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A B S T R A C T

Microperforations in the round window membrane have been suggested for enhancing the rate and reliability of
drug delivery into the cochlea. Intratympanic injection, the most common delivery method, involves injecting
therapy into the middle ear to establish a reservoir from which drug diffuses across the round window membrane
into the cochlea. This process is highly variable because (i) the reservoir, if liquid, can lose contact with the
membrane and (ii) diffusion across the membrane is intrinsically variable even with a stable reservoir. To ad-
dress these respective sources of variability, we compared the thermoreversible hydrogel poloxamer 407 (P407)
to saline as a drug carrier and studied the effect of membrane microperforations on drug diffusion rate. We used
Rhodamine B as a drug proxy to measure permeance across an artificial membrane in a horizontal diffusion cell.
We found that permeance of Rhodamine B from a saline reservoir was an order of magnitude higher than that
from a P407 reservoir across unperforated membranes. Moreover, permeance increased with total perforation
cross-sectional area regardless of number of perforations (p < 0.05 for all saline-based experiments), but the
same association was not found with P407. Rather, for a P407 reservoir, only a large perforation increased
permeance (p < 0.001), while multiple small perforations did not (p= 0.749). These results confirm that for
drug dissolved in saline, multiple small perforations can effectively enhance diffusion. However, for drug dis-
solved in P407, larger perforations are necessary.

1. Introduction

Microperforations are emerging as an effective drug delivery
method across a wide variety of fields in medicine and pharmacology.
They have been suggested as a means to enhance the treatment of
diseases affecting the cochlea such as sudden sensorineural hearing
(SSNH) loss and Ménière's disease, for which treatment options have
been associated with inconsistent drug delivery and frequent side ef-
fects [1–3]. Currently, the most common treatment for these disorders
is intratympanic injection (cf. Fig. 1), during which liquid glucocorti-
coid or gentamicin is delivered via needle and syringe through the
tympanic membrane and into the middle ear [4,5]. The injected ther-
apeutic diffuses across the round window membrane—a thin tissue
separating the inner and middle ear compartments—and into the dis-
eased cochlea. However, intratympanic (IT) dosing suffers from two
flaws inherent to the technique. First, diffusion of drug into the cochlea
depends on the time of contact between the therapeutic agent and the

RWM [6,7]. While contact is maintained when the patient is lying
down, liquid therapeutic is inevitably lost via the Eustachian tube once
the patient sits upright. Second, the rate of molecular transport across
the round window membrane (RWM) itself is highly variable
[8,9,6,10,11]. Thus, there is a critical need for new tools to improve
upon the existing IT dosing technique and to reduce the variability in
drug delivery to the cochlea.

In an attempt to overcome these challenges, investigators have
tested novel surgical approaches for precise delivery of therapeutic
agents into the inner ear, including the use of a wide variety of mi-
croinjection, microperforation and continuous infusion devices
[12–15]. Our laboratory in particular, has explored the use of micro-
needle technology for the diagnosis and treatment of diseases through
the RWM [16,17]. We have fabricated needles, based on a micro-
anatomic analysis of guinea pig RWM, that can create precise micro-
perforations in vitro for enhancing drug diffusion [16,18]. Our tech-
nology also allows us the flexibility to create many needles of other
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designs for various purposes [18]. Our needles can: (1) precisely create
small (or large) perforations without tearing the RWM, (2) sample
fluids from across the RWM for diagnostic purposes, and (3) detect
successful perforation of the RWM without relying on direct visualiza-
tion [18–21].

A critical adjunct to microneedle-based drug delivery to the inner
ear is the development of sustained-release drug formulations that
minimize the variability in a perilymph pharmacokinetic profile. Of
particular interest in recent years due to its thermosensitive properties,
the hydrogel poloxamer 407 is liquid when kept cool, but transforms
into a semi-solid hydrogel at higher temperatures [22–26]. This gelifi-
cation phenomenon is reversible, and higher poloxamer 407 (P407)
concentrations result in lower transition temperatures and greater gel
strength [27]. P407 acquires its unique physical traits from a combi-
nation of distinct hydrophilic and hydrophobic blocks, whose solubi-
lities in water are temperature dependent; its chemical structure is as
follows:

