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Adele Moatti,1,2 Dylan Silkstone,1,2 Taylor Martin,2,3 Keith Abbey,1 Kendall A Hutson,4 Douglas C Fitzpatrick,4

Carlton J Zdanski,4 Alan G Cheng,5 Frances S Ligler,6 and Alon Greenbaum1,2,7,*

SUMMARY

Deliveryof pharmaceutical therapeutics to the inner ear to treat andprevent hear-
ing loss is challenging. Systemic delivery is not effective as only a small fraction of
the therapeutic agent reaches the inner ear. Invasive surgeries to inject through
the round window membrane (RWM) or cochleostomy may cause damage to the
inner ear. An alternative approach is to administer drugs into themiddle ear using
an intratympanic injection, with the drugs primarily passing through the RWM to
the inner ear. However, the RWM is a barrier, only permeable to a small number of
molecules. To study and enhance the RWMpermeability, we developed an ex vivo
porcine RWM model, similar in structure and thickness to the human RWM. The
model is viable for days, and drug passage can be measured at multiple time
points. This model provides a straightforward approach to developing effective
and non-invasive delivery methods to the inner ear.

INTRODUCTION

Hearing loss affects nearly 20% of the global population,1 and recently several studies linked hearing loss to

cognitive declines, such as increasing rate of dementia, Parkinson’s disease, and depression.2–4 To

mitigate the detrimental effects of hearing loss, hearing aids and cochlear implants are commonly used,

with limited success. Not only may some cochlear implant users lose their residual low-frequency hearing,

but they also cannot discriminate speech or attend to a specific source of sound within the noisy

environment. Hearing aid users also suffer from a lack of normal auditory perception.5–7 Consequently,

many researchers are seeking to develop alternative treatments to restore hearing or prevent hearing

loss. A major obstacle to translating these novel treatments to patients is the lack of effective andminimally

invasive procedures to deliver substances to the inner ear.8 Systemic delivery is challenging as only a

fraction of the injected therapeutic agent passes through the blood labyrinth barrier and reaches the inner

ear.8 Local delivery via intracochlear and intra-round window membrane (RWM) procedures seems prom-

ising, but these procedures have major shortcomings including increased risk for hearing loss through ce-

rebrospinal and perilymph fluid leakage and exhibiting large variability in the therapeutic outcomes.9,10

The intratympanic injection method is less invasive and causes minimal damage to the inner ear; it is

also used clinically to deliver steroids such as dexamethasone (Dex) and gentamicin to treat idiopathic sud-

den sensorineural hearing loss and Menière’s disease.11–17 However, since the injected substances that fill

the middle ear cavity must pass through the RWM, intratympanic injection is less effective in delivering

substances with large molecular weight, negative change, or hydrophilic properties to the inner ear.18

The RWM is an epithelial barrier that consists of three layers. The first and outer layer, facing themiddle ear,

consists of epithelial cuboidal cells that form tight junctions. The tight junctions prevent the passage of

most molecules via passive diffusion. The second layer is made of fibroblasts, collagen, and elastic fibers,19

and contains blood and lymph vessels as well as nerve endings. The third layer consists of squamous flat

inner epithelial cells, facing the scala tympani (Figures 1A and 1B). To improve the permeability of

substances to the RWM, methods such as partial digestion and permeabilization of the RWM,20,21 ultra-

sound microbubble disruption,22 and the creation of a micro-perforations23 have been tested in animals.

Most of these experiments were performed in vivo, with only limited temporal sampling points, and con-

ducted in rodent models that do not mimic their human counterparts in terms of RWM thickness (�10–

15 mm in rodents compared to 70 mm in humans).18,24–28 Therefore, there is a need for a physiologically
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Figure 1. The microstructure and cellular constitution of the porcine RWM

(A) A TEMmicrograph of the porcine RWM that shows three layers structure that consists of the outer epithelial (OE) layer,

fibroblast (Fi) layer, and inner epithelial (IE) layer.

(B) A schematic of the porcine RWM that shows a three-layered structure corresponding to (a) that consists of theOE layer,

Fi layer, and IE layer. In the fibroblast layer collagen fibers (CFs) and elastic fibers (EFs) can be observed.

(C) A TEMmicrograph that shows that the porcine OE cells form tight junctions that can restrict the passage of molecules.

Using TEM, microvilli (Mv) and cilia (Ci) can be observed on the edges of the OE cells.

(D–F). The cilia in (f) present the canonical 9 + 2 structure.

(G) A TEM micrograph of the fibroblast cells and the collagen fibers in their vicinity.

(H) A TEM micrograph of the IE layer, which includes squamous epithelial cells.

(I) Immunostaining of the porcine RWMusing epithelial (anti-EpCAMor CD326) and fibroblast (anti-Vimentin) cell markers

shows the presence of the two cell types in the porcine RWM. See Figure S1.

ll
OPEN ACCESS

2 iScience 26, 106789, June 16, 2023

iScience
Article



relevant ex vivo RWMmodel to easily test and explore innovative delivery methods to the inner ear across

multiple time points.

