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Hypothesis: Microneedles can create microperforations in
the round window membrane (RWM) without causing
anatomic or physiologic damage.

Background: Reliable delivery of agents into the inner ear
for therapeutic and diagnostic purposes remains a challenge.
Our novel approach employs microneedles to facilitate
intracochlear access via the RWM. This study investigates
the anatomical and functional consequences of microneedle
perforations in guinea pig RWMs in vivo.

Methods: Single three-dimensional-printed, 100 wm diameter
microneedles were used to perforate the guinea pig RWM
via the postauricular sulcus. Hearing was assessed both
before and after microneedle perforation using compound
action potential and distortion product otoacoustic emissions.
Confocal microscopy was used ex vivo to examine harvested
RWMs, measuring the size, shape, and location of perfora-
tions and documenting healing at Ohours (n=7), 24 hours
(n=26), 48 hours (n=6), and 1 week (n=26).

Results: Microneedles create precise and accurate perfora-
tions measuring 93.1 £29.0 um by 34.5+16.8 um and
produce a high-frequency threshold shift that disappears after
24 hours. Examination of perforations over time demonstrates
healing progression over 24 to 48hours and complete
perforation closure by 1 week.

Conclusion: Microneedles can create a temporary microper-
foration in the RWM without causing significant anatomic or
physiologic dysfunction. Microneedles have the potential to
mediate safe and effective intracochlear access for diagnosis
and treatment of inner ear disease. = Key Words: Compound
action potential—Hearing loss—Inner ear delivery—
Microneedle—Otoacoustic emissions—Round window
membrane.
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The cochlea is a closed structure almost entirely
surrounded by bone. This restrictive anatomy presents
a challenge in the treatment of inner ear diseases such as
Meniére’s disease, sudden sensorineural hearing loss,
and tinnitus—ailments that affect individuals of all
ages and have a profound impact on quality of life (1).
Current approaches to treatment of these disorders
include systemic dosing and more direct delivery by
cochleostomy. However, there are inherent disadvan-
tages to these techniques: systemic dosing results in
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variable drug levels within the inner ear and is associated
with systemic side effects, while cochleostomy breaches
the delicate anatomy and risks damage to important
structures (2—4).

The round window membrane (RWM), a thin layer of
tissue separating the inner and middle ear compartments,
is an attractive target for inner ear drug delivery (5).
Intratympanic (IT) injection, the current standard of care,
takes advantage of this portal into the inner ear and used
diffusion across the RWM to deliver therapy without
manipulating cochlear anatomy (6,7). However, IT injec-
tion has drawbacks: diffusion of drug across the RWM
varies with particle size and lipophilicity, contributing to
unpredictable diffusion rates, inconsistent clinical
results, and risk of hearing loss (8§—12).

An elegant solution for reliable delivery to the inner
ear is microperforation of the RWM, which has the
potential to both increase the rate of diffusion and offer
greater control over inner ear drug levels (13). Our
laboratory has designed microneedles, based on the
RWM’s mechanical properties, geometry, and fibrous
structure, to perforate the guinea pig RWM in vitro (14—
16). Based on healing studies detailing the response to
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trauma in the inner ear, the RWM perforations were
expected to fully close within 1 week and to have
minimal effect on hearing (17,18).

This study investigates the anatomical and functional
consequences of microperforation of the RWM in
vivo through examination of perforation dimensions,
perforation healing, and effects of RWM perforation
on hearing.

METHODS

Microneedle Fabrication

Microneedles were fabricated using two-photon polymeri-
zation lithography by Photonic Professional GT system (Nano-
scribe GmbH, Karlsruhe, Germany). The photoresist employed
was IP-S (Nanoscribe GmbH). Each microneedle had a diame-
ter of 100 wm, length of 150 wm, and an ultrasharp tip with a tip
radius of curvature of 500 nm, designed specifically to perforate
the guinea pig RWM (14). The needle shafts were constructed
with varying angles from vertical, including 0 and 30 degrees, to
accommodate variation in RWM surgical access. The needles
were mounted to the ends of 30 gauge, blunt, stainless-steel
syringe needles (Howard Electronic Instruments, El Dorado,
KS) using commercial epoxy resin. Mounted needles were
sterilized with ethylene oxide gas before survival surgeries.
Each needle was used once.

