed to other
embodiments having other combinations of the features
disclosed and claimed herein. As such, the particular fea-
tures presented herein can be combined with each other in
other manners within the scope of the disclosed subject
matter such that the disclosed subject matter includes any
suitable combination of the features disclosed herein. The
foregoing description of specific embodiments of the dis-
closed subject matter has been presented for purposes of
illustration and description. It is not intended to be exhaus-
tive or to limit the disclosed subject matter to those embodi-
ments disclosed.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the systems and
methods of the disclosed subject matter without departing
from the spirit or scope of the disclosed subject matter. Thus,
it is intended that the disclosed subject matter include
modifications and variations that are within the scope of the
appended claims and their equivalents.

Various references are cited in this document, which are
hereby incorporated by reference in their entireties herein.
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What is claimed is:

1. A device for local delivery of tacrolimus, comprising a
polymeric matrix, wherein the polymeric matrix comprises
an effective amount of a biodegradable polymer and tacro-
limus,
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wherein the polymeric matrix is in a form of an electro-
spun nerve wrap having a Young’s modulus between
from about 5 MPa to about 50 MPa, suture retention
strength of at least 100 gram-force, an ultimate stress of
from about 3 MPa to about 9 MPa, and a strain at break
between from about 50% to about 300%;

wherein the electrospun nerve wrap is impregnated with
the tacrolimus in an amount of from about 1 mg to
about 100 mg, wherein the tacrolimus and biodegrad-
able polymer are impregnated in a weight ratio of from
about 1:20 to about 1:50 in the electrospun nerve wrap.

2. The device of claim 1, wherein the biodegradable
polymer comprises poly(ester urethane) urea.

3. The device of claim 1, wherein the biodegradable
polymer has a number average molecular weight of from
about 40,000 Da to about 200,000 Da.

4. The device of claim 1, wherein the device is configured
as a sheet.

5. The device of claim 1, further comprising an attach-
ment mechanism for securing the device to nervous system
tissue.

6. A method for local delivery of tacrolimus to a nervous
system tissue in a subject, comprising applying the device of
claim 1, to an implantation site in the subject.

7. The method of claim 6, further comprising securing the
polymeric matrix to the implantation site.

8. The method of claim 6, wherein tacrolimus is released
from the polymeric matrix over a period of from about 10
days to about 15 days.

9. The method of claim 6, wherein the implantation site is
local to the nervous system tissue.

10. The method of claim 6, wherein the nervous system
tissue comprises a nerve.

11. The method of claim 6, wherein the nervous system
tissue comprises an optic nerve.

12. The method of claim 6, wherein a concentration of
tacrolimus in blood of the subject is maintained at less than
about 20 ng/mlL..

13. A method of treating an injury to nervous system
tissue in a subject, comprising:

a. applying the device of claim 1; and

b. releasing an effective amount of tacrolimus to the

vicinity of the nervous system tissue.

14. The method of claim 13, wherein the nervous system
tissue comprises a nerve.

15. The method of claim 13, wherein the nervous system
tissue comprises an optic nerve.

16. The method of claim 13, wherein a concentration of
tacrolimus in blood of the subject is maintained at less than
about 20 ng/mlL..

17. A method of making the device of claim 1 for local
delivery of tacrolimus, comprising:

a. providing a first solution comprising tacrolimus and a

first solvent;

b. providing a second solution comprising the biodegrad-

able polymer and a second solvent;

c. combining the first solution and the second solution to

form a mixture; and

d. electrospinning the polymeric matrix comprising the

biodegradable polymer and tacrolimus from the mix-
ture.

18. The method of claim 17, further comprising forming
the biodegradable polymer in the second solution.

19. The method of claim 17, wherein the biodegradable
polymer comprises poly(ester urethane) urea.
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20. The method of claim 19, further comprising forming
poly(ester urethane) urea in the first solution by reacting
polycaprolactone diol, 1,4-diisocyanatobutane, and putres-
cine.

21. The method of claim 17, wherein the first solvent
comprises dimethyl sulfoxide.

22. The method of claim 17, wherein the second solvent
comprises hexafluoroisopropanol.

23. The method of claim 17, further comprising sterilizing
the device.

24. The method of claim 23, wherein the device is
sterilized by exposing the device to radiation.

25. The method of claim 23, wherein the device is
sterilized by contacting the device with ethylene oxide.

26. The method of claim 6, wherein the nervous system
tissue comprises an infra orbital nerve.

27. The device of claim 4, wherein the sheet is modified
based on a geometry of an implantation site.

28. The device of claim 1, wherein the biodegradable
polymer has a number average molecular weight of from
about 50,000 Da to about 100,000 Da.

29. The method of claim 6, wherein the biodegradable
polymer comprises poly(ester urethane) urea.

30. The method of claim 13, wherein the biodegradable
polymer comprises poly(ester urethane) urea.
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