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Abstract—Regenerative peripheral-nerve interfaces are a
novel method for integrating with the peripheral nervous
system. These devices have the potential to isolate and
transduce both afferent (sensory) and efferent (motor) neural
signals to produce fine control of advanced prosthetics. We
have developed a novel regenerative device comprised of
microfabricated polyimide electrode threads supported by a
hydrogel scaffold containing methacrylated hyaluronic acid,
collagen I, and laminin to enable intimate contact with
regenerating axons. While this advanced device holds
theoretical promise for establishing a stable chronic neural
interface, it also requires a novel surgical approach in
comparison to current existing methods of peripheral neural
interface technologies. Here we describe the development of
the surgical methodology required for successful chronic
implantation of the TEENI device in the rat sciatic nerve.

This device is scalable to interface with peripheral nerves of
varying sizes and is designed to be capable of providing high
channel counts. This device also exploits the capacity of
injured-peripheral-nerve axons to spontaneously regrow,
allowing a transected nerve to regrow through an engineered
device consisting of multiple electrodes in a biodegradable
hydrogel. This approach is expected to allow nerve
regeneration through the device after implantation, thus
enabling intimate contact between regenerating axons and
electrodes, while minimizing the foreign-body response.
Here we report the surgical approach and unique challenges
associated with assessing these devices using the rat sciatic
nerve model.

I. INTRODUCTION
Due to the sophistication and complexity of state-of-theart robotic limbs and the density of sensory receptors in the
hands, the upper-limb amputee population would be well
served by having more independent channels of motorcontrol and sensory-feedback signals. Peripheral nerves
provide direct accessibility to the sensory and motor
information in limbs, which could be bi-directionally
interfaced in order to control advanced prosthetic devices.
However, all existing methods to interface with the
peripheral nervous system (e.g., extra-neural, intrafascicular, and regenerative approaches) significantly under
sample nerves. This is also confounded by the significant
variation in size of peripheral nerves between individuals
and throughout the body. Furthermore, peripheral-nerve
interfaces tend to be limited by poor long-term signal fidelity
due to the foreign-body response.
To meet these challenges, we have developed a tissueengineered electronic nerve interface (TEENI), which
consists of multi-electrode polyimide-based “threads” that
are embedded into a biodegradable hydrogel composite
(triple-component
hydrogel
scaffold
containing
methacrylated hyaluronic acid, collagen I, and laminin),
wrapped in a resorbable extracellular matrix (small intestinal
submucosa), and sutured to the ends of a transected nerve.
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Figure 1: Illustration of a functional TEENI device consisting of a 4-thread
set within a hydrogel composite and SIS wrap. This device is implanted
between the ends of a transected nerve. Inset shows cross-sectional view of
the construct.

II. METHODS
A. Devices
The TEENI thread-sets were microfabricated using
photolithography and thin-film metal-deposition processes
adapted from [1]. Each 4-channel polyimide thread was
designed to be 10 µm thick, 86 µm wide, and 5 mm long with
a 170-µm-wide space between threads of a thread set. Two
types of TEENI devices were used to develop the surgical
approach: dummy probes and functional devices. Dummy
probes consisted solely of TEENI thread sets (i.e., lacking
electrode sites and the bulk ‘To PCB connector’, Figure 1).
Functional devices had active electrode sites and an
externalized lead (Figure 2). Thread sets in both devices were
embedded in a hydrogel.
Composite hydrogels were fabricated using collagen I
(Corning; Corning, NY), laminin (Trevigen; Gaithersburg,
MD), and methacrylic anhydride hyaluronic acid (MAHA).
Hydrogels used for implantation contained 3 mg/mL collagen
I, 1.5 mg/mL laminin, and 6 mg/mL MAHA. Methacrylation
of the hyaluronic acid allows for UV photo-crosslinking of
the hydrogel and modulation of the mechanical properties.
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To assemble dummy probes, 0-10 polyimide threads were
placed into a hydrogel component mixture inside of a
halfpipe mold which was lined with 2-layer small intestine
submucosa (SIS, Cook Biotech; West Lafayette, IN). This
composite assembly was incubated at 37°C for 30 minutes
and then 5 minutes under UV to crosslink the MAHA. The
SIS was sutured closed around the crosslinked hydrogel with
8-0 nylon suture, leaving 1 mm cuffs on either end of the
device.
To assemble a functional TEENI device, a series of 3D
printed molds were used to align the various components.
Once functional devices were fully assembled and
electrically characterized, they were ready for embedding the
thread set in the hydrogel. To accomplish this, the thread set
was suspended within a mold and a 5-mm-long, 1.5-mminternal-diameter, Tygon tube was placed around the central
portion of the threads, corresponding to the recording sites.
The hydrogel-component mixture was pipetted into the tube
followed by incubation at 37°C for 30 min and 5 min under
UV to crosslink the MAHA. Following crosslinking, the tube
was removed, leaving a formed hydrogel cylinder encasing a
thread set.
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Figure 2: Fully assembled functional TEENI device. (A) SIS wrap around
the hydrogel and secured with suture to the thread set. (B) Side view of final
device with centralized threads within the hydrogel. (C) Assembled device
from polyimide thread set, cable, and multichannel Zero Insertion Force
connector (ZIF) connector.

