
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Audiol Neurotol 2009;14:411–422 
 DOI: 10.1159/000241898 

 Development of a Microfluidics-Based 
Intracochlear Drug Delivery Device 

 William F. Sewell   a     Jeffrey T. Borenstein   b     Zhiqiang Chen   a     Jason Fiering   b     

Ophir Handzel   a     Maria Holmboe   b     Ernest S. Kim   b     Sharon G. Kujawa   a     

Michael J. McKenna    a      Mark M. Mescher   b     Brian Murphy   a, b     Erin E. Leary Swan   b, c     

Marcello Peppi   a     Sarah Tao   b  
   a

       
Massachusetts Eye and Ear Infirmary, Harvard Medical School,  Boston, Mass. , and

  b       Draper Laboratory and 
  c       Massachusetts Institute of Technology,  Cambridge, Mass. , USA 

 Introduction 

 Recent advances in the pharmacology and molecular 
biology of hearing have revealed new possibilities for pre-
venting or minimizing hearing loss. Scientists and clini-
cians are making progress in understanding the molecular 
mechanisms associated with cochlear and auditory nerve 
degenerative processes  [1]  and in finding agents that can 
minimize degeneration and facilitate repair  [2, 3] . These 
insights offer the potential for development of novel and 
precise drug treatments. Moreover, the extraordinary 
progress that has been made in defining genes and protein 
activities offers hope for gene transfer and cell-based ap-
proaches to treat these diseases  [4, 5] . Therapies based on 
advances in cell and molecular biology will likely revolu-
tionize the treatment of sensorineural hearing loss.

  Emerging therapies will likely require direct delivery 
of drugs and other agents to the inner ear, and may re-
quire sequenced delivery of multiple and potentially un-
stable macromolecules for periods of months to years. It 
is likely that many newer agents will either have broad 
systemic effects and/or will be highly specific macromol-
ecules needed to direct cell repair. In either case, direct 
delivery of the drugs to the inner ear will minimize side 
effects, enable access to cells of interest, and profoundly 
increase target specificity.
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 Abstract 

  Background:  Direct delivery of drugs and other agents into 
the inner ear will be important for many emerging therapies, 
including the treatment of degenerative disorders and guid-
ing regeneration.  Methods:  We have taken a microfluidics/
MEMS (MicroElectroMechanical Systems) technology ap-
proach to develop a fully implantable reciprocating inner-
ear drug-delivery system capable of timed and sequenced 
delivery of agents directly into perilymph of the cochlea. It-
erations of the device were tested in guinea pigs to deter-
mine the flow characteristics required for safe and effective 
delivery. For these tests, we used the glutamate receptor 
blocker DNQX, which alters auditory nerve responses but 
not cochlear distortion product otoacoustic emissions.  Re-

sults:  We have demonstrated safe and effective delivery of 
agents into the scala tympani. Equilibration of the drug in 
the basal turn occurs rapidly (within tens of minutes) and is 
dependent on reciprocating flow parameters.  Conclusion:  
We have described a prototype system for the direct delivery 
of drugs to the inner ear that has the potential to be a fully 
implantable means for safe and effective treatment of hear-
ing loss and other diseases.  Copyright © 2009 S. Karger AG, Basel 
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  Emerging microsystem technologies present the op-
portunity to address many previously intractable bioen-
gineering challenges associated with inner ear drug de-
livery.   The extension of microfabrication methods drawn 
from the semiconductor industry has over the past 2 de-
cades spawned MEMS (MicroElectroMechanical sys-
tems) devices capable of reproducing the functions of 
conventional sensors and actuators at a fraction of the 
size and cost  [6, 7] . These miniaturized devices with com-
pletely integrated electrical and mechanical functions 
have achieved commercial success in automotive, aero-
space and consumer electronics applications, and medi-
cal device applications of MEMS technology are now 
emerging. The resulting miniaturization enables com-
plete therapeutic and sensing systems to be integrated 
into devices small enough to be implanted in close prox-
imity to the organ to be treated. In the case of drug deliv-
ery, complex automated dosing regimens can be pre-pro-
grammed into the system or even designed to respond to 
sensor input of physiological measurements in a closed-
loop feedback manner. Moreover, technologies have 
emerged that may allow controlled release of drugs in 
dried or lyophilized form from discrete compartments 
 [8–10] . Methods that enable storage and release of solid 
phase compounds are also under development  [11] . Such 
devices will offer powerful solutions because they will al-
low higher concentrations of drugs to be stored within 
the device and will also extend the long-term stability of 
therapeutic compounds.

