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Abstract

Hypothesis: 3D-printed microneedles can create precise holes on the scale of micrometers in the 

human round window membrane (HRWM).

Background: An intact round window membrane is a barrier to delivery of therapeutic and 

diagnostic agents into the inner ear. Microperforation of the guinea pig round window membrane 

has been shown to overcome this barrier by enhancing diffusion 35-fold. In humans, the challenge 

is to design a microneedle that can precisely perforate the thicker HRWM without damage.

Methods: Based on the thickness and mechanical properties of the HRWM, two microneedle 

designs were 3D-printed to perforate the HRWM from fresh frozen temporal bones in situ (n = 18 

total perforations), simultaneously measuring force and displacement. Perforations were analyzed 

using confocal microscopy; microneedles were examined for deformity using scanning electron 

microscopy.

Results: HRWM thickness was determined to be 60.1 ± 14.6 (SD) μm. Microneedles separated 

the collagen fibers and created slit-shaped perforations with the major axis equal to the 

microneedle shaft diameter. Microneedles needed to be displaced only minimally after making 

initial contact with the RWM to create a complete perforation, thus avoiding damage to 

intracochlear structures. The microneedles were durable and intact after use.

Conclusion: 3D-printed microneedles can create precise perforations in the HRWM without 

damaging intracochlear structures. As such, they have many potential applications ranging from 

aspiration of cochlear fluids using a lumenized needle for diagnosis and creating portals for 

therapeutic delivery into the inner ear.
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INTRODUCTION:

Intratympanic injection is an increasingly popular method of treatment for inner ear diseases 

because it allows for higher concentration of drug in the cochlea than would otherwise be 

tolerated with systemic administration (1–4). Intratympanic (IT) injection is not only limited 

to treatment, but has also been suggested for the diagnosis of inner ear disease using 

gadolinium-based contrast agents with magnetic resonance imaging and iodine contrast 

computed tomography (5–8). The success of these therapeutic and diagnostic procedures is 

contingent on reliable diffusion across the round window membrane. However, the 

permeability of the round window membrane (RWM) is highly variable and is significantly 

dependent on anatomic and physical characteristics such as thickness (9–10). In addition, the 

RWM thickness itself is variable and can depend on multiple factors including exposure to 

middle ear infection, toxins, or chemicals (11–13). As a result, IT injection to deliver 

therapeutic agents for the treatment of inner ear diseases such as Ménière’s disease and 

sudden sensorineural hearing loss has been associated with variable clinical response and 

unpredictable side effects (14,15).

To overcome the physical barrier posed by the RWM, a variety of techniques, including 

microinjection, microperforation, microinfusion, and sustained drug release devices, have 

been investigated to enhance diffusion across the RWM (16–19). Over the last several years, 

our laboratory has focused on the development of microneedles to perforate the RWM for 

aspirating cochlear fluids for diagnosis and creating portals to enhance therapeutic diffusion 

into the inner ear (20–23). Using an ex vivo guinea pig model, we have demonstrated that a 

single microperforation representing 1% of the guinea pig RWM can increase the rate of 

diffusion more than 35-fold, greatly enhancing cochlear delivery in a time-efficient manner 

(19). In comparison to the guinea pig RWM, the human round window membrane is thought 

to be considerably thicker and the anatomy of the niche is more complex (24–26). Thus, the 

challenge of adapting this technology for human application requires designing 

microneedles that can safely and reliably perforate the thicker human round window 

membrane (HRWM): the microneedles need to be bigger and sturdier but just as sharp.

In this study, we investigate the efficacy of two microneedle prototypes—their designs based 

on the thickness and mechanical properties of the HRWM—to precisely perforate the 

HRWM with minimal membrane trauma and limited microneedle displacement to avoid 

intracochlear trauma (21). The efficacy of the microneedles is evaluated by measuring peak 

force of perforation, displacement of the microneedle during perforation, and size of 

perforation. These measurements were guided by clinical concerns: a small peak force is 

desired for minimizing membrane trauma, the distance traveled by the microneedle during 

perforation must be sufficiently small to avoid contact with structures behind the HRWM, 

and the size of perforations determines the precision of our microneedles.