The hydrogel-encased thread sets were wrapped with SIS
and secured with 8-0 nylon suture. The SIS was first secured
to the lead coming off of the thread set prior to wrapping the
entire hydrogel and securing with suture. This approach held
the thread set in the center of the hydrogel matrix (Figure 2A
and 2B). There was a 1 mm extension of SIS on either side of
the hydrogel that provided a cuff to suture to the epineurium
and hold the hydrogel in direct apposition to the cut nerve
edge. The nonfunctional parts of the threads were then cut
and the device was ready for implantation. Figure 2C shows a
fully fabricated functional TEENI device with polyimide
thread set, cable, and multichannel Zero Insertion Force
connector (ZIF, Tucker-Davis Technologies, Alachua, FL).
B. Animals
Rats used during this study were maintained in
accordance with the Guide for the Care and Use of
Laboratory Animals at the University of Florida (Gainesville,
FL), an AAALAC-accredited institution. All procedures were
reviewed and approved by the University of Florida Animal
Care and Use Committee. Five 250 gm Sprague Dawley CD
Rats (Crl:CD (SD)), and 19 250 gm Lewis Rats (LEW/Crl)
were purchased from Charles River Laboratories (Kingston,

NY). Rats were housed either individually or in pairs in
ventilated microisolator cages for the duration of the study.
Rats were acclimated to the facility 1 week prior to surgery.
C. Surgical Approach
Anesthesia was induced and maintained for the duration
of surgery with 1-3% isoflurane in oxygen at 1-2 L/min.
Upon induction, all rats received preoperative meloxicam (12 mg/kg SQ, Loxicom, Norbrook Laboratories, Newry,
Northern Ireland) and were subsequently clipped and
aseptically prepped for surgery using three alternating scrub
cycles of chlorhexidine scrub followed by saline. Rats were
positioned in ventral recumbancy on a circulating water bath
to maintain core body temperature under a surgical
microscope (V8 Stereomicroscope, Zeiss; Jena, Germany).
Heart rate and hemoglobin oxygen saturation were monitored
continuously throughout the procedure (PhysioSuite, Kent
Scientific, Torrington, CT). The limb, back and head were
sterile draped and toe pinch was assessed prior to initiating
surgery.
A 3-cm-long cutaneous incision was made over the lateral
aspect of the right hind limb, over the femur. Blunt dissection
between the muscle bellies (biceps femoris and vastus
lateralis) was performed to expose the sciatic nerve
proximally to the ileofemoral ligament and distally to the
trifurcation of the nerve into the peroneal, tibial, and sural
nerves. An Alm retractor was placed to maintain exposure of
the sciatic nerve. The sciatic nerve was transected with
Biemer scissors, 4 mm distal to the ileofemoral ligament and
a 4 mm section of the distal nerve stump was excised (Figure
3A). The dummy probe or functional device could then be
implanted. For either TEENI type, the proximal nerve stump
was abutted to the hydrogel and secured to the SIS sheath
using 9-0 nylon suture with a simple interrupted pattern. The
same procedure was repeated with the distal nerve stump
(Figure 3B). Once the device was secured to both ends of the
nerve, the final gap distance was measured and verified at 5
mm, and the retractor was removed.
For dummy probes, once the retractor was removed, the
muscle bellies were approximated and sutured with 5-0
monocryl suture in a simple continuous pattern. The skin
was subsequently closed with 5-0 monocryl suture in a
subcuticular pattern. Rats received 4 mL of warm saline IP
and were allowed to recover from anesthesia with thermal
support. All rats received 1-2 mg/kg meloxicam once daily
for up to 3 days following surgery and were maintained for
up to 6 weeks.
For functional TEENI devices, once the retractor was
removed, the PCB was secured with 6-0 nylon suture to the
adjacent muscle belly proximally, through a pre-made hole in
the polyimide connector, and distally with an encircling
suture placed around the cable and through the muscle belly
(Figure 3C). The muscle bellies were then closed as
described above with only the device cable exteriorized
(Figure 3D).
A 1.5-cm-long longitudinal cutaneous incision was made
between the ears, over the skull. Bregma was exposed by
bluntly retracting the masseter muscle. Two burr holes were
created caudal to bregma, one on either side of the sagittal
suture, and skull screws secured in each hole. A trocar was
then used to create a subcutaneous tunnel extending from the
caudal edge of the head incision, over the back to the cranial
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edge of the hind limb incision. The ZIF connector and cable
were fed through the trocar and exteriorized at the head
incision, tunneling through the subcutaneous pocket. The
trocar was then removed. The ground wire from the ZIF
connector was wrapped around one of the skull screws and
the ZIF connector was secured in place using UV-curable
methacrylate. The skin around the head cap was then closed
with a purse string using 5-0 monocryl suture. Extra cable
length was extended caudally and collected at the hind limb
incision and formed into a loose coil. A subcutaneous pocket
was created lateral to the incision, just large enough to hold
the cable coil. With the cable placed in the subcutaneous
pocket, the skin was then closed as described above. Rats
received 4 mL of warm saline IP and were allowed to recover
from anesthesia with thermal support. All rats received 1 to
2 mg/kg meloxicam once daily for up to 3 days following
surgery and were maintained for up to 6 weeks.
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Figure 3: Sequence of surgical events to implant a rat sciatic nerve with a
functional TEENI device. (A) Resection of a 4 mm section of sciatic nerve,
4 mm distal to the ileofemoral ligament. (B) SIS cuff is sutured to the
epineurium of the transected sciatic nerve ends. (C) The PCB is secured
proximally and distally to the adjacent muscle belly. (D) The muscle bellies
are re-approximated over the entire device with only the cable exposed.