CAP electrode

Exposed
cochlea/RWM

Computer

Speaker
Microphone

Syringe with
microneedle

A
, mounted at tip

Animals and Surgery

Columbia University Institutional Animal Care and Use
Committee approved the care and use of the animals in this
study. Twenty-seven adolescent male guinea pigs (Hartley
strain) weighing 200 to 400 g and age | to 6 weeks were
obtained from a commercial vendor (Charles River, Inc., Wil-
mington, MA). Each guinea pig underwent surgery with RWM
perforation (detailed below). The perforated RWM was har-
vested for analysis at one of four time points following the
procedure (postperforation): 0 to 2hours (n=7), 24hours
(n=6), 48hours (n=6), and 1 week (n=6). Experiments
where the RWM was harvested 0 to 2 hours after surgery were
nonsurvival surgeries and were used to evaluate perforation size
and the reliability of the microneedle surgical technique. All
other experiments were survival surgeries and were used to
assess RWM healing over time (Fig. 1).

All surgeries were performed on the animal’s right ear. The
animals were anesthetized using isoflurane gas (induction at
3.0% and maintenance at 1.0-3.5%). Anesthesia depth was
determined by respiratory status and toe pinch. Lidocaine was
injected subcutaneously for local anesthesia. Body temperature
was monitored by a probe placed under the animal’s abdomen,
and was maintained around 37°C by a thermostatically con-
trolled heating pad. For survival experiments, 0.5 mg/kg melox-
icam and 1.0 mg/kg buprenorphine sustained release formula
were administered as additional analgesics. The RWM was
accessed via a postauricular incision and by creating a small
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FIG. 1. Flow diagram illustrating the experimental steps in order.
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process for histology, shown in C
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opening through the skull into the bulla using a Stryker S2
wDrive drill (Stryker, Kalamazoo, MI). 2 to 3 mm of temporal
bone were removed to expose and visualize the RWM. The
surgical microneedle was secured onto a micromanipulator and
was used to create a microscopic perforation in the RWM.
Perforations were confirmed by one of several signs: visualiza-
tion of the perforation, bleeding of the RWM, or pooling of
perilymph in the round window niche and middle ear. Audio-
metric testing was conducted on the right ear at several time
points during each experiment: 1) a baseline measurement after
opening the bulla but before perforation, 2) 0 to 2 hours after
perforation, and 3) immediately before RWM harvesting at 24
and 48hours, or 1 week postperforation. The animals were
euthanized using pentobarbital overdose. The right temporal
bone was extracted using blunt dissection and the RWM was
fixed immediately with 10% buffered formalin. Three different
researchers performed the nonsurvival surgery experiments and
one researcher performed all survival surgery experiments.

Audiometric Testing

Compound action potential (CAP), which measures auditory
nerve activity, and distortion product otoacoustic emissions
(DPOAE), which measure outer hair cell health, were used
to evaluate effects of microperforation on hearing. A silver ball
electrode connected to a silver wire served as a CAP recording
electrode and was positioned at the base of the cochlea bone. A
reference electrode was placed subcutaneously 7 to 10 mm from
the incision site and a ground electrode was placed subcutane-
ously between the shoulders. An AC amplifier with a first order
high pass filter and a second order low pass filter, with a pass
band of ~200 Hz to 4kHz, was used to measure the CAP
response. Sound stimulation was generated by a Tucker Davis
Technologies System (Tucker Davis Technologies Inc., Ala-
chua, FL) driving a Radio Shack dynamic speaker, connected in
a closed-field configuration to the ear canal. Calibration of
sound was performed within the ear canal using a Sokolich
ultrasonic probe microphone. The CAP stimulus was composed
of'a 3 ms tone pip of variable frequency presented every 12 ms,
with alternating polarity to eliminate the linear component of
the cochlear microphonics from the averaged responses. CAP
responses were collected for 18 frequencies ranging from 0.5 to
40 kHz. Stimulus intensity was steadily increased in 5 dB incre-
ments to determine a hearing threshold. The threshold was
defined as the lowest stimulus level that evoked a recognizable
response curve. Experimenters were blinded to previous thresh-
old measurements to minimize bias and error. CAP threshold
shifts for each sampled time point and each frequency were
considered significantly greater than zero at a threshold of
o =0.025 using one-tailed paired ¢ tests. To measure DPOAE,
a speaker and microphone held fixed to the ear canal were used
to provide 70 dB sound stimuli with a fixed frequency ratio {2/
fl=1.2 at 1kHz increments between 1kHz and 32kHz and
measure resulting distortion products from the ear.