Few attempts have been made to generate an RWM model in small animal models due to the difficulty of

accessing and excising the RWM. Some of the early RWM models used RWM tissues from guinea pigs to

reconstruct a chamber with two cavities resembling the middle and the inner ear.29–31 In a more recent

study, guinea pig RWM was dissected, attached to a membranous sheet, and inserted in a Vertical Franz

Diffusion CellTM.23 These aforementioned models provide interesting platforms, but the studies were

conducted with rodent RWM, which is five to six times thinner than the human RWM18,25–28; thus, the

reported values for passage across the RWM are not directly translational. More importantly, none of these

studies monitored tissue viability, and in our hands, the permeability of the RWM is proportional to explant

tissue death. In the absence of a viable ex vivo RWM with dimensions comparable to that of humans, the

realization of rules governing the transport of small molecules, macromolecules, and viruses across the

RWM and testing innovative therapies to address hearing loss will remain difficult.

In this study, we developed and tested an easy-to-build ex vivo porcine RWMmodel. The porcine RWM has

a similar thickness to human RWM, and given its large size, the porcine RWM is comparatively easy to excise

and handle. Using this RWM model, we evaluated the passage of the non-salt form of Dex, known to be

highly permeable across the RWM, and the low-permeability non-salt form of Dex conjugated with

fluorescein (DexF) as a function of cell viability over a course of 24 h. We then evaluated the effect of

permeabilization of the RWM on DexF passage using saponin and collagenase, which have been shown

to improve permeability in vivo in small animal models.20 Our ex vivomodel can serve as an effective testing

chamber to study the passage of substances through the RWM to the inner ear and to test much-needed

approaches to improve delivery methods to the inner ear.

RESULTS

Investigation of the porcine RWM properties using transmission electron microscopy and

immunohistochemistry

Asafirst step in creating theporcineex vivoRWMmodel,wecharacterized theporcineRWMusing transmission

electron microscopy (TEM; Figures 1C–1H) and immunohistochemistry (IHC; Figure 1I). The RWM structure re-

vealed that the RWM consists of three layers with two epithelia and a middle mesodermal connective tissue

layer (Figure1A). This three-layered structure agreeswith the literature25 and isdepicted in Figure1B. Theouter

epithelial (OE) cuboidal cells that sit in the vicinity of the middle ear cavity form tight junctions, shown in Fig-

ure S1A, that restrict the passage of molecules from the middle to the inner ear (Figures 1C–1E). These cells

are active and have mitochondria (Mi) and rough and smooth endoplasmic reticulum (RER and SER) as shown

in Figure S1A.We also observedOE cells with shortmicrovilli (Mv) and cilia (Ci), whichmay facilitate absorption

or move particles away from the epithelial barrier. The cilia contain a 9 + 2 arrangement of microtubules

(Figures 1D–1F). The 9 + 2 arrangement refers to how the microtubules are organized; it has 9 fused pairs ar-

ranged on the outside and 2 unfused pairs in the center. The cilia might be present to move particles away

from the epithelial barrier. The middle layer consists of fibroblastic (Fi) and collagen fibers (CFs) (Figure 1G).

We have also observed a node of Ranvier structure in the RWMmiddle layer that indicates the rapid traveling

of the action potential along the fibers through the RWM (Figure S1B). The inner layer includes the squamous

inner epithelia (IEs) with loose junctions (Figure 1H). To verify the presence of epithelial cells and fibroblasts in

the porcine RWM, we used IHC (Figure 1I). As shown in the higher-resolution images, the antibodies unveiled

the cuboidal shapes of the epithelial cells and elongated shapes of the fibroblasts. The presence of wrinkles is

due to the detachment of the membrane from the bony structure.

As the next step of our experiment, wemeasured the thickness of the porcine RWM, stained with DAPI (40,6-
diamidino-2-phenylindole, a blue-fluorescent DNA stain) and anti-EpCAM (epithelial cellular adhesion

molecule, CD326), using confocal microscopy (Figures S1C and S1D). We measured the RWM thickness

since it is reported that the thickness is critical in defining the permeability of substances across the

RWM.25 We used H&E staining at different ages and observed different RWM thicknesses between

post-natal day (P) 0 and P40 pigs (Figures S1E–S1F). The measured RWM thicknesses using H&E images

for P0 and P40 pigs are 92 G 16 and 136 G 9 mm, respectively (three cross sections at various locations,

mean G SD). These measurements are not absolute and might vary at different locations on the RWM.

All in all, we have found that the porcine RWM is more similar to the human RWM in anatomy and structure

and therefore suitable to use as an ex vivo RWM model.
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The ex vivo RWM chamber design, viability, and function

After establishing the characteristics of the porcine RWM, we designed a porcine ex vivo RWM chamber.

Figures 2A–2C show the procedure for making the chamber. First, we dissected the porcine inner ear out of

the pig skull.32 Then, using a dental drill, we excised the RWM including the bony structure that supports it

andmounted the excised tissue inside a transwell insert using a dental cement. When the insert is put into a

chamber, the passage of substances can be tested (Figures 2B and 2C display the real-life P0 porcine inner

ear and its RWM inside the working chambers).

Figure 2. The porcine ex vivo RWM chamber

(A) In a schematic of the inner ear, the dashed circle marks the RWM location, which is excised using a dental drill.

(B) A schematic of the excised RWM with the three-layer structure and the surrounding bone inside a testing chamber

separating the chamber into the top and bottom of the RWM that resembles middle and inner ear cavities, respectively.