MATERIALS AND METHODS:

Needle Design and Fabrication

Based on the thickness of the HRWM and previous characterizations of its mechanical 

properties, microneedles were designed to perforate the HRWM while minimizing trauma, 
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membrane deformation, and intracochlear pressure (21). The designs were based on 

previous microneedle experiments in guinea pigs, which showed that perforation of the 

guinea pig RWM requires approximately 1 mN of force (23). As the HRWM is 

approximately 4–5x thicker than in the guinea pig, the microneedles designed for human use 

required a sturdier construction that resists microneedle bending or damage. Several design 

modifications were made to the previous microneedle design to compensate for the larger 

perforation force that was expected, as discussed below. Microneedles of two different shaft 

sizes were fabricated: 100 and 150 μm diameter. Microneedles of these sizes are thought to 

enhance drug diffusion across the HRWM while minimizing the potential for outward 

leakage of cochlear fluid (19). Each microneedle has a shaft height of 350 μm, which is 

larger than in guinea pig microneedles, to accommodate the deformation that the HRWM 

undergoes during perforation so the hilt of the microneedle does not contact the HRWM 

during perforation (Fig. 1). All microneedles have a shaft-to-tip taper angle of 60°, which is 

larger than in guinea pig microneedles, to prevent the microneedle from bending during 

perforation. The microneedle tips have a 5 μm radius of curvature, which is larger again for 

strength and stabilization (Fig. 1). The base of each microneedle was designed for mounting 

onto commercially available 30-gauge syringe needles (Industrial Unsterilized Blunt Tip 

Dispensing Needle with Luer Lock from BSTEAN, USA) with an inner diameter of 160 μm 

and outer diameter of 300 μm.

The microneedles were 3D-printed using two-photon polymerization (2PP) lithography with 

the Photonic Professional GT system (Nanoscribe GmbH, Karlsruhe, Germany). The 

substrate material was a crystal Si (100) wafer and the photoresist was IP-S (Nanoscribe 

GmbH) in a Dip-in Laser Lithography configuration with a 25x objective (Nanoscribe 

GmbH). Stereolithography files were generated using the SolidWorks (Dassault Systems 

SolidWorks Corporation, Concord, New Hampshire) computer aided design (CAD) 

software. These files were subsequently converted into Direct Laser Writing commands 

using the Describe (Nanoscribe GmbH) software. After completion of 2PP, the microneedles 

were rinsed in a propylene glycol monomethyl ether acetate solution and subsequently in 

two baths of isopropyl alcohol. At this point, the microneedles were ready for use, and were 

mounted onto the syringe needles with resin epoxy.

Tissue Preparation

Fresh, frozen human temporal bones were purchased from a commercial vendor (Science 

Care, Phoenix, Arizona). Samples were drilled in the Columbia University Department of 

Otolaryngology—Head & Neck Surgery Temporal Bone Surgical Dissection Lab. Six 

temporal bones (ages 62–74) were dissected to completely expose the HRWM from the 

middle and inner ear sides with the following steps: first, the cochlea was exposed with a 

canal wall down mastoidectomy and by opening the facial recess. The cochlea was removed 

from the surrounding temporal bone. Finally, the HRWM was isolated within a thin ring of 

bone and cleared of false membranous tissue and basilar membrane attachments. The 

prepared HRWMs were transported in phosphate buffered saline (PBS) and kept hydrated 

during all stages of experimentation.
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Perforation of HRWM

The HRWMs were perforated three times each from the middle ear side, using same size 

microneedles within a HRWM. Three HRWMs were perforated with 100 μm microneedles, 

and the other three with 150 μm microneedles using an in-house microindenter setup (n = 18 

perforations). Perforation locations depended on the surgical anatomy of each HRWM. The 

microindenter setup consists of a motorized linear translator to which the microneedle is 

secured (Zaber Technologies Inc., Vancouver, British Columbia, Canada) and a force 

transducer to measure the axial force exerted on the microneedle during perforation 

(Transducer Techniques, Temecula, California). For stabilization the HRWMs were bonded 

to plastic 3D-printed stages using dental cement. A 3D digital microscope (VHX-5000, 

Keyence Corporation of America, Elmwood Park, New Jersey) was used to visualize the 

experiments and capture videos, which were used to position the HRWMs in relation to the 

microneedles and to identify perforation events. The perforations were performed at room 

temperature at a prescribed rate of 150 μm/minute.