Confocal Imaging of the RWM

Dissected, fixed temporal bones were washed with phos-
phate buffered saline (PBS) after 1 hour of fixation. Bony
structures surrounding the cochlea were removed carefully
using a Stryker S2 wDrive drill and forceps. The RWM was
soaked in 1 mM rhodamine B (diluted in PBS), a fluorescent
stain selective for elastic tissue (19), in PBS for 5 minutes, then
rinsed with PBS three times and soaked in PBS for 15 minutes.
Confocal imaging was performed with a Nikon AI1R scanning
confocal attachment on an Eclipse TiE microscope stand
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(Nikon Instruments, Melville, NY), using a 10x/0.45 Plan
Apo or 20x/0.75 Plan Apo VC objective lens (Nikon). An
excitation wavelength of 561 nm was chosen for the laser, and
emitted light from 570 to 620nm was allowed to pass to the
detector. A stack of images was generated at several focal
heights spaced 5 wm and 1 wm apart for the x 10 objective and
the x20 objective, respectively. At x10 magnification, the
pinhole was set at 0.8 Airy unit (AU) to create an optical Z
section of 6.35 wm; at x20 magnification, the pinhole was set at
0.9 AU to create an optical Z section of 2.3 pm.

Histology

RWM samples were fixed in 10% formalin immediately
postmortem for 1 hour and washed in PBS before imaging.
Following imaging, samples were transferred to 70% ethanol.
The remaining histological processing was performed at Molec-
ular Pathology Shared Resource of the Herbert Irving Compre-
hensive Cancer Center of Columbia University. Samples were
decalcified, paraffin-embedded, and cut into 5 wm sections. A
Russell-Movat Pentachrome Stain was used to view connective
tissue of the RWM.

Scanning Electron Microscope Imaging of
Microneedles
After use in surgery, the microneedles were imaged using a
scanning electron microscope to examine for breaking and
bending (Zeiss Sigma VP Scanning Electron Microscope).

Data Analysis

Confocal image analysis was conducted using ImagelJ-Fiji
software (20). Perforation sizes were measured using 0 to 2 hour
postperforation samples, based on a maximum intensity pro-
jection image. Measurements consisted of perforation area,
major axis (an estimation of perforation length from corner
to opposite corner), and minor axis (an estimation of perforation
width approximately perpendicular to the major axis). Perfora-
tion closure over time was evaluated using a maximum intensity
projection image and individual focal height images for each
membrane. A perforation was considered open if the area within
recognizable borders contained no fluorescence. The perfora-
tion was considered completely closed if the area within
recognizable borders contained no areas lacking fluorescence.
All other perforations were considered partially or
incompletely closed.

RESULTS

Anatomical Consequences of RWM Perforation

Based on confocal images of RWM samples harvested
at 0 to 2 hours postperforation, perforations were fully
open and lens-shaped, consistent with previous in vitro
experiments (14) (Fig. 2A). The microneedles created
perforations, measuring 93.1 &+ 29.0 wm in the major axis
and 34.5 £+ 16.8 wm in the minor axis. The total perfora-
tion area averaged across all perforations measured
2572.3 +489.3 wm?®. Furthermore, all microneedles were
intact and minimally bent after creating the perforations
(Fig. 2B).