Because drugs and other solutes can be dissolved into liquid P407
solutions without significantly inhibiting gelification, P407 has been
extensively studied as a vehicle for pharmaceutical delivery to the ear
[28,29,27]. Via conventional IT dosing, a room-temperature P407-
based solution containing otologic therapy can be injected into the
middle ear space, where body temperature triggers transformation of
the mixture into a gel. In turn, gelification can prolong the residence
time of the injected solution and maintain contact between the drug
and the RWM. In humans, a P407-based antibiotic formulation (OTI-
PRIO®; Otonomy, Inc.) administered via IT injection has been approved
for the treatment of middle ear infections [30]. These infections affect
structures immediately adjacent to the cochlea, so there is reason to
believe that this drug delivery technique can also be applied to inner
ear disease. Indeed, animal studies have demonstrated that P407-based
dexamethasone formulations, delivered via IT injection, allow for sus-
tained-release drug delivery to the cochlea [23–25].

The research described in this correspondence explores a novel
method for enhancing IT injection techniques for more effective and
consistent drug delivery across the RWM and into the cochlea.
Previously, our laboratory has demonstrated that a single microscopic
perforation can increase the rate of material diffusion across the guinea

pig RWM in vitro from a saline reservoir [15]. We hypothesize that
multiple microperforations with a large total cross-sectional area will
further augment diffusive transport. Compared to a single large per-
foration in the RWM, multiple microperforations with the same total
cross-sectional area could be advantageous because holes of smaller
diameter exhibit higher viscous resistance to fluid flow, simultaneously
enhancing diffusive transport of therapeutic reagents into the cochlea
and reducing outward leakage of perilymph. However, the contribution
of multiple microperforations to cochlear drug delivery remains ex-
perimentally unknown. Moreover, the interaction between micro-
perforations and novel gelatinous drug carriers is unclear. Answering
these questions will have far-reaching implications for drug delivery
across other thin anatomical membranes, such as those found in the eye
and central nervous system. Herein we investigate the role of multiple
microscopic perforations as an adjunct to prolonged therapeutic de-
livery by gelatinous drug carriers as compared with conventional saline
solution.

2. Methods

We use a Valia-Chien cell apparatus separated by an artificial bar-
rier membrane to compare the in vitro drug delivery kinetics of the
small molecule Rhodamine B delivered via P407 and saline solution,
both with and without perforations. The applied methods for measuring
trans-membrane diffusion were adapted from the American Association
of Pharmaceutical Scientists as well as the Federal Drug Administration
recommendations for in vitro percutaneous absorption rate studies [31].

2.1. Media and components

Rhodamine B (RhoB) (479.01 g mol−1, log POW 1.95, > 99% purity;
ACROS 29657) is a fluorescent tracer that can be rapidly and accurately
quantified with fluorescent microscopy (Acros Organics, Pittsburgh,
PA). RhoB has previously been used as a proxy for relevant otologic
therapies and has a molecular weight comparable to that of gentamicin
[15,32]. A solution of 0.10 mM RhoB dissolved in phosphate-buffered
saline (PBS) was used as the therapeutic proxy for 40 mg mL−1 solution
of gentamicin (0.08 mM), a common concentration used in IT injections
for the treatment of Ménière's disease [3]. In what follows, we use the
terms PBS and saline interchangeably.

We mixed P407 powder (Spectrum Chemical, Gardena, CA) with
demineralized water and RhoB to create a 0.1 mM RhoB solution in
18% P407 by weight. The resulting mixture was stirred at room tem-
perature and kept overnight in a refrigerator at 3–4 °C to facilitate

Fig. 1. Schematic of intratympanic injection: Drug is
delivered using a syringe needle via the ear canal,
through the tympanic membrane, and into the middle
ear space. This space contains the auditory ossicles.
The drug diffuses across the round window membrane
(arrows) to enter the cochlea and treat inner ear dis-
ease. This liquid therapy can be lost via the Eustachian
tube due to gravity when the patient sits upright.
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dissolution of the P407 powder. At the chosen P407 concentration, the
mixture transitioned into gel upon placement within the room-tem-
perature testing apparatus.