  We have developed a drug delivery system that will 
enable the timed and sequenced delivery of potentially 
unstable drugs into the perilymph of the inner ear. The 
initial design target for a prototype for use in humans is 
a completely implantable device capable of delivering 
agents for periods of months to years. Drugs will be stored 
in a concentrated stabilized form, and introduced into 
the perilymph under microprocessor control by a minia-
turized low-power high-precision micropump. Ultimate-
ly, an integrated drug delivery device with sensors for 
monitoring flow, drug concentration and bioactivity will 
provide customized therapy based on individual respons-
es to treatment.

  The system uses a reciprocating fluid delivery regimen 
to deliver drugs through a single cannula acting as both 
inlet and outlet. The ability to recirculate inner ear fluid 
through the pump solves several problems. The recircu-
lating fluid permits the reservoir to contain a highly con-
centrated solution, potentially allowing operation for 
years without a refill. This eliminates the possibility of 
microbial contamination during refill. In addition, the 

perilymph may travel through the catheter at a flow rate 
that is independent of that of drug delivery from the res-
ervoir to the catheter. Thus, these 2 flow rates can be op-
timized separately. It is likely that frequent circulation of 
the perilymph will maintain patency in the catheter, as 
opposed to a slow one-way drug perfusion that might op-
erate intermittently. Finally, because there is controlled 
supply of solvent, the drug storage could take any number 
of forms, such as microchip arrays, bioerodible polymers, 
or even hybrid combinations of these drug delivery meth-
ods.

  Our approach to the development of this device has 
been to test the concepts first on the bench, and then in 
an animal model. For our animal model, we assessed the 
delivery of DNQX – a glutamate receptor antagonist – in 
the guinea pig cochlea. We exploited the tonotopic ar-
rangement of the cochlea to provide biological assess-
ment of the extent of delivery along the cochlear parti-
tion, with simultaneous assessment of damage to the in-
ner ear. Herein, we summarize the successes and the 
challenges in the development of the device.

  Methods 

 Microfluidics/MEMS Technology 
 Details of our fabrication methods and performance charac-

teristics of the microfluidic components in our drug delivery sys-
tems have been previously published  [12] . Several design features 
are critical to delivery system development: a capability for simple 
but robust connection methods of the various components into a 
working system, low leak rate and low permeability components 
and connections, and a design path which can ultimately lead to 
a delivery system with tightly integrated microcomponents that 
is suitable for human implantation. Our prototypes, in their cur-
rent modular configurations, make use of friction-fit tube-over-
tube connections between components with added adhesive for 
improved leak resistance. Our microfabricated components are 
composed of laminated layers of polymer sheets, which are pat-
terned and stacked to form necessary structures, e.g. compliant 
membranes and valves. Ports to these structures are achieved by 
in-plane lamination of either stainless steel or PEEK microtubing 
(typical outer diameter of 0.36 mm). Two components can then 
be connected together by a single piece of thick-walled compliant 
tubing (e.g. silicone, Tygon � ) with a slightly undersized inner di-
ameter that forms a tight seal over the components’ rigid tube 
ports.

  Two techniques have been developed to reduce gas and aque-
ous vapor transport, which result in fluid loss and bubble forma-
tion in the components themselves. Thin film metal encapsula-
tion (e.g. 0.5- � m-thick gold) significantly reduces vapor trans-
port through the polymer materials composing our microfluidic 
components. The improvement in permeability must be traded 
off against possible adverse affects on other functional character-
istics of the components. For example, thick metal encapsulation 
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of a membrane will reduce the desired compliance. A second tech-
nique incorporates a capping method that creates a sealed vapor 
chamber over those portions of the component that have high 
permeability to gas and/or vapor (e.g. a thin compliant mem-
brane). The materials composing this cap (typically glass or met-
al) are intrinsically of very low permeability. Fluid loss through 
the enclosed membrane is transient, stopping when the vapor cav-
ity reaches a saturated vapor state. Similarly, gas transport from 
the cavity into the fluidic circuit stops when the partial pressure 
of gas in the cap equilibrates with the dissolved gas pressure in the 
liquid on the other side of the membrane.