D. Histology
At the time point for tissue collection, rats were
euthanized by deeply anesthetizing them with 3-5%
isoflurane in oxygen followed by perfusion with PBS and 4%
paraformaldehyde. Dummy probes and functional devices
were
carefully
dissected
and
processed
for
immunohistochemistry. Tissue samples were post fixed in
4% paraformaldehyde for 24 hours at 4˚C, washed thrice in
PBS, and cryoprotected in 30% sucrose for 48 hours. Tissue
samples were cut at mid device and embedded for
cryosectioning. Frozen tissue sections (20 µm thick) were
baked at 50˚C for 20 min, and washed twice in PBS to
remove mounting media. Sections were incubated in
blocking buffer (10% normal goat serum in PBS) for 1 hour
prior
to
primary
antibody
incubation.
Double
immunofluorescent techniques were employed by incubating
tissue sections with a mixture of monoclonal and polyclonal
primary antibodies simultaneously against axons (mouseanti-NAP4; Encor Biotechnology, Gainesville, FL) and
laminin (rabbit-anti-laminin; Encor Biotechnology) or
Schwann cells (rabbit-anti-S100; Dako, Glostrup, Denmark)
overnight in blocking buffer at 4˚C. After washing the slides
in PBS, bound primary antibodies were detected by indirect
immunofluorescence using a mixture of secondary antibodies
conjugated to various fluorophores (goat-anti-mouse

Alexafluor 568 and goat-anti-rabbit Alexafluor 488; EMD
Millipore, Billerica, MA) diluted in blocking buffer.
Immunolabelled tissue sections were counterstained with a
0,1% 4’,5-Diamino-2-phenylindole 1µg/ml solution in PBS
(DAPI; ThermoFisher Scientific, Waltham, MA) to visualize
cellular nuclei. Stained sections were washed several times in
PBS, rinsed in water, and coverslipped with Vectashield
(Vector Laboratories; Burlingame, CA). Serial sections were
stained for myelin with Sudan Black (Sigma-Aldrich; St.
Louis, MO) by dehydrating tissue sections in 50% ethanol
prior to a 30-minute incubation in a 1% Sudan Black solution
in 50% ethanol. Tissue sections were rehydrated in water and
coverslipped using the same aqueous mounting medium.
Digital images were captured using oil emersion on a
fluorescent microscope (Axio Scope 2; Zeiss, Jena,
Germany).
III. RESULTS
A. Surgery Troubleshooting
Five Sprague Dawley and 15 Lewis rats were implanted
with dummy probes and four Lewis rats were implanted with
functional TEENI devices. All five Sprague Dawley rats
exhibited some degree of self-mutilation of the foot
corresponding to the limb with the sciatic nerve transection.
The severity of lesions ranged from mild nail chewing to selfremoval of all digits of the foot. These lesions required
euthanasia of the animals at various premature time points.
None of the Lewis rats exhibited any self-mutilation for
either dummy probes or functional device implant surgeries.
In the first two animals implanted with TEENI devices, skin
erosion was observed near the dorsal neck, over the
subcutaneously tunneled cable. The erosions increased with
time and became full thickness, exposing the cable itself,
which led to the need to euthanize the animals at 10 and 14
days after surgery. Reduction of the volume of epoxy near
the ZIF connector increased cable flexibility and prevented
the skin erosion in the subsequent implanted animals.
Physically attaching the TEENI thread sets to the SIS was
important for maintaining orientation of the threads within
the hydrogel and holding the functional device together. In
the initial dummy probe implantation surgeries, the thread
sets slid easily in the polymerized hydrogel and the thread
sets collapsed onto each other at some point during the
implantation or healing phase, as observed on histopathology.
Additionally, there was significant movement of the hydrogel
and thread with respect to each other and to the SIS during
handling for implantation. These problems were minimized
by incorporating a suture hole on the lead exiting the thread
sets (Figure 1). This rigid polyimide structure allowed us to
suture the SIS directly to the device and hold the implant in
the correct orientation throughout surgery. No obvious
movement or slippage was observed between the hydrogel
and thread sets during implantation and orientation appeared
to be maintained on histopathology.
B. Histology
Dummy TEENI threads were well incorporated with little
evidence of rejection or encapsulation (Figure 4). The
polyimide threads were easily identified under fluorescent
microscopy with a consistent biological response.
Regenerating axons (NAP4) appeared parallel to the threads
and extended as bundles within a newly formed basal lamina
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(Laminin-EHS). Schwann cells (s100) were isolated to the
basal laminae where regenerating axons were present while
DAPI labeling indicated the presence of a dense cellular
encapsulation surrounding the TEENI threads. Many of the
axons were myelinated as indicated with Sudan black
staining.
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Figure 4: Myelinated axons surround TEENI threads. Representative
images of TEENI following implant for 6 weeks. Tissue sections (20 µm)
from mid-graft were double Immunolabelled with antibodies against (A)
axons and laminin, (B) Schwann cells and nuclei, or (C) histologically
stained with Sudan black to identify myelin profiles. Scale bar is 20 µm.