2.2. Diffusion cells

Diffusion of RhoB through an artificial membrane barrier was per-
formed using 9 mm clear unjacketed Valia-Chien diffusion cells
(PermeGear Inc., Hellertown, PA) with 5 mL volumes and flat-ground
joints. The cell, as shown in Fig. 2, consists of three parts: (1) a donor
half-cell, (2) a receptor half-cell, and (3) an artificial membrane barrier
separating the two. The Valia-Chien diffusion cells were arranged
horizontally, mitigating the effects of gravity on particle movement and
allowing for active stirring of both the donor and receptor compart-
ments by magnetic mini-stirrers (HI 190M-1, Hanna Instruments,
Woonsocket, RI) [33].

The donor chamber was filled with 5.0 mL volumes of: (A) 0.1 mM
RhoB in PBS or (B) 0.1 mM RhoB in 18% P407. An additional sample of
donor solution was reserved for the calibration of fluorescence detec-
tion, as detailed below. Active stirring of the donor chamber was per-
formed for experiments utilizing PBS, but not those utilizing gelified
P407. Initial filling of the donor chamber marked time zero for each
experiment.

The receptor chamber was filled with 5.0 mL of PBS prepared by
dissolving 9.6 g of Dulbecco's Phosphate Buffered Saline powder
(Sigma-Aldrich) in 1.0 L deionized water. An Eppendorf micropipette
was used to withdraw 75 μL of fluid from the receptor chamber every
15 min, from 0 min to 165 min, for a total of 12 samples. The collected
samples were placed in individual wells of a 96-well plate for further
analysis. The withdrawn solution was replaced with 75 μL of PBS to
prevent advection of fluid within the system. The concentration in the

receptor chamber was significantly lower than that in the donor
chamber for the entirety of experiments; as such, this process had
minimal effect on subsequent measurements of donor chamber con-
centrations. Active stirring of the receptor chamber was performed for
all experiments.

Whatman™ Grade 2 Qualitative Filter Paper with diameter 5.5 cm,
thickness 190 μm and pore size 8.0 μm (Whatman Limited, England)
was used as an artificial membrane barrier separating the donor and
receptor chambers. This filter paper was used as a proxy for anatomical
membranes such as the RWM, which experimentally exhibits highly
variable thickness and permeability [8,9,6,10,11]. Using an artificial
barrier controlled for pore size as well as membrane thickness. The
filter paper was cut to fit a custom 3D-printed diffusion cell adapter,
which was circumferentially sealed with general-purpose epoxy. Teflon
tape was used to prevent leakage between the 3D-printed adapter and
the joint, which were secured with a standard Valia-Chien cell clamp.
The filter paper was equilibrated in PBS solution for 30 min prior to any
contact with donor substance. Microperforations were introduced in the
filter paper with manual application of a stainless steel minutien insect
pin with diameter tip of 12.5 μm and diameter shaft of 100 μm and
200 μm (Austerlitz, Czech Republic) under a stereoscopic microscope.
We believe that perforations of these sizes would be appropriate for use
in the human RWM without causing hearing loss and that these per-
forations would heal in a timely manner. Imaging by 3D digital mi-
croscope was used to confirm the presence and sizing of perforations in
the filter paper (Fig. 3a). Original MATLAB code was written to mea-
sure the area of the exposed portion of the filter paper barrier, which
varied with leakage of epoxy from the diffusion cell adapter (Fig. 3b). A
summary of all experimental setups, differing by solvent and size and
number of perforations, is described in Table 1.

Fig. 2. Horizontal diffusion cell apparatus: 0.1 mM RhoB in either
PBS or P407 was loaded into the donor chamber. Samples drawn
from the receptor chamber were used to quantify the diffusion of
RhoB across the artificial membrane, which was housed in a 3D-
printed adapter. Stirring could not be performed in the donor
chamber for experiments utilizing P407 as the solvent.