(C) The real-life RWM chambers. The excised RWM inside a plate insert. The test substances were dropped into the top

part of the chamber, and fluid beneath the RWM in the bottom part of the chamber was sampled at various time points.

Photographs of the real-life post-natal day 0 (P0) porcine inner ear, the excised RWM that was inserted inside the testing

chamber, and the testing substances on top of chambers.

(D) The results of the alamarBlue test for metabolic activity of RWM explants (n = 7) are reported as a percent reduction

(mean G SD). The innate metabolic activity of the cells inside the explants, as an indirect measure of viability, results in a

chemical reduction of alamarBlue. This reduction causes the redox indicator to change from oxidized (non-fluorescent,

blue) to reduced (fluorescent, red) form that can be detected by a plate reader. The higher the percent reduction is, the

higher the metabolic activity of the cells in the explant is. The test is done over a period of 5 days, and at each

measurement, the alamarBlue incubation period was 4 h hours.

(E) Dexamethasone (�400 mg/mL) passage through the RWM chamber over a period of 24 h starting on the second Day.

Dexamethasone was redosed (10 mL) at each sampling point. The experiment was conducted on 3 P0 and 3 P40 porcine

RWM explants (mean G SD). The zero time point had a value of 0.058 mg/mL.

(F) The corresponding calculated permeability (Kp) of dexamethasone (mean G SD) based on the measured

concentrations in (e). The sampling points in e and f are 0.5, 1, 1.5, 2, 2.5, 20, 22, and 24 h. See Figure S2.
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We then examined the viability of the excised RWM explants over time. The viability of the RWM is critical

as the absence of active processes and detachment of dead cells could possibly artificially increase the

passage of substances. We utilized the alamarBlue metabolic activity assay to infer the cellular activity

of the RWM explants and consequently their viability (Figure 2D). Note, the higher the percent reduction

(PR), the higher the metabolic activity of the cells in the explant. The results are displayed in Figure 2D. We

calculated the PR for 7 explants up to 5 days. As it is evident, the metabolic activity in the chamber

decreased with time, and by day 5 it is only �20%. Thus, we tested the passage of substances in the cham-

ber for up to 3 days where explants show the highest viability.

To establish the functionality of our chamber, we tested thepassage of a known high-permeability therapeutic,

Dex, which has been shown to pass through the RWM in multiple animal models and humans.17,27,30,33 We

placed�400mg/mLDex (1mM) in amixtureofmethanol: culturemedia (�1:25) on topof the sixRWMchambers

(3 P0 and 3 P40), and we analyzed the concentration at the bottom of the chamber using an ELISA (enzyme-

linked immunoassay) kit. The results are depicted in Figure 2E. As expected, significant amounts of Dex passed

through theRWM in 0.5 h (unpaired t-test, p value= 0.0024), with increasing amounts accumulating in the lower

chamber over 24 h.We did not observe any differences between the sexes. We did not observe any significant

difference in Dex passage through explants from different ages.

We have also calculated the permeability coefficient (KP) of RWM to Dex at different time points and

plotted it in Figure 2F. We calculated the average of the Kp at two different regimes of 0.5–2.5 h and 20-

24 h to be 12.3 G 4.6 e�8 m/s and 3.8 G 2.4 e�8 m/s (mean G SD), respectively.

Measuring the passage of a low-permeability substance through the ex vivo RWM

Next, we examined the passage of a larger molecule with lower permeability through the RWM explants—

DexF. The difference between the molecular structures of Dex and DexF is shown schematically in Fig-

ure 3A. Based on the literature, we expected that DexF would exhibit a lower passage than Dex,20 as shown

in the schematic in Figure 3A. To test DexF passage, we placed �500 mg/mL (0.5 mM) DexF in a mixture of

methanol: culture media (1:1.37) on top of nine chambers containing RWMs from pigs of different ages (3

P0, 3 P20, and 3 P40; total n = 9). The media at the bottom of the chamber were collected and analyzed

using a plate reader at multiple time points (Figure 3B). The DexF passed across the membrane less

efficiently than Dex. We then calculated the Kp for all the explants at different time points as shown in

Figure 3C. The average Kp values during 0.5–4.5 h and 20–24 h from the introduction of DexF are calculated

respectively to be 6.2G 2.7 e�9 m/s and 5.4G 3.2 e�10 m/s for P0-P20 and 6.5G 3.2 e�10 m/s and 2.9G

0.2 e�10m/s (meanG SD) for P40. The measured Kp for DexF is found to be two orders of magnitude lower

than that for Dex. Similar to Dex, the permeability of DexF decreases over time by one order of magnitude

(Figure 3C). We also observed a significant decrease in the Kp of the P40 in comparison to P0-20 explants

after 1 h, using a two-way ANOVA test (p value = 0.0121). The passage of fluorescein alone is shown in

Figures S3A and S3B, which is significantly different from DexF only after 2.5 h (p value= 0.0011).