  Most of these components were fabricated by numerically con-
trolled routing of sheets of Kapton polyimide or R/flex 1000 (Rog-
ers) Kapton coated with thermoset adhesive using end mills of 
0.008- to 0.015-inch diameter in a T-Tech Quick Circuit 7000 pre-
cision X-Y table router. 3-D structures were then formed by lami-
nating stacks of these machined sheets at 175   °   C and 2 MPa pres-
sure in pneumatic piston-type vacuum laminators, which we had 
previously developed specifically for this purpose. A typical de-
vice such as a valve will require the lamination of 5 separately 
machined layers, aligned in a fixture with pins. Rigid layers such 
as metal backing plates were laminated into the stack in the same 
way.

  Animals and Surgical Procedures 
 Details of these procedures have been published  [13] . Briefly, 

adult albino guinea pigs were anesthetized with a combination of 
pentobarbital sodium (Nembutal; 25 mg/kg i.m.), fentanyl (0.2 
mg/kg i.m.), and droperidol (10 mg/kg i.m.) with booster doses 
given as needed. The tympanic bulla was exposed via a retroau-
ricular incision and an opening on the bulla was created with a 
sharp blade to visualize the cochlear basal turn and the round 
window membrane. We placed the cochleostomy in the scala 
tympani near the round window membrane, drilling a hole ap-
proximately 175  � m in diameter to fit the insertion of fused silica 
microcannula (145  � m o.d., 75  � m i.d.). The fused silica injection 
tubing was then inserted into the cochleostomy and sealed with 
dental cement. The compound action potentials (CAPs) were 
monitored near the round window niche. All procedures were 
conducted with the approval of the Animal Care and Use Com-
mittee of the Massachusetts Eye and Ear Infirmary.

  Drugs and Drug Delivery 
 An artificial perilymph (AP) solution served as the control 

solution and vehicle for the drugs. Its composition was (in m M ): 
NaCl, 120; KCl, 3.5; CaCl 2 , 1.5; glucose, 5.5; HEPES, 20. The pH 
was adjusted with NaOH to 7.5 (total Na +  = 130 m M ). The gluta-
mate receptor antagonist DNQX (6,7-dinitroquinoxaline-2,3-di-
one; 100  �  M , 300  �  M ) was dissolved in AP at desired concentra-
tions and pH-adjusted as needed. DNQX was first dissolved in a 
small amount of dimethyl sulfoxide (final concentration, 0.05%), 
which does not, on its own, produce significant changes in co-
chlear responses  [14] .

  Stimulus Generation and Response Monitoring 
 Sound stimuli were created and responses monitored using 

16-bit A/D D/A boards (National Instruments) controlled in a 
LabVIEW environment by a PC workstation. Signals used to elic-
it CAPs and DPOAEs were delivered to the ear using the same 
custom coupler. The coupler accommodates transducers (Tucker 

Davis EC1) and a Knowles EK3103 electret microphone to mea-
sure ear canal sound pressure via a probe tube concentric with the 
2.54-mm (o.d.) sound delivery tube. Sensitivity vs. frequency cal-
ibration curves were generated for the monitoring and probe mi-
crophones, respectively, enabling conversion from voltage to 
sound pressure level (SPL; in dB re: 20  � Pa). The probe assembly 
was then placed at the animal’s ear canal where ‘in-animal’ cali-
bration sweeps were accomplished and used to determine the ac-
tual SPLs generated at the entrance to the bony canal. After cali-
bration, the probe assembly remained in place for the duration of 
the experiment.

  CAPs of the auditory nerve were elicited using tone-pip stim-
uli (2.78–32.0 kHz; 0.5-ms duration, 0.5-ms rise-fall; cos 2  onset 
envelope; 16/s; 0–80 dB SPL in 5-dB steps). Activity detected lo-
cally by a silver wire electrode placed at the round window was 
amplified (10000 ! ), filtered (300 Hz to 3 kHz passband), and 
 averaged (32 samples). CAP threshold was defined as the lowest 
stimulus level at which response peaks were clearly and reproduc-
ibly present.