Fig. 3. (a) Confirming presence and size of perforations in the
filter paper membrane: Whatman™ filter paper with four 100 μm-
diameter perforations. Imaging was performed using Keyence
VHX-5000 Digital Microscope (Keyence Corporation of America,
Elmwood Park, NJ, USA). (b) Measuring membrane area within
diffusion cell adapter: Whatman™ filter paper (large circle) with
four 100 μm-diameter perforations (small dark dots). Epoxy
(shaded) can be seen leaking circumferentially from the edge of
the 3D-printed diffusion cell adapter. Exposed filter paper (light
pink) was included in the area measurement, while the area
covered by epoxy was excluded. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the
web version of this article.)
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2.3. Fluorescence detection

Samples from each time point were analyzed for relative RhoB
concentration by detection with fluorescent microscopy. These samples
were diluted with PBS by a factor of 10 to prevent gelification of the
solution prior to fluorescent microscopy. A 96-well plate containing 13
samples (1 reference sample from the donor chamber and 12 samples
from the receptor chamber) was analyzed using a Synergy™ 4 BioTek
Multi-Detection Microplate Reader (BioTek, Winooski, VT) with ex-
citation and emission wavelengths set to 554 nm and 590 nm, respec-
tively. Calibration curves were constructed using standards of RhoB
concentrations between 0.01 μM and 10.0 μM.

2.4. Quantitative methods

The experiments described above can be modeled mathematically
according to equations derived from Fick's second law of diffusion.
Combining the equations for unsteady state mass transfer between two
chambers and for steady state flux across a membrane leads to an ap-
proximate solution for our experiments. This solution holds for thin
membrane such as ours where the membrane quickly reaches its steady
state condition [34].

In the steady state condition of the membrane, not to be confused
with the steady state condition of the two chambers, the flux across the
membrane is proportional to the concentration difference between the

two chambers such that

=j k C C( )p D RRhoB (1)

where jRhoB is the flux at the interface expressed in concentration per
area per time [m−2 s−1], CD, CR are the RhoB concentrations per vo-
lume [m−3] in the donor and receptor chambers, respectively, and kp is
the membrane permeance of RhoB in dimensions of velocity [m s−1].

The mass balance equations of the Valia-Chien chambers are

=V dC Aj
dt

D
RhoB (2a)

= +V dC Aj
dt

R
RhoB (2b)

where A is the membrane's area and V the volume of each chamber
(both the same in our case). Dividing these mass balances by the

chambers’ volume V, subtracting the two equations, and combining
with the flux from Eq. (1) yields a differential equation describing the
mass balance between the two chambers

=d C C k C C
dt

( ) ˜ ( )D R p R D (3)

where

= A
V

˜ 2
(4)

with initial condition

= =t C C C C0, D R D R
0 0 (5)

where CD
0 and CR

0 are initial concentrations in the donor and receptor
chamber, respectively. If the receptor chamber is initially filled with
pure solvent, then CR

0 is zero.
Integrating the differential equation subject to this condition gives

the desired result:

=C C
C C

k texp( ˜ )D R

D R
p0 0 (6)

or

=k t C C
C C

˜ lnp
D R

D R

0 0

(7)

If we assume that =C C CD D R
0 and =C 0R

0 then

Thus, the membrane permeance kp in RhoB is obtained in this case from

the slope of the ln C
C C2

D

D R

0

0 versus t˜ plot.

The concentration profile versus time is given by

=C C k t1
2

[1 exp( ˜ )].R D p
0

(9)

Moreover, for an experiment that does not reach its membrane steady
state condition until a known time tss, then the conditions at time tss are

=C C CD D R
ss 0 ss; =C C CD D R

0 ; and CR
ss and CR are measured. Under

these conditions the membrane permeance, kp, can be derived from

=k t t C C
C C

˜ ( ) ln 2
2p

D R

D R

ss
0 ss

0 (10)

and the concentration profile versus time can be obtained from adap-
tations of the equations above.

Table 1
Summary of experimental characteristics by delivery substance and microperforation(s).