We also tested how longer times in the chamber affected the DexF passage, our assumption being that

over time cells would die, and we assumed that dead cells compromised the structural integrity or influence

active passage processes (e.g., exocytosis). We categorized the explants into three groups: 1) the healthy

explants with 80–100% PR (high metabolic activity and viable), 2) the low-viability explants (low metabolic

activity) where the PR is 15–30% but the RWM can support the fluid in the upper chamber for more than 3–

4 h, and 3) the leaky explants that are highly viable but have microscopic defects such as holes (see Fig-

ure S4) and hold the solution for more than 3–4 h. Note that the viable leaky explants with micron-sized

holes required a microscope and careful examination to observe the holes; these holes cannot be seen

by the naked eye. These three groups are shown schematically in Figure 4A. Toward this end, we purpose-

fully tested and compared the passage of DexF on four leaky explants (with microscopic defects) and on

three low-viability explants compared to healthy and highly-viable (control) ones as shown in Figure 4B.

We observed that the passage of DexF through the low-viability and leaky RWM was higher than that

through healthy explants. The Kp values are shown in Figure 4C, and they were calculated for two time

points (0.5–4.5 h from the introduction of DexF and 20–24 h): 5.0 G 5.8 e�8 m/s and 1.3 G 0.8 e�8 m/s

for low-viability explants and 15.2 G 4.4 e�8 m/s and 3.2 G 1.7 e�8 m/s for leaky explants (mean G

SD). In comparison with the healthy chambers, both the leaky and the low-viability groups have Kp values

that are two orders of magnitude higher. This result showed that the high viability of the RWM chamber was

crucial for assessing the permeability of materials, which provided the basis for our exclusion criteria.
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Assessing the passage dynamics and mechanism of DexF

To further investigate the mechanism of the passage through the RWM, we took advantage of the fluores-

cent properties of DexF and imaged the explants at several time points after adding DexF (0.5, 2.5, and

24 h). The results are shown in Figures 5A–5C. After 0.5 h (Figure 5A), we noticed only a few instances where

fluorescence was present in the cell nucleus (Figure 5A), and in general, the sample showed a very low fluo-

rescence background. After 2.5 h (Figure 5B), a strong fluorescence signal was observed in the cell nucleus,

and surprisingly, after 24 h (Figure 5C), the fluorescence signal was mostly found in the cell cytoplasm and

not in the nucleus. The proposed schematic of the DexF interaction with OE is described in Figure 5D. Also,

we observed that the fluorescence intensity is limited to the top 30 mm of the RWM throughout the 24-h

period (see Video S1, and Figure S3B). To investigate whether the DexF migration from the nucleus to

the cytoplasm was limited to the pig, we used live-cell imaging of the OE cells of mouse RWM

(Figures S5A and S5B) and observed similar behavior. In mice, the DexF is initially present in the cytoplasm

and then slowly moves to the nucleus, and after about 3.5 h, the nucleus expresses no fluorescence signal.

We also confirmed that no fluorescent signal is present in the nucleus in the event that cells are dead when

DexF was delivered in front of the RMW via intratympanic injection in cadaver pigs (Figure S6).

The effects of collagenase and saponin treatment on RWM permeability

Several studies have treated the RWM with enzymes and compounds20,21 to enhance the drug passage

through the RWM of rodents. We tested whether these treatments are also effective on the thicker porcine

RWM.

Figure 3. The porcine ex vivo RWM chamber shows relatively lower passage for low-permeability material

(A) A schematic of dexamethasone: Dex and dexamethasone-fluorescein: DexF structure and passage through the RWM

is shown.

(B) Passage of �500 mg/mL (0.5 mM) DexF and �400 mg/mL (1 mM) Dex through the RWM chamber over a period of 24 h

(meanG SD). The experiments were conducted on n = 6 P0-P20 and n = 3 P40 porcine RWM explants for DexF and on n =

3 P0 and n = 3 P40 porcine RWM explants for Dex.

(C) The calculated permeability (Kp) of DexF and Dex (meanG SD). A nested t-test was performed to show the significant

differences with p = 0.0015 for P0&P20-DexF vs. P40-DexF passage, p = 0.0099 for P0&P20-Dex vs. P0-DexF passage, and

p = 0.0001 for the difference between and P40-DexF vs. P40-Dex passage. The sampling points in b and c are 0.5, 1, 1.5, 2,

2.5, 20, 22, and 24 h. See Figure S3 and Video S1.
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Previously in guinea pigs, collagenase I was used to partially digest the RWM in vivo and to increase its

permeability.21 Following this study, we tested the passage of DexF in the presence of 80 mg/mL collage-

nase I (Figure 6A). After 5 h of collagenase I treatment, we observed a sudden significant increase in the

permeability of DexF in comparison to the control explants using a multiple unpaired t-test. The calculated

Kp values are shown in Figure 6B. Our interpretation of the effect of collagenase I treatment was that the

collagenase creates gaps through the OE layer, and the molecules could more easily cross the RWM

(Figure 6C).

Alternatively in guinea pigs,20 saponin has been shown to permeabilize the RWM by selectively removing

cholesterol and making �10–100 nm holes in the membrane.34–36 Therefore, we also tested the effects of

RWM permeabilization via saponin on DexF permeability. We employed similar concentrations of saponin

(130 mg/ml) as suggested by the previous study and up to 22 h of treatment (Figure 6D). However, we did

not observe any increase in DexF permeability in the saponin-treated explants (n = 5 P0; Figures 6D and 6E).

We further increased the saponin concentration by 33, 103, and 1003 and tested it on the same explants.