HRWM Confocal Microscopy

The HRWMs were imaged prior to perforation for overall structure and thickness and after 

perforation to inspect individual perforations. In preparation for imaging, the HRWMs were 

immersed in 1 mM Rhodamine B dissolved in PBS for 30 minutes, serially rinsed in PBS 

three times, and then soaked in PBS for 12 hours. Confocal imaging was performed using a 

Nikon A1R scanning confocal attachment on an Eclipse TiE microscope stand (Nikon 

Instruments, Melville, New York). Images of the entire HRWM were taken using a 10x/0.45 

Plan Apo objective lens (Nikon) and required stitching (ImageJ-Fiji). Orthogonal slices were 

used to measure the thickness of the HRWM, with twenty-five measurements per HRWM, 

equally spaced in the orthogonal plane and the stacking direction (Fig. 2). To measure 

perforation sizes, images using a 20x/0.75 Plan Apo VC objective lens (Nikon) were 

projected in the stacking direction with maximum intensity to visualize a flattened 

membrane. Perforation sizes were measured manually and confirmed by scrolling through 

images slices in ImageJ-Fiji. If debris obstructed visualization of a perforation under 

fluorescence microscopy, transmitted white light was used instead. The areas of the 

perforations were measured by outlining each perforation and computing the area.

SEM of Microneedles

After perforating the HRWM, the microneedles were examined for potential bending and 

damage using scanning electron microscopy (Zeiss Sigma VP Scanning Electron 

Microscope).

Statistical Analysis

Statistical analysis was performed in MATLAB. Peak force and microneedle displacement 

are presented as median with interquartile range (IQR). Perforation dimensions are 

presented as their mean ± standard deviation (SD). Linear mixed effects models were used to 

compare measurements between the two microneedle sizes while accounting for 

intermembrane variability. The significance threshold was set at .05.
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RESULTS:

HRWM Thickness

The thickness across all HRWMs, determined by confocal microscopy, was 60.1 ± 14.6 (SD) 

μm. Rhodamine B staining of the HRWM, which allows for visualization of the HRWM 

collagen and elastin tissue fibers, showed marked uniformity in the orientation of collagen 

and elastin fibers (Fig. 2A) (27).

Perforation Size and Shape

The microneedle perforations were slit-shaped with distinct major axes and minor axes (Fig. 

3A). In all cases, the major axis aligned with the orientation of collagen and elastin fibers in 

the HRWM with the minor axis perpendicular to the fiber direction. Average dimensions of 

perforations created from each needle size are shown in Table 1 with standard deviation.

Note that the major axes of the perforations are approximately equal to the microneedle shaft 

diameters. During a perforation, an opening is created in the HRWM that is at least as large 

as the microneedle shaft diameter. After withdrawing the microneedle, the perforation 

partially closes along the minor axis while the major axis retains its length, resulting in the 

slit-shape. Although the major axis of the perforation is directly correlated with the diameter 

of the microneedle shaft, the relationship between microneedle diameter and perforation 

minor axis is less clear (Table 1). There was a significant difference in perforation minor 

axis between different microneedle shaft sizes (p = .01), as determined by a linear mixed 

effects model with perforation minor axis as a fixed effect and specific HRWM sample 

number as a random effect to account for intermembrane variability.

Microneedle Integrity

The used microneedles were indistinguishable from unused microneedles under light 

microscopy. SEM of the microneedles after perforation confirmed that the microneedles did 

not undergo notable deformation or damage; only the tips of the microneedles had minimal 

signs of blunting or bending after use (Fig. 3B).

Perforation Force Curves

A representative example of the force applied to the HRWM during microneedle indentation 

is illustrated in Figure 4 as a function of time and as a function of microneedle displacement, 

alongside a schematic of the relative microneedle and HRWM locations throughout 

perforation. Positive displacement indicates microneedle movement towards the HRWM. 

These force curves explain the events that occur during perforation. Upon microneedle 

contact with the HRWM (a), the force increases until a first peak (b) when the microneedle 

tip is about to perforate the membrane. The microneedle tip then perforates the membrane, 

indicated by the temporary drop in force (c). The force rises again to a second peak (d) as 

the microneedle taper expands the perforation to the size of the microneedle diameter. 

Immediately, the force drops due to slipping of the needle along the microneedle shaft, 

indicating a complete perforation, at which time the microneedle is withdrawn (e). The 

microneedle then encounters a negative force (f) due to friction between the membrane and 

the microneedle. Although individual experiments were associated with minor variations in 
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the shape of the force curves, the majority followed the shape described in Figure 4. In what 

follows, peak force (d) is defined as the maximum force during a perforation, trough force 
(f) is the minimum (usually negative) force during perforation, and the microneedle 
displacement (g) is the distance that the microneedle travels during perforation, which can 

be obtained from the difference in microneedle positions between (d) and (a).

As detailed in the Methods section, each HRWM was perforated three times in different 

locations. There was no apparent difference in peak forces between one perforation and 

subsequent perforations, or peak forces from perforations at different locations within the 

same HRWM (see Supplemental Digital Content A, which describes statistical analyses and 

a comparison between consecutive force curves in the same HRWM).