Experiment type Solvent Number of holes Perforation diameter (μm) Calc. Perf. area (mm2) Avg. membrane area (mm2)

A PBS 0 – – 7.06
B PBS 1 100 7.854 × 10−3 8.20
C PBS 2 100 1.571 × 10−2 7.49
D PBS 4 100 3.142 × 10−2 8.13
E PBS 1 200 3.142 × 10−2 9.37
F 18% P407 0 – – 7.33
G 18% P407 4 100 3.142 × 10−2 6.63
H 18% P407 1 200 3.142 × 10−2 6.59

Experiments with different characteristics are organized by type (A through H). Perforation area was calculated assuming circular perforations. Average membrane
area was calculated using mean data from original MATLAB code.
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2.5. Statistical analysis

A linear mixed model was used to derive membrane permeance, kp,

from the slope of ln C
C C2

D

D R

0

0 versus t˜ , as defined in Eq. (8) [35]. The

fixed effects were: number of holes (categorical), time, and interactions
between number of holes and time. A random intercept was included
for each experiment run. The interaction between the number of holes
and time was examined by using a global likelihood ratio test, com-
paring the previously mentioned model to one without interaction

terms. All permeance values are reported with the standard error de-
rived from the model. A p-value threshold of 0.05 was used for all tests.

3. Results

Experimentally measured receptor chamber concentration of RhoB
for all experiments, normalized by exposed membrane area, is shown in
Figs. 4 and 5. The maximum concentration of RhoB measured in the
receptor chamber at 165 min was 100.1 μM mm−2 for experiments

Fig. 4. Diffusion of RhoB in PBS. All data is depicted as RhoB concentration in the receptor chamber, normalized by membrane area, as a function of time. Results are
color-coded by experiment type, as indicated by legend and above schematic. (a) Predicted concentration profiles for 0, 1, 2 and 4 holes of 100 μm diameter (solid
lines), along with raw data (transparent lines). 34 total experiments represented. (b) Predicted concentration profiles for experiments utilizing holes with the same
total cross sectional area (one hole 200 μm diameter, four holes 100 μm diameter) with raw data. 24 total experiments represented.

Fig. 5. Diffusion of RhoB in P407. All data is depicted as RhoB concentration in the receptor chamber, normalized by membrane area, as a function of time. Results
are color-coded by experiment type, as indicated by legend and above schematic. (a) Predicted concentration profiles for 0 holes (solid lines), along with raw data
shown (transparent lines). 32 total experiments represented. (b) Diffusion of RhoB in P407. Predicted concentration profiles for holes with same total cross sectional
area (one hole 200 μm diameter, four holes 100 μm diameter) in P407 with raw data. 38 total experiments represented.
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using PBS and 10.5 μM mm−2 for experiments utilizing P407, corre-
sponding to 9.69% and 0.73% of donor chamber concentration re-
spectively. These concentrations meet the conditions for continuous
infinite dosing, as is discussed further in additional analyses in Ap-
pendix [36,37]. Of note, polymer and copolymer drug carriers with
temperature-dependent liquid-gel transitions often release treatment at
a high rate in the initial phases before reaching a steady-state rate of
material transfer [38]. This effect is known as burst release and has
previously been documented for P407-based drug formulations [39,40].
We observed this effect in the initial stages of all P407-based experi-
ments.

To account for the burst release observed in experiments utilizing
P407, the data from the first 45 min were excluded from the linear
mixed models, in accordance with established methods for measuring
time of burst release. Predicted concentration curves using these per-
meance values were then constructed in accordance with Eq. (9) and
are shown overlying the experimental data in the above-mentioned
Figs. 4 and 5. Permeance values, kp, for all experiments are reported in
Table 2 with standard error. Two measures of statistical significance are
included in the analysis: (1) we report p-values for the difference in kp
between experiments with perforations and experiments of the same
delivery substance without perforations; (2), we report p-values for the
difference in kp between experiments of the same delivery substance
with different number of perforations but equivalent perforation cross-
sectional areas.

3.1. Experiments utilizing PBS as solvent

As shown in Table 2, the permeance of RhoB in PBS across an un-
perforated artificial membrane was 3.04 × 10−6 m s−1. The introduc-
tion of one or more microperforations was associated with increased
permeance of RhoB in PBS across the membrane (p < 0.05). The per-
meance of RhoB in PBS also increased with each additional perforation
as well as with greater total perforation cross-sectional area. As hy-
pothesized, there was no difference between the permeance of RhoB in
PBS across membranes with equal perforation areas (i.e., four 100 μm
perforations and one 200 μm perforation; p= 0.627).