Out of 5 explants, only one showed an increase in DexF passage and one order of magnitude in the

Kp (Figures 6D and 6E). We also verified the viability of the explant with the increased permeability and

found a large decrease in the PR of its metabolic activity (down to 20%), implying that decreased cell

viability was an additional factor that explained the increased permeability.

DISCUSSION

In this study, we investigate the characteristics of the porcine RWM including its microstructure and the

cellular constitution (Figure 1). The porcine RWM is found to have similar characteristics to the human

RWM, including its uncanny resemblance in thickness. These data confirm that the porcine RWM can be

a highly valuable model for studying drug delivery into the inner ear. Furthermore, our TEM investigation

discovers the presence of cilia in the OE layer of the porcine RWM. To the best of our knowledge, no other

study reports the presence of cilia in theOE layer of the RWM, and its presence or absence in humans needs

to be confirmed. Given that cilia may have a role in propelling substances away from the RWM or

participate in active transport, their presence can greatly affect the passage of molecules through

the RWM.

Figure 4. The ex vivo chamber viability is critical to assess permeability

(A) A schematic that shows the differences in the RWM structure between healthy (80–100% Percent reduction: PR), leaky,

but healthy, (including microscopic holes or tears), and low-viability (15–30% PR) explants.

(B) Passage of �500 mg/mL (0.5 mM) DexF was tested over a period of 24 h on n = 3 healthy (80–100% PR), n = 3 low-

viability, and n = 4 leaky porcine RWM explants (mean G SD).

(C) The calculated permeability (Kp; meanG SD). A nested t-test was performed to show the significant differences with p

= 0.0003 for 80–100% PR vs. 15–30% PR explants passage. The sampling points in b and c are 0.5, 1, 1.5, 2, 2.5, 3.5, 4.5, 20,

22, and 24 h. See Figure S4.
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We have created an easy-to-fabricate and viable RWM chamber that can be utilized to measure the perme-

ability of substances and to test diverse manipulation techniques to improve drug delivery to the inner ear.

To test the functionality of this chamber, we employ Dex (Figure 2). The permeability value that is reported

in the literature for in vivo testing of Dex in guinea pigs is 15 e�8m/s.33 The permeability value measured in

our chamber (12.3G 4.6 e�8m/s, n = 6) is very similar to that in in vivo testing procedures. Since the middle

ear removal processes that exist in the in vivo experiment are absent in this chamber, Dex should continue

to accumulate in the bottom chamber until it reaches equilibrium even until the second day. There are dif-

ferences in the permeability value for Dex between the first and second days (p value: 0.0326), but there are

no significant differences between 22 and 24 h statistically using nested t-test. It is worth mentioning that

we measured permeability values cumulatively. In other words, the permeability value at a specific time

point was calculated based on the total substance that had passed through themembrane up to that point.

This approach has been used by other researchers previously.23 However, this cumulative approach does

not account for changes in the driving force gradient at any specific time. Alternatively, other studies have

used instant permeability, where the amount of substance passage at any time point is measured as the

difference between the current and previous sampling points.37 This approach provides information on

the temporal changes in the driving force as a function of time.

We have studied the passage of low-permeability DexF. Based on the literature, the passage of 1 mMDexF

through the guinea pig RWM in 20–40min is about 0.05–0.5 mg/mL.20 Our measured passage values in 0.5 h

for �500 mg/mL (0.5 mM) DexF using the porcine ex vivo RWM chamber is 0.16 G 0.1 mg/mL and 0.02 G

0.02 mg/mL for P0-20 (n = 6) and P40 (n = 3) RWM models, respectively. Once more, our measured value

is strikingly close to what is reported in the literature using in vivo measurements. We also observed a sig-

nificant decrease in the Kp of the P40 in comparison to P0-20 explants after 1 h, using a two-way ANOVA test

(p value: 0.0121). This indicates an age effect on the permeability of the RWM, which could be due to the

observed thickness difference of the RWM between P0 and P40 pigs. In most of the passage measure-

ments, we observed a decrease in permeability over time. We can only speculate why we observe a

Figure 5. The porcine ex vivomodel elucidates the interaction with and transport mechanism of dexamethasone-

fluorescein into the RWM cells over time

(A) In confocal images after 0.5 h, only a few cell nuclei express fluorescence signal, and some low-intensity signal is

present in the cytoplasm.

(B) After 2.5 h, the majority of the cell’s nuclei express a strong fluorescence signal.

(C) After 24 h, the strong fluorescence signal is expressed in the cell cytoplasm, not in the nucleus.

(D) The schematic illustrates the migration of DexF into and out of the nucleus of OE cells. All the presented images are

from fixed tissue. See Figures S5 and S6. GR: Glucocorticoid receptor, GRE: Glucocorticoid responsive element.
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decrease in permeability over time. One of the possible reasons might be the aggregation of the DexF

over time.