To investigate the longer-term anatomical effects of
microneedle perforation, RWM samples harvested at
later time points were examined for perforation closure
(Fig. 3). At 24hours, perforations seemed partially
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100 um

100 ym

FIG. 2. A, Confocal images of round window membranes (RWMs) perforated in vivo, harvested 0 to 2hours after perforation. x10
magnification of a membrane is shown on left and x20 magnification of four separate perforations on different membranes is shown on right.
B, Scanning electron microscope image of a microneedle after use in surgery.

closed, with the original perforation shape still evident
(Fig. 3B). In addition, a collection of tissue was observed
within the area of the perforation at 24 hours (Fig. 3B). A
pentachrome stain of histological sections confirmed the
presence of blood cells and clumps of epithelial cells in
the perforation area (Fig. 4). By 1 week, all harvested
RWMs showed complete perforation closure with signs
of reconstituted connective tissue fibers appreciated on
20 x magnification images. There was little to no extra

24 h post-perforation
(GP128)

0-2 h post-perforation
(GP108)

tissue or debris observed covering the perforation area
(Fig. 3D). Perforations were not detectable in histologic
sections at 48 hours or 1 week.

Functional Consequences of RWM Perforation

The effects of microneedle perforation on hearing
were investigated using CAP and DPOAE. A mild
CAP threshold shift of 5 to 10dB from baseline was
observed at 0 to 2 hours after surgery in the high-

1 wk post-perforation
(GP124)

48 h post-perforation
(GP136)

FIG. 3. Round window membrane (RWM) healing over time. RWM perforations under x10 magnification (top) and x20 magnification
(bottom) at (A) 0 to 2hours, (B) 24 hours, (C) 48 hours, and (D) 1 week postperforation, respectively.
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GP128-24h

GP129-24 h

FIG. 4. Confocal images of two perforation samples, 24 hours after perforation (A and E), shown with respective histologic sections using
pentachrome stain (B—D and F—H). Arrows point at the perforation in each section. Epithelial cells are aggregated around perforation sites.

frequency range from 22 to 40 kHz (p < 0.025) (Fig. 5A). and 1-week experiments are shown in Figure 5B and
At subsequent time points, no positive CAP threshold C, respectively.

shifts were observed except for two frequencies at the DPOAE is a measure of the cochlear condition and is
lower bound of the testing range—1 and 2 kHz—mea- due to the cochlea’s active process, which originates in
sured at 48 hours postperforation (p < 0.025). Of note, outer hair cells (21). All DPOAE measurements were
there were negative CAP threshold shifts in the high- well out of the noise level and were similar between
frequency range observed in survival surgery time points, baseline and postperforation time points; a small DPOAE
indicating improved hearing thresholds after perforation level increase can be seen in measurements from survival
compared with baseline (Fig. 5). Examples of negative surgery time points (24, 48 h, and 1 wk) compared with

high-frequency threshold shifts from individual 48-hour baseline (Fig. 6).
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FIG. 5. Using compound action potentials (CAPs) to evaluate hearing after perforation. A, Mean CAP threshold shift (compared with
baseline) for each frequency, shown for all time points. Error bars are two times the standard error. There is a positive threshold shift at 0 to
2hours in the 20 to 40 kHz range, which recovers by 24 hours and becomes a negative threshold shift. B, Representative CAPs from a single
48-hour experiment, showing measurements at baseline, 0 to 2 hours after perforation, and 48 hours after perforation. C, Representative
CAPs from a single 1-week experiment, showing measurements at baseline, 0 to 2 hours after perforation, and 1 week after perforation.
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FIG. 6. Distortion product otoacoustic emissions (DPOAE) at the frequency 2f1 to 2 in response to a 70 dB stimulus over all survival
experiments at 0 to 2 hours (A, n=18), 24 hours (B, n=6), 48 hours (C, n =6), and 1 week (D, n =6) postperforation. Solid gray lines show
average noise for the plotted experiments and the shaded gray area shows two times the standard error of the noise. Solid black lines show
the mean measured baseline DPOAE signal and densely shaded areas show two times the standard error. Dotted lines show mean DPOAE
signal for 0—2 hours, 24 hours, 48 hours, and 1 week experimental time points and lightly shaded areas show two times the standard error for

respective experiments. All experiments show DPOAE signals out of the noise and similar pre- and postperforation measurements.