3.2. Experiments utilizing P407 as solvent

The permeance of RhoB in P407 was 2.2 × 10−7 m s−1 across an
unperforated artificial membrane. This permeance is more than an
order of magnitude lower than that of RhoB in PBS (p < 0.001). The
permeance of RhoB in P407 across a membrane with one 200 μm per-
foration was 3.0 × 10−7 m s−1, which is higher than the permeance in

an unperforated membrane (p < 0.001). In contrast to experiments in
PBS, there was a significant difference between the permeance of RhoB
in P407 across membranes with equal perforation areas (i.e. four
100 μm perforations and one 200 μm perforation; p < 0.002).
Moreover, there is no difference in permeance of RhoB in P407 across a
membrane with four 100 μm perforations compared to the absence of
perforations (p= 0.749).

4. Discussion

Our study is the first to investigate the role of multiple microscopic
perforations as an adjunct to prolonged therapeutic delivery by gela-
tinous drug carriers. Using an adapted Valia-Chien cell diffusion
system, we established a standardized and controlled method for
studying the permeance of small molecules across thin anatomic bar-
riers, including but not limited to the RWM. Based on prior work by our
laboratory, we expected the introduction of multiple microperforations
to enhance diffusive transport across the artificial membrane barrier,
regardless of solvent (saline versus P407) [15]. We also compared the
effects of perforation size and number of perforations on permeance.
This experimental question was guided by clinical concerns; large
perforations in the RWM can cause leakage of perilymph from the inner
ear, although the exact conditions under which this pathology occurs
are experimentally unclear [41]. Small perforations, however, are
thought to minimize the risk of outward leakage of perilymph. To this
end, we investigated whether many small perforations in the membrane
would enhance diffusion to the same degree as one large perforation of
equal cross-sectional area.

As expected, in experiments utilizing saline as the solvent for RhoB,
we observed an increase in permeance for all perforated membranes,
regardless of perforation size or number. Permeance across the mem-
brane also steadily increased with the number of uniformly-sized
100 μm perforations. Of note, we observed no difference in permeance
across perforated membranes with equivalent cross-sectional perfora-
tion areas. Together, these observations validate our hypotheses and
provide a strong basis for predicting diffusion patterns under other
conditions. For example, our study used membranes with up to four
100 μm perforations, which resulted in a 1.5-fold increase in measured
permeance. Extrapolation of these results would suggest that a three-
by-three array of nine perforations representing less than 1% of the
total membrane area could more than double the rate of diffusion. This
finding, that multiple small perforations can dramatically increase the
rate of diffusion across a membrane from a saline reservoir, is highly
encouraging for the use of microperforations to enhance diffusive
therapy in the ear.

Table 2
Effects of solvent and microperforation(s) on permeance to Rhodamine B.

*p-values for the difference in kp between experiments with perforations and experiments of the same delivery substance without perforations (i.e., A versus B though
E; F versus G and H).
**p-values for the difference in kp between experiments of the same delivery substance with perforations of equivalent cross-sectional areas (i.e., D versus E; G versus
H).
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Our experiments utilizing P407 gel as the solvent for RhoB de-
monstrated a different pattern of diffusion. We observed an initial burst
release of solute—a behavior that has frequently been documented in
studies of therapies delivered by hydrogel carriers. Of note, the in-
troduction of perforations appeared to enhance the effects of burst re-
lease. We propose several explanations for the observed burst release.

First, the initial flux of solute across the membrane is high due to a
high concentration of solute dissolved uniformly throughout P407
(Fig. 6). Slow movement of solute through P407 in areas far from the
membrane causes delayed repletion of areas immediately adjacent to
the membrane. This phenomenon results in a concentration gradient in
the P407 gel where the concentration of solute is high in areas far from
the membrane, and low in areas near the membrane. Eventually, the
concentration gradient of solute in P407 is such that the flux across the
membrane reaches a steady state. As a result, in the receptor chamber,
we observe an initial high rate of diffusion, with a steady decline until
the rate of diffusion reaches a steady state. This phenomenon is likely
exacerbated by our inability to stir P407 gel and uniformly disperse the
contained solute, unlike in experiments using saline as the solvent.