An advantage of the proposed RWM chamber is its ability to measure and track therapeutic substance pas-

sage over time. Consequently, the RWM chamber can serve as a platform to test new methods to enhance

permeability, such as the conjugation of therapeutics with aptamers or peptides. New constructs could be

tested and tuned using our proposed chamber similar to the approach taken to improve drug passage

through the tympanic membrane.38

We also presented data from low-viable explants (15–30% PR) that are dying and showed that DexF

passage through these explants is almost comparable to leaky, but healthy, explants (Figure 4). This is

an important consideration that has been overlooked previously in other RWM models. Interestingly, in

the low-viability and leaky explants, the passage pattern can be fitted with a logarithmic function suggest-

ing that, in less-viable and leaky explants, diffusion is the main mechanism of passage rather than active

passage mechanisms. This trend is similar to what is reported in the Kelso et al., 2015 study, where the

micro-perforations created in the explant led to a faster diffusion. Here we employed the alamarBlue

Figure 6. Collagenase I treatment enhanced the RWM permeability while saponin did not

(A) DexF �500 mg/mL (0.5 mM) passage through the P0-P20 RWM chamber with (blue) and without (red) collagenase I

treatment (80 mg/mL; n = 4; meanG SD). After 5 h of collagenase I treatment, a significant increase in DexF passage was

observed using a mixed-effect analysis (p value = 0.0021).

(B) The corresponding calculated permeability, Kp (meanG SD), showed an increase in permeability after 8 h as well using

a mixed-effect analysis (p value = 0.0081). The sampling points in a and b are 0.5, 1, 1.5, 2, 3, 4, 5, and 8 h hours.

(C) The schematic depicts the effect of collagenase treatment on the RWM structure and therefore RWM permeability.

(D) DexF�500 mg/mL (0.5 mM) passage through the P0-P20 RWM chamber with and without saponin treatment at various

concentrations of 130 mg/mL, 390 mg/mL, 1300 mg/mL, and 16 mg/mL. The DexF passage did not change after saponin

treatment (n = 5, P20; mean G SD).

(E) The corresponding calculated permeability, Kp (mean G SD). The sampling points in d and e are 0.5, 1, 1.5, 2, 2.5, 3.5,

and 24 h hours.
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metabolic activity test as a reference for the level of cellular health of RWM explants (Figure 2). Metabolic

activity tests have been previously used to examine the level of porcine ex vivo tissue activity.39 In this

respect, we cannot compare our results to a recent study that used human cadaveric RWM that went

through freeze-thaw cycles.37 Although their data similarly confirmed that the number of freeze-thaw cycles

significantly increases the permeability of the tympanic membrane. Future studies will focus on improving

the viability of the RWM explants beyond 3–5 days.

After establishing that the chamber shows a relative reduction in the passage of DexF compared to Dex, we

demonstrated the enhanced passage of DexF using collagenase I treatment (Figure 6). However, collagenase I

treatment required 5 h to significantly increase the passage of DexF. This treatment length is quite long when

compared to the 0.5 h used with in vivo experiments on guinea pigs.21 Also, on our hands, and in contrast with

the literature,20 porcine RWM permeabilization using saponin did not improve DexF permeability. These re-

sults could be explained due to the differences between the animalmodels. The RWMthickness in guinea pigs

is reported to be 10–14 mm,26 which is 5-63 thinner than the porcine and human RWM thickness.

In the future, we would like to use this RWM chamber to study the real-time passage of individual substances

using high-resolution microscopy. Figure 5 shows an example of the use of the chamber for this purpose. We

were able to observe that the fluorescencemoves from the cytoplasm to the nucleus and back over a period of

24 h (Figure 5D). According to the literature, in the absence of a ligand, the glucocorticoid receptors–which are

the target of Dex—stay in the cellular cytoplasm. In the event of binding to the ligand, these receptors trans-

locate into the nucleus.40 This phenomenon is similar to what we observed in the first 2.5 h of the passage of

DexF, indicating that DexF binds to the receptor and the complex moves to the nucleus. Inside the nucleus, it

is reported that these receptors bind to the responsive elements in the promoter regions of the target genes40;

where the interaction of glucocorticoid receptors and responsive elements is dynamic to upregulate their

steady-state association with their responsive gene promoters. After modulating the transcription of

responsive genes, the receptor dissociates from the ligand and returns to the cytoplasm.40 This can explain

the fluorescence reappearing in the cytoplasm after 24 h (Figure 5C).

Our following objective is to compare the RWM chamber measurements with in vivo experiments in pigs.

As a first step, we developed techniques to deliver substances including DexF and trypan blue via intratym-

panic injection in cadaver pigs (Figure S6). The developed surgical technique opens up opportunities for

in vivo experiments.

Limitations of the study

This study has some limitations that will be addressed in the future. First, our yield of producing a non-leak-

ing RWM chamber is only �50%. In our hands, the younger the animal from which the RWM has been

extracted, the higher the success rate. In our experiments, this is not a limiting factor as producing

chambers is relatively fast and we have ample access to fresh pig cadavers. In the future, we plan to improve

the yield of the process. Second, we were only able to maintain the RWM cells in good health for 5 days.

This provides a narrow window to perform the experiments. In the future, we plan to optimize the cell-

culturing conditions and maintain the RWM chamber viability for a longer period. Another limitation is

that, in our experiments, Dex is dissolved in methanol. Methanol is cytotoxic and could lead to changes

in the measured RWM permeability. In the future, we plan to either use a more biocompatible solvent or

use hydrogels to ameliorate the low solubility limit of Dex.