  When 2 primary tones (f1, f2) are played simultaneously to the 
ear, acoustic distortion products of their interaction in the co-
chlea can be propagated back out, through the middle ear, and 
detected using a sensitive microphone placed in the external ear 
canal. The distortion product otoacoustic emission (DPOAE) 
corresponding to the frequency 2f1–f2 is quite robust and is com-
monly used as a metric of cochlear function, and in particular 
outer hair cell function. These 2f1–f2 DPOAEs present in the ca-
nal sound pressure waveform were recorded as response ampli-
tude vs. primary level functions (L1 = 10–75 dB SPL; L2 = L1–10; 
primaries incremented together in 5-dB steps) spanning the fre-
quency range f2 = 2.78–32.0 kHz (f2/f1 = 1.2). Ear canal sound 
pressure was amplified, digitally sampled, averaged (25 discrete 
spectra at each frequency-level combination), and fast-Fourier 
transforms were computed from averaged pressures. DPOAE lev-
el at 2f1–f2 and surrounding noise floor values ( 8 50 Hz of 2f1–f2) 
were extracted. Iso-response contours (L2 levels required to gen-
erate a DPOAE amplitude criterion of 0 SPL) were constructed 
from amplitude vs. sound level data. Responses were measured at 
baseline (after bulla opening) and again following cochleostomy 
and silica tubing insertion, and at approx. 20- to 40-min intervals 
during perfusion of pre-drug, drug, and post-drug AP solutions.

  Results 

 Developing a System to Allow Reciprocating Drug 
Delivery into the Cochlea 
 A fundamental characteristic of our delivery system is 

the use of a reciprocating fluid delivery profile. This sys-
tem ejects fluid out of, and withdraws it back into, a single 
cannula connected to a closed microfluidic circuit. With 
reciprocating delivery, there is less chance of occlusion, 
as any material drawn into the tube would subsequently 
be expelled as fluid was forced out in the next cycle. This 
also simplified chemical compatibility with perilymph, 
because other than a small amount of AP required for 
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priming, natural perilymph would ultimately serve as the 
vehicle for drug delivery. We have now produced 3 gen-
erations of devices built around the fundamental prin-
ciple of reciprocating delivery, with each succeeding de-
vice providing additional flow control and a reduction in 
problems.

  Our systems repeatedly inject a small volume (0.3 to a 
few  � l) of liquid into the cochlea over a short (few sec-
onds) time, and then withdraw the liquid over a period of 
minutes. The systems produce no net flow of fluid into 
the cochlea because preliminary experiments demon-
strated that the guinea pig inner ear cannot accommo-
date significant (more than 5  � l/h) addition of fluid with-
out an elevation in thresholds to acoustic stimulation.

  The first-generation device was designed to provide 
proof of concept for reciprocating delivery using a recir-

culating system ( fig. 1 ). Analysis and testing of this de-
vice has been described  [13] . The basic principle of the 
recirculating system is that a fluid pulse is ejected through 
the discharge capillary (e.g. a microcannula placed in the 
ear) and slowly drawn back into the recirculating loop. 
The system has the following characteristics: (1) the pump 
generates discrete volume displacements over short peri-
ods of time when in the on state (e.g. 0.5  � l over 30 ms), 
and blocks flow in the reverse direction when in the off 
state; (2) the tubing and components of the pump-outlet 
portion of the loop and the outlet cannula have a com-
bined fluidic compliance and flow resistance that result 
in a charging time constant on the order of seconds; (3) 
the tubing and components on the pump inlet side of the 
loop have a combined compliance and resistance result-
ing in a charging time constant on the order of minutes. 
The system operates in the following way: during excita-
tion the pump displaces a net volume (e.g. in microliters) 
from its inlet to outlet, and thus charges the outlet to a 
high positive pressure and the inlet to a negative (gauge) 
pressure. Because of the designed difference in charging 
time constants of the loop, the pressured pump outlet is 
forced to quickly discharge out the cannula, rather than 
back into the pump-inlet side of the loop. The pump-inlet 
side of the loop slowly recharges, pulling fluid primarily 
from the cannula. Consequently fluid is ejected over a 
few seconds and then returns to the loop slowly over a 
period of minutes. The cycle may be repeated at any in-
terval required to achieve the desired fluid delivery rate 
and circulation rate of perilymph. Multiple pulses may be 
applied in rapid succession to increase the pulse volume 
as long as the total pumping cycle time is less than the 
charging time constant. The result is a system capable of 
safely accommodating the pulse volumes from the pump, 
restricting the flow into and out of the ear, and producing 
no net average flow into the cochlea. Net delivery of dis-
solved compound is achieved through dilution occurring 
continuously as the solution is pumped into and back out 
of the cochlea.