Second, the initial burst effect is likely compounded by a change in
permeance of solute through poloxamer over time due to incomplete
setting of the polymer at the start of the experiment. This phenomenon
causes immediate release of solute from non-gelified solution (high
permeance) and slower release of solute after complete gelification (low
permeance).

Overall, the RhoB diffusion rate in P407 after the initial burst re-
lease was more than 10 times lower than that in saline. This result is
expected, as the polymer matrix formed by gelified P407 slows diffu-
sion. This reduced rate of diffusion and release of solute from P407 has
important clinical implications for drug delivery to the inner ear.
Current treatment protocols utilizing IT injection require the patient to
lie supine for 15 min after injection, during which the delivered sub-
stance remains in contact with the RWM. Afterwards, the patient sits
and the liquid solution delivered with IT is lost via the Eustachian tube.
In contrast, P407-based solutions delivered via IT injection reside in the
middle ear for one to two weeks, allowing for extended time of drug
diffusion. Our results suggest that P407 may require approximately two
and a half hours to release the same amount of drug released by saline
in the clinically mandated 15 min. Including the effects of burst release,
P407 may require even less time, approximately one and a half hours,
to deliver the same amount. Over the one to two weeks that P407 re-
mains in the middle ear, the solution could release 50 times the amount
of drug released by saline in 15 min; however, our study does not cover
this extended time frame and further experimentation is necessary to

clarify the role of long-term gelatinous drug carriers for inner ear
therapy.

Our experiments using P407 as a solvent also demonstrated an
unexpected effect of perforations on membrane permeance—while a
larger perforation increased the steady state permeance of solute across
the membrane, smaller perforations did not have any effect on the
steady state rate of diffusion, despite appearing to enhance the initial
burst release of RhoB across the membrane. These findings may be
explained by diffusion characteristics that are intrinsic to gel-based
carriers. For example, the surface tension between the donor P407 gel,
the barrier membrane, and the saline within the receptor chamber may
prevent diffusion across the system below a critical perforation size.
Other interactions between P407 solvent and membrane perforation
may also help explain this unexpected finding. Of note, local repletion
of solute in the immediate vicinity of a perforation may scale non-lin-
early with perforation size. Alternatively, using Eq. (1) we can describe
the steady state permeance of the total system, kt, using the interactions
between various components of the system. In this model of our system,
the permeance through solvent, ks, is in parallel with both the per-
meance across the membrane, km, excluding the effects of perforations,
and the permeance across the perforations, kh, in series, such that

=
+ +

k 1 .t
k k k
1 1
s m h (11)

Although this model fails to explain why one large perforation would
produce different results from four small perforations of equivalent
cross-sectional area, it helps to explain why the permeance of solute in
P407 with four small perforations is similar to the permeance without
perforations: if ks≪ km+ kh, then the effects of km+ kh are negligible.
In this case, kt≈ ks, so the effects of perforations are smaller when using
a solvent with a low permeance such as P407. On the contrary, if
ks≫ km+ kh, then kt≈ km+ kh, so the effects of perforations are larger
when using a solvent with higher permeance such as saline. This pro-
posed explanation is consistent with our experiments using saline, as
described previously. Lastly, it is possible that longer experimental
timescales are necessary to compare the permeance of solute in P407
with four small perforations against the permeance without perfora-
tions.

Overall, our experiments in saline suggest that multiple small mi-
croperforations are an effective means for enhancing saline-based drug
diffusion across thin anatomical membranes, while reducing the risk of
clinical complications. Meanwhile, our experiments in P407 provide
insight into the complexities of hydrogel-based drug delivery with