DISCUSSION

This study demonstrates that microneedles can accu-
rately and precisely perforate the RWM in vivo without
producing permanent major hearing loss; in addition, these
perforations heal within 1 week. All guinea pig surgeries
successfully produced RWM perforations that were com-
parable in size and shape to those produced in vitro: lens-
shaped with an average major axis length approximately
equal to microneedle shaft diameter of 100 wm (14). The
minor axis and perforation area were also similar to
measurements obtained in vitro. These results illustrate
the repeatability of microperforations using the micro-
needles in vivo, even when performed by different inves-
tigators. In addition, due to the inherent constraints of
performing in vivo surgery, the angles at which perfora-
tions were introduced differed from those performed under
more controlled conditions in vitro. Nevertheless, the
perforation sizes remained consistent, suggesting that
variation in the angle of perforation does not affect perfo-
ration size. Importantly, the microneedles bent only mini-
mally after perforating the RWMs. As such, they are well
suited for use in vivo in guinea pigs. However, the long-

term goals of this research include designing microneedles
for use in humans. Because the human RWM is thought to
be thicker than the guinea pig RWM, modifications to the
microneedle design may be necessary (22,23).

The safety of microneedle perforation of the RWM
was evaluated in this study by examining perforation
healing and effects on hearing. Confocal imaging dem-
onstrated that healing of guinea pig RWM microperfora-
tions begins within 24 hours with notable progress by
48 hours and complete closure by 1 week. This process
occurs more quickly than in full RWM rupture, which has
been observed to require 2 weeks for complete healing
(17). Healing of RWM microperforations within a week
is clinically important because it sets a time frame for
drug diffusion across the microperforations. Moreover,
while perilymph leakage may occur immediately follow-
ing perforation, RWM healing prevents long-term leak-
age of perilymph from the inner ear (9,24). In the interim,
aregenerative tissue matrix or hydrogel material—which
has the capacity to carry therapeutic agents—may be
considered to stymie perilymph leakage.

Beyond establishing a time frame for perforation
healing, confocal images and histological sections also

Otology & Neurotology, Vol. 41, No. 2, 2020

Copyright © 2019 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.



e286 M. YU ET AL.

provided detailed insight into the healing process. At 24
to 48 hours, aggregated epithelial cells were visible in
and around the perforations but by 1 week, these aggre-
gates were no longer visible and the perforations were
completely healed. In fact, by 1 week, perforations were
often difficult to locate because the healed perforation
areas appeared to have fibrous regrowth, resembling the
surrounding un-perforated membrane. The healing of the
RWM appears remarkably similar to the healing process
described in the tympanic membrane, which also begins
with epithelial migration followed by possible fibrous
regrowth (18,25-27). Future investigation into cell sig-
naling and growth factors would help to elucidate the
long-term healing of the RWM.

CAP and DPOAE measurements evaluated changes in
hearing thresholds and outer hair cell health associated
with RWM perforation, and demonstrated a temporary
high frequency hearing loss that resolves within 24 hours.
Of note, CAP measurements taken at least 24 hours after
surgery indicate a negative threshold shift in the 20 to
40 kHz range. A similar phenomenon was observed in the
DPOAE measurements, where survival surgery measure-
ments were slightly higher than baseline measurements
starting at 24 hours. It is likely that this threshold shift
was a result of acoustic trauma from the surgery before
measurement of baseline hearing; surgical access to the
cochlea has been shown to cause temporary hearing loss
in this range of 20 to 40 kHz in guinea pigs (28—30). As
such, the results may underestimate the positive CAP
threshold shifts in the high-frequency range observed at 0
to 2hours and the improved postperforation CAP
responses compared with the measured baseline may
mask lasting hearing loss due to perforation. Without
measurements of hearing before bone removal, small
hearing changes that are lesser in magnitude compared
with acoustic trauma from bone removal are undetect-
able. Likewise, CAP and DPOAE cannot detect effects of
perforation on other aspects of cochlear performance,
such as vestibular function. However, based on absolute
thresholds, while a minor hearing loss cannot be ruled
out, it can be concluded that no major hearing loss
occurred due to RWM perforation.

In summary, microneedles can create precise perfo-
rations in the RWM in vivo that heal within 1 week. As
such, microneedles provide an arsenal of new approaches
to the management of inner ear diseases via the round
window membrane—from diagnostic sampling of
cochlear fluid to innovative therapies by drug diffusion
or direct injection.
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