IV. DISCUSSION
We have successfully developed a surgical implantation
approach in the Lewis rat for ongoing evaluation of TEENI
devices. This approach required changing animal models and
refinement of device assembly to achieve successful chronic
implantation of the device.
Choosing the right rodent model for peripheral-nerve
interface testing is of critical importance. While Sprague
Dawley rats are a commonly used rat stock in neuroscience
and neural engineering applications, they have been reported
to have a higher incidence of self-mutilation of their hind
limb if subjected to crush or transection injury than other
stocks or strains [2, 3]. Our findings identified a 100% (5 of 5
rats) incidence which was significantly higher than
previously reported, and the decision was made to change the
model animal. Based on the literature, Lewis rats were
chosen and self-mutilation was no longer a problem. This
profound difference in response to device implantation is
possibly related to variability in spinal cord segmental
contributions to the sciatic nerve and pain perception [4], but
additional work is necessary to fully understand this
relationship.
Multiple small modifications in the device fabrication and
assembly process were important for successful long term
implantation of the TEENI device. The inclusion of suture
holes in the lead exiting the thread sets was critical for the
stability of the polyimide thread-hydrogel interface and
minimized slipping of the threads within the hydrogel. This
also provided for more overall stability of the device,
providing the surgeon the ability to manipulate the device as
much as needed during the implantation process without
disturbing the device components. Additionally, suture holes
incorporated into the polyimide lead at the PCB assembly
point allowed the surgeon to secure the PCB to the adjacent
muscle belly, thus providing mechanical support to hold the
device in place while allowing for motion of the TEENIimplanted sciatic nerve independently of the surrounding
musculature.
The assembly modifications that proved important for the
success of device implantation included decreasing the
amount of potting material at cable connection points (ZIF
connector and PCB) and using Tygon tubing to support the
hydrogel during assembly. Decreasing the amount of potting
material around the cable and ZIF connector connection point
functionally made the cable more flexible over the dorsal

neck. This increased flexibility created less cable pressure on
the overlying skin, thereby minimizing the local tissue
trauma and pressure necrosis. Ultimately, this prevented the
cable from eroding through the skin; initially a significant
problem for long-term implantation of functional TEENI
devices. Similarly, decreasing the potting material amount on
the PCB decreased the footprint of the device, making it
easier to secure to the adjacent muscle belly and easier to
close the muscle bellies over the device. Lastly, the
introduction of using Tygon tubing enabled us to make more
homogeneous gel volumes around the thread set and
minimize gel-to-gel size variability.
The TEENI device is unique in that it requires the tissue
to physically regenerate around the electrodes, thus
completely avoiding the physical constraints and
consequences associated with requiring the electrode
interface to penetrate the nerve. Unlike other approaches that
use electrode probes that are always rigid (e.g., USEA, [5]),
probes that are rigid pre-implant and then compliant after
implant (shape-memory polymers, [6]), or always compliant
but pulled through the nerve behind a rigid needle (e.g.,
TIME, [7]), the multi-electrode interfaces used in our TEENI
never have to be rigid or pushed through anything. As a
result, they can be engineered to be more mechanically
compliant, allowing for a far greater structure compliance
than possible with a straight geometry. However, the TEENI
device requires future evaluation of electrical stability and
advanced histological assessment.
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