Peak Force and Microneedle Displacement

The median peak force across all perforation experiments was 54 mN (IQR 46–71 mN). For 

150 μm microneedles, the median peak force was 70 mN (IQR 34–72 mN). For 100 μm 

microneedles, the median was 53 mN (IQR 50–60 mN). The box-plot in Figure 5A shows 

the distribution of peak forces according to microneedle shaft size.

The median microneedle displacement across all perforation experiments was 257 μm (IQR 

245–294 μm). For 150 μm microneedles, the median microneedle displacement was 294 μm 

(IQR 246–337 μm). For 100 μm microneedles, the median was 254 μm (IQR 247–264 μm). 

The box-plot in Figure 5B shows the distribution of microneedle displacement according to 

microneedle shaft size.

DISCUSSION:

This study presents two novel designs of 3D-printed microneedles for perforating the 

HRWM with the goal of enhancing diffusion of therapeutic and diagnostic agents into the 

inner ear. Both 100 and 150 μm microneedles created perforations with major axis equal to 

microneedle diameter and standard deviations representing less than 20% of the means. As 

such, the microneedles create both accurate and precise perforations. The relationship 

between microneedle diameter and the minor axis is more complex; the mean minor axis 

from 100 μm microneedles was less than half the size of those from 150 μm microneedles.

In comparison with guinea pig RWM perforations, the HRWM perforations were narrower 

than expected; whereas the perforations in guinea pigs were lens-shaped with the minor axes 

representing ~25% of the major axes, the perforations in HRWM were slit-shaped with 

minor axes representing 7–11% of the major axes (23). This finding suggests that the 

HRWM may be under higher tension than the guinea pig RWM, although further 

investigation into its mechanical properties is necessary. Previous efforts by our laboratory to 

model the round window membrane have shown that a membrane with uniformly oriented 

collagen and elastin fibers is stiffer than a membrane with randomly oriented fibers. The 

fibers in the HRWM appear to be more uniformly oriented than in the guinea pig RWM; this 

stiffness may be contributing to the slit-shape of the perforations. Moreover, the slit-shape 

suggests that the primary mechanism of HRWM perforation is fiber-fiber separation, rather 

than tearing of the HRWM. This is further supported by the observation that the collagen 
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and elastin fibers remain continuous along the sides of the perforation without signs of 

damage. These findings are promising indicators for the ability of the HRWM to heal after 

perforation; in vivo studies will clarify the healing process of the round window membrane 

after microneedle perforation.

Consistent with expectations, the thicker HRWM and broader microneedle taper design 

required higher peak perforation forces compared to in guinea pig. There was no notable 

difference in the peak forces between 100 and 150 μm diameter microneedles, which 

suggests that shaft diameter alone does not account for peak force during perforation. 

Perhaps the radius of curvature of the microneedle tip or the taper angle of the microneedle 

tip play a role in determining the peak force. These insights are important for further 

improving microneedle design. Importantly, SEM of the microneedles post-perforation show 

that the microneedles are durable and can withstand at least the peak forces measured in this 

study.

Of note, the peak perforation forces showed a wider data spread with the 150 μm diameter 

microneedles compared to the 100 μm microneedles. This may be explained, in part, by 

considering the HRWM as a chain mail, where the ability of the HRWM to resist breaking is 

dependent on its weakest link. Although a larger microneedle may theoretically require a 

larger force to perforate the HRWM, it also recruits and samples a larger area in the HRWM, 

and thus has a higher chance of encountering a weak link. For these reasons, a larger 

microneedle is likely to be associated with greater data spread than a smaller microneedle of 

similar design.

The sharp tip of the microneedles succeeded in reducing membrane deformation during 

perforation. Membrane deformation during perforation is important because large 

deformations may increase risk of unintentional trauma to the HRWM. Moreover, large 

membrane deformations can decrease intracochlear volume and thus increase intracochlear 

pressure during the perforation process. In the microneedle force curves, the decrease in 

force after the first peak and before the second peak indicates the release of elastic strain 

energy in the HRWM induced by the initial perforation by the microneedle tip. Afterwards, 

the microneedle glides through the HRWM, expanding the size of the perforation laterally. 

During the lateral expansion of the perforation (second peak), friction between the HRWM 

and the microneedle contributes to further deformation of the HRWM in the direction of 

microneedle movement (axial). This is in contrast to perforations using blunt-tip needles (no 

taper to the tip), in which we expect single-peaked force curves (28). With a blunt needle, 

the membrane deforms continuously from initial needle contact until complete perforation 

when the entire needle diameter passes through the HRWM. Membrane relaxation does not 

occur until after complete perforation—thus, all aspects of a blunt needle perforation 

contribute to deformation of the HRWM. In comparison, the microneedles in this study 

induce less HRWM deformation and minimize increases in intracochlear pressure associated 

with microneedle perforation.