Fig. 6. Phases of burst release in receptor chamber
shown with corresponding solute concentrations in
donor chamber. During initial burst release, a high
concentration of solute is dissolved uniformly in the
P407 donor chamber. During the transition phase,
local depletion occurs in areas near the membrane
(red). Afterwards, the flux across the membrane
reaches its steady state condition. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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regard to microperforations—specifically that small 100 μm perfora-
tions may have little effect on P407-based drug diffusion and that larger
perforations are necessary to increase drug diffusion rate. Although
larger perforations may increase the risk of fluid leakage, in practice,
P407, being a viscous gel, likely forms a seal over the perforations. In
guinea pigs, hydrogels including P407 were shown to seal RWM per-
forations after direct intracochlear injections, leading to significantly
increased drug retention [42]. These injections involved smaller per-
forations of 20–40 μm diameter over the course of 40 min; the use of
P407 to seal a larger perforation and for longer time periods has not
been explored [42]. Therefore, it is important to further investigate the
properties of P407 drug delivery when coupled with microperforations,
such as the minimum microperforation size needed to enhance drug
delivery, the maximum microperforation size allowed for clinical
safety, the ability of P407 to seal large perforations, and the rate of
perforation healing in vivo.

5. Conclusion

The goal of gel-based delivery vehicles and other continuous release
drug formulations is to provide more accurate and precise dosing of

therapy. Here we propose an artificial model for testing diffusion of
material through anatomical membranes with and without micro-
perforations. Our experiments show that the diffusion of RhoB in saline
solution across an artificial membrane increases with larger total cross-
sectional area of microperforations applied to the membrane. The dif-
fusion-enhancing effects of microperforations on gel-based drug de-
livery are more complex and do not scale with total cross-sectional area
of microscopic perforations. Diffusion of RhoB in P407 across an arti-
ficial membrane increases with a large perforation, but not with mul-
tiple small perforations, perhaps due to diffusion characteristics in-
trinsic to gel-based drug carriers.
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Appendix A. Additional models

Below, we suggest two additional models (Eqs. (16) and (20)), each with their own assumptions, that can be used to describe our experiments.
Table 3 summarizes the permeances kp derived from each of the models. All three models give very similar estimates of the kp; thus, the assumptions
for the approaches described in Eqs. (16) and (20) seem to be valid for our experiments.

A.1 Case I: infinite dosing

In the case that the donor chamber is maintained at a saturated solubility condition with saturated concentration CD
s , the pseudo-steady state flux

is

=j k C C( )s
p D

s
RRhoB (12)

while the mass balance on the receptor chamber of the Valia-Chien diffusion cell is written as

= + =V dC Aj k A C C
dt

( )R
R s

p D
s

RRhoB (13)

with solution

=C C C C
k A
V

t( )expR D
s

D
s

R
p

R

0

(14)

or

=C C
C C

k
V

ln AtD
s

R

D
s

R
p

R

0

(15)

Since =C 0R
0

= =k t C
C C

A
V

˜ ln ; ˜p
D
s

D
s

R R (16)

Table 3
Comparison of kp (10−6 m s−1) estimates between the three models. (%) Error is shown, using Eq. (8) as a reference.

Experiment type kp from
Eq. (8)

kp from Eq.
(16)

(%) Error kp from Eq.
(20)

(%) Error

A 3.04 2.98 1.97 3.13 2.96
B 3.31 3.22 2.72 3.37 1.81
C 3.61 3.52 2.49 3.90 8.03
D 4.58 4.42 3.49 4.59 0.22
E 4.47 4.30 3.80 4.70 5.15
F 0.22 0.21 4.55 0.21 4.55
G 0.22 0.22 0.00 0.21 4.55
H 0.30 0.28 6.67 0.28 6.67
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A.2 Case II: infinite dosing for the donor and below sink condition for the receptor

In the case that the donor chamber is maintained at a saturation solubility with concentration CD
s and the receptor chamber is maintained below a

sink condition such that <C C10%R D
s . Then, the pseudo-steady state flux across the membrane can be simplified to

=j k Cp D
s

RhoB
ss (17)

The flux jRhoB
ss represents the amount of RhoB permeating through a unit surface area of the membrane per time. Thus, it can be written as

=j Q
AtRhoB

ss RhoB
(18)

Also, the saturated concentration in the donor chamber is expressed as

=C Q
VD

s D
s

D (19)

Combining equations (17)–(19) yields

=k t Q
A

Q
V

/p
D
s

D

RhoB

(20)

Then, the permeance kp is obtained as the slope of the ( )( )/Q
A

Q
V

D
s

D
RhoB versus time t.
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