We expect to measure slightly higher permeability values in our ex vivo model relative to in vivo measure-

ments. We believe this is the case since the ex vivo model does not account for additional removal

mechanisms that exist in the middle and inner ear.33,41,42 Nevertheless, the measured permeability values

confirm the functionality of our ex vivo RWM chamber.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Alon Greenbaum (greenbaum@ncsu.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anit-EpCAM, CD326 Abcam ab71916; RRID:AB_1603782

Anti-Vimentin Santa Cruz Biotechnology sc-6260; RRID:AB_628437

Goat anti-mouse AF 647 Thermofisher Invitrogen A21236; RRID:AB_2535805

Goat anti-rabbit AF 488 Thermofisher Invitrogen A11008; RRID:AB_143165

Biological samples

Porcine round window

membrane explant

NCSU-swine education unit Yorkshire

Critical commercial assays

Competitive Dexamethasone ELISA kit,

0.1 ppb sensitivity

MyBioSource MBS2548580

Experimental models: Organisms/strains

Porcine NCSU-swine education unit Yorkshire

Software and algorithms

Prism 9.2 graphpad https://www.graphpad.com/

scientific-software/prism/

Biorender Web application https://biorender.com/

Other

Dako Agilent X0909

Pro-Long Gold Thermofisher Invitrogen P36930

sodium cacodylate buffer Clini Sciences 11652

EMbed-812 Electron microscopy sciences 50-980-391

Dulbecco’s Modified Eagle

Medium (DMEM)

Corning Life Sciences 10-013-CM

fetal bovine serum Cytiva SH30396.03

antibiotic-antimycotic Sigma-Aldrich A5955-20 ML

N2 Thermofisher 17502048

AlamarBlue cell viability reagent Thermofisher DAL1025

Dental cement 3M RelyX Unicem, 56830

Dexamethasone Thermofisher D1383

Dexamethasone-fluorescein Sigma D4902

Saponin Sigma 47036

DAPI Sigma D9542

NucBlue Fisher Scientific R37606

Collagenase type I Sigma SCR103
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The data used in this study is available from the lead contact upon reasonable request.

The software that was used in this study is listed in the key resources table.

Any additional information required to reanalyze the data reported in this study is available from the lead

contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we utilized 23 Yorkshire wild-type pigs (both sexes) on postnatal days 0: P0, P20, and P40. All

animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at North

Carolina State University, following the standards of the National Institute of Health and Committee on

Care and Use of Laboratory Animals.

METHOD DETAILS

Dissection and chamber fabrication

First, we removed the skin and created a large window on top of the porcine skull using a bone stryker.32

The brain was discarded to observe the inner ear. Then, we cut further into the bone surrounding the inner

ear via the stryker and excised the porcine inner ear using a bone cutter. Taking the inner ear out of the

bony environment requires care to maintain the RWM intact. Using a dental drill and 1 mm drill bit, we

excised the RWM including a small portion of the surrounding bone (Figure S2). The whole drilling proced-

ure was done inside a fresh PBS solution including 1% Antibiotic/Antimycotic, which was routinely

exchanged to minimize the accumulation of debris. After the excision, the surrounding bone around the

RWM was dried out using sterile gauze pads and glued into the bottom of a cut 0.5 mm Eppendorf tube

using dental cement (3M RelyX Unicem, 56830) as shown in Figure S2. The glued RWM was then mounted

on top of a Transwell without the mesh and immersed in cell culture media (DMEM, 1% Antibiotic/

Antimycotic, 1% N2) overnight (150 ml on top of the RWM and 1.5 ml on the bottom). The next morning

the media was changed (DMEM, 1% FBS, 1% Antibiotic/Antimycotic, 1% N2) and the chamber was ready

for experimental work.

Exclusion criteria to detect leaky or unhealthy RWM chambers

� If tears or holes in the RWM were observed visually using a dissecting microscope.

� If the membrane lost more than 100 mL of media overnight, this normally indicates the presence of

micron size holes in the RWM that cannot be observed using a dissecting microscope.

� If the viability test was below 80% PR at the beginning of the passage experiment.

� If the viability test was below 20% PR at the end of the passage experiment.

We start testing our samples when they were viable and healthy, i.e., when they showed a PR value of above

80%. We decided to measure RWM permeability only in chambers where the percent reduction–PR is at

least 80% in order to exclude the impact of increasing cell mortality. We postulated that explants with lower

PR i.e., �60% might have a significant number of cells that are not viable, and therefore, their value might

not reflect the in-vivo conditions. To support this claim, Figure 4 shows that chambers with 20% PR behave

like leaky chambers.

We have also tested the passage of Trypan blue with this method,38 and its passage can also be used as an

exclusion criterion. Trypan blue is a big molecule therefore, non-leaky chambers should limit its passage.

The Figure below shows Trypan blue passage in a non-leaky explant. The one-way ANOVA test shows no

significance in the ratio of the passage over time. Whenever there was a loss of media from the leaky cham-

ber, trypan blue was observed at the bottom of the chamber.
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AlamarBlue viability test

To perform the viability test, first, the explants were washed with PBS three times. Then 1 ml of fresh media

containing 10% alamarBlue (Thermofiher, Dal1025) was added to the chamber (top and bottom). The ex-

plants were placed in the incubator for 4–6 hours The plate that covered the chamber was removed and

absorbance was measured using a plate reader (Infinite M Plex from Tecan) at two wavelengths (570 nm

and 600 nm). The percent reduction was calculated based on the vendor’s instructions.