The microneedle displacement that occurs during perforation was also studied to ensure that 

the distance that the microneedle travels is less than the available space behind the HRWM. 

The distance between the HRWM and the basilar membrane—the nearest structure within 
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the inner ear—is approximately 1.2 mm (21,29). Across all perforation experiments, even 

the maximum microneedle displacement was less than half the distance that is available 

behind the HRWM. There was no notable difference in microneedle displacement between 

100 and 150 μm microneedles. Both microneedles, regardless of shaft diameter, thus show 

promise as surgical tools that can safely create perforations in the HRWM without damaging 

inner ear structures.

The microneedles described in this study are designed to create perforations in the HRWM 

that may enhance drug diffusion into the cochlea for the treatment of inner ear diseases. The 

next step—to fabricate hollow, or lumenized microneedles—will explore the potential 

applications of microneedles as diagnostic and therapeutic tools via direct aspiration of 

cochlear fluid and direct injection of therapy. Although these microneedles are currently 

envisioned for used in the operating room, the long-term goal of this project is to design and 

develop microneedles for minimally invasive office-based procedures. Recent advances in 

the development of microendoscopes and mini-otoscopes have demonstrated access to the 

RWM via transtympanic approach (30,31). The availability of in-office visualization of the 

HRWM would greatly facilitate future applications of microneedles for the practicing 

otolaryngologist.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Microneedle design. A, a computer-aided design (CAD) schematic showing a microneedle 

mounted onto a 30-gauge syringe needle. Each microneedle has a shaft height of 350 μm 

and a 60° taper from the shaft to the tip, which has a 5 μm radius of curvature. B, a scanning 

electron microscopy (SEM) image of a 100 and 150 μm diameter microneedle side by side, 

both mounted onto 30-gauge syringe needles. The hilt is the flat portion of the microneedle 

that contacts the syringe needle.
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FIG. 2. 
Confocal microscopy of a human round window membrane (HRWM) stained with 

Rhodamine B. A, a maximum intensity projection along the z-axis (into the page), viewed 

from the inner ear side; note the uniformity in collagen and elastin fiber orientation (running 

top to bottom). The crista fenestra, a bony crest at the anteroinferior edge of the round 

window, was frequently used as a landmark for orienting images. The dark areas result from 

out of focus debris casting shadows in the image. B and C, two cross-sections through a 

HRWM in different locations. Orthogonal views such as these were used for measuring the 

HRWM thickness.
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FIG. 3. 
A, One 150 μm microneedle perforations (white arrow) visualized using a maximum 

intensity projection of confocal microscopy images. The perforation measurements were 

based solely on completely black areas and did not include areas that had noticeable 

enhancement. Collagen and elastin fibers appear continuous along the boundaries of the 

perforation. B, Scanning electron microscopy image (SEM) of a representative microneedle 

after perforation, which shows minimal signs of blunting and bending at the tip, and is 

otherwise indistinguishable from unused microneedles.
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FIG. 4. 
Force on the human round window membrane (HRWM) during microneedle perforation as a 

function of time. The microneedle contacts the HRWM at (a) and the measured force begins 

to increase. The first peak at (b) and subsequent drop (c) correspond to the microneedle tip 

perforation and the second larger local peak (d) corresponds to the full microneedle diameter 

perforation. This larger peak (d) is considered to be the peak force during a perforation. 

Subsequently there is a sharp drop to baseline and the microneedle is withdrawn (e). As the 

microneedle withdraws, it encounters a period of negative force due to friction between the 

membrane and the microneedle until the trough force (f). Finally the force reaches baseline. 

The microneedle displacement during perforation—the distance that the microneedle travels 

during perforation—is the interval (g), defined by the difference in microneedle position at 

event (d) and event (a).
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FIG. 5. 
Box-plot of peak force (A) and microneedle displacement (B) during perforation for 150 and 

100 μm microneedles, shown with raw data.
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TABLE 1.

Perforation dimensions by microneedle shaft diameter

Microneedle Size (μm) Major Axis (μm) Minor Axis (μm) Area (μm2)

150 153.9 ± 20.9 15.9 ± 7.9 1865.8 ± 1235.6

100 103.4 ± 17.1 7.7 ± 2.6 705.2 ± 187.7
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