Permeability measurements

Tomeasure the permeability of substances, wemixed�100 ml culturemedia (DMEM, 1% FBS, 1%Antibiotic

Antimycotic, 1% N2) with the substance and placed the mixture in the top chamber. The top solution was

redosed at the amount of 10 ml at each sampling (7–9 times) to meet the conditions of a continuous infinite

dosing.23 The bottom chamber was filled with 1.5 ml of cell culture media in a 24-well plate (for Dex, the

bottom chamber was filled with 1 ml of the media). To monitor the progression of the passage, the media

at the bottom of the chamber was sampled. In each sampling event, �100 ml of liquid was withdrawn from

the bottom of the chamber. Before sampling, the media was pipette up and down to mix and homogenize.

After sampling the media, 100 ml fresh media was added to the bottom chamber, this dilution in the media

was compensated when calculating the concentrations by considering the total volume as the original

volume plus the withdrawn amounts.30 The purpose of replacing the solution was to simulate the static

cell diffusion condition.

The non-salt form of dexamethasone (Dex) (molecular weight: 392.46) was dissolved in methanol first to

obtain a concentration of 10 mg/ml and diluted in the media to obtain a concentration of �400 ug/ml or

1 mM. The Dex concentration may be above the solubility limit. Our solution was clear, but we cannot

be absolutely sure if all the Dex was in solution. There might be small aggregates of suspended Dex or

Dex may have adsorbed to the proteins in the culture media. The dexamethasone conjugated with fluores-

cein (DexF) (molecular weight: 840.98) was dissolved in methanol first to obtain 1 mg/ml and diluted in the

media to obtain �400 ug/ml or 0.5 mM, per the manufacturer’s instructions.

Dexamethasone ELISA

We used a ready-to-use ELISA kit (Mybiosource, MBS2548580) for measuring Dex concentration in the

media collected from the bottom chamber. To generate a standard curve, values of absorbance, which

were acquired using a microplate reader (VERSA max), were correlated with known Dex concentrations

(0.1–10 ppb). The concentration of Dex in liquid samples can be then calculated by comparing the OD

of the samples to the standard curve. The standard fitting curve close to the OD values from the bottom

chamber (0.6–1.3) was used to improve the accuracy. The Dex samples were diluted 40000x to be detected

using this kit.

Immunostaining

The RWM tissue explants were fixed using 4% paraformaldehyde (PFA) and then permeabilized and

blocked using IHC blocking buffer (serum-free protein block, Dako from Agilent, X0909) with 0.4% Triton

for 1 hour at RT (room temperature). Explants were then stained against vimentin and EpCAM at a 1:100

dilution. Explants were incubated with primary antibodies overnight at 4�C. Then, the explants were
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washed with PBS and incubated with secondary antibodies at a 1:200 dilution for 1.5 hours at RT. For nu-

clear staining, two drops of NucBlue were added to each well after 30 minutes of secondary incubation. The

cells were washed with PBS andmounted with ProLong Gold at RT for 4 hours before observation. Explants

were imaged using an Olympus FLUOVIEW confocal microscope to detect nuclei, vimentin, and EpCAM.

To quantify the RWM thickness, we used IMARIS software.

Transmission electron microscopy

For TEM investigation, the tissues were fixed using 4% PFA and 1% Glutaraldehyde in 0.1% sodium caco-

dylate at 4�C overnight. The tissues were washed 3x in 0.1 M sodium cacodylate buffer. The tissues were

incubated with 2% osmium tetroxide for 1 hour. The tissues were washed 3x in 0.1 M sodium cacodylate

buffer. Then, the tissues were dehydrated in 70% and 95% ETOH for 20–30 min at each step and 2x at

100% ETOH for 30 min. The tissues were incubated with 2:1 and 1:1 ethanol: resin solution, for 1 hour

each. The tissues were incubated overnight in 1:1 ethanol: resin. The tissues were incubated with 1:2

ethanol: resin for 1 hour and with 100% EMbed-812 resin 2X for 1 hour each. The tissues were transferred

to pure resin and incubated at 70 C overnight for resin embedding. Ultramicrotomy (Leica UC7 ultramicro-

tome) was used to obtain 85 nm thick cross-sections. Lead citrate/ Uranyl acetate post staining of grids was

performed. We have used the Bio-TEM model HT7800-120 kV transmission electron microscope for

imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

The permeability coefficient (KP) calculation

The permeability coefficient (KP) in m/s was calculated using the following formula23:

Kp =
Q

A$t$ðCT � CBÞ
Where Q is the mass in mg of substance transported through the RWM in time (t) in seconds across the

RWM area (A) in m2. The CT and CB are the concentrations in mg/ml on the top and bottom of the RWM.

The (CT-CB) is considered equal to CT under redosing conditions since CT is considerably higher than CB.

We used one-way ANOVA, to investigate the significant differences in Kp between ages using GraphPad

Prism version 9.5. A multiple unpaired t-test was used to investigate the effect of RWM permeabilization

on the passage difference of DexF. The statistical details of experiments can be found in each figure

caption.
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