  The second-generation device ( fig. 2 ) had 2 major 
changes. First, membrane-based microfluidic capacitors 
were fabricated to achieve relatively high compliance rel-
ative to component volume – an important step in min-
iaturization of the system. Second, the device was con-
structed using methods and materials that minimized 
gas and vapor transport through permeable materials. 
Long segments of flexible tubing can provide sufficient 
compliance to allow short-term operation of the recircu-
lating loop. However, over long time periods, loss of fluid 
from the loop and subsequent entrainment of air bubbles 

HPLC injection port
and sample loop

Wilson-Greatbatch
pump

Microcannula
to inner ear 

Bar = 15 min

D
is

p
la

ce
d

 v
ol

um
e

Fluidic capacitance via long
section of compliant tubing 

  Fig. 1.  Schematic representation of the Generation 1 device. We 
have previously published a thorough description of this device 
 [13] . The device created a reciprocating delivery flow by recircu-
lating perilymph through the system. A fluidic capacitance pro-
duced by a long length of compliant tubing produced a delay, mea-
sured at the manifold containing the ear cannula, between the 
positive pressure at the output of the pump and the negative pres-
sure at the input. Placement of a high resistance between the man-
ifold to the microcannula and the capacitor directed fluid out of 
the microcannula during the initial pulse. Thus, fluid was ex-
pelled through the cannula for a short period of time before being 
withdrawn back into the system. 
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prevent reliable operation. The bubbles exhibit high com-
pliance, and if they grow over time, they cause variable 
and unplanned compliances in the loop, and thus ad-
versely alter the delivery profiles.

  The third-generation device ( fig. 3 ) represents a sig-
nificant conceptual simplification of the reciprocating 
delivery system. In this version, the injection and with-
drawal of fluid is controlled by a plunger, potentially 
providing much greater control over fluid delivery pro-
files without the need for a pump to prevent backflow 
when not excited. In addition, this system does not nec-
essarily require controlled compliances to be designed 
into the system. The output is determined instead by the 
controlled displacement of the membrane actuator. For 
example, to generate a flow profile similar to that of the 
recirculating loop system described above, the piston 
actuator would apply a large force to the membrane over 
a few seconds to infuse fluid into the ear, and then re-
duce its force slowly over several minutes to permit the 
membrane to slowly return to its normal position while 
slowly refilling and thus withdrawing fluid from the 
ear.

  Characterizing Fluid and Drug Delivery Parameters 
in Benchtop Versions of the Three Systems 
 The recirculating systems (Generation 1 and 2 devic-

es) were characterized by construction of a lumped elec-
trical circuit analog, which allowed simulation of the 
flow and pressure characteristics using MicroCap soft-
ware (Spectrum Software).

  Simulation and measurement verified that the physi-
ological pressures in the cochlea are not sufficient to 
measurably alter the discharge volume. The discharge 
capillary was connected to a static pressure head of 20 cm 
of water and the steady state motion of displacement of a 
meniscus was monitored and found to be unchanged. 
Static pressure in the perilymphatic compartment of the 
guinea pig is around 2.6 cm of water  [15] .

  The second-generation recirculating device was cre-
ated based upon the models for fluid delivery described 
here. We created microfluidic capacitors of polyimide 
laminates. The polyimide capacitors provided more reli-
able control of flow, and could be coated with materials 
that are impermeable to air to prevent the formation of 
air bubbles.
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  Fig. 2.  Schematic representation of the Generation 2 device. The 
development of a tunable fluidics capacitor to replace the long 
length of tubing allowed better specification of the flow charac-
teristics out of the microcannula. For this device, we also devel-
oped a microfluidics-based injection port and miniaturized the 
electronic control to allow the animal to wear the device for peri-
ods of days to weeks. 
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  Fig. 3.  Schematic representation of the Generation 3 device. In 
this device, the reciprocating delivery is achieved by a ‘push-pull’ 
f luid flow. In the initial benchtop experiments described in this 
paper, a syringe pump (Harvard Apparatus PHD2000) was sub-
stituted for the reciprocating membrane and piston actuator. 
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   The third-generation (push-pull) device was con-
ceptually far simpler, similar to control by a syringe 
pump, where the fluidic motion is described as a simple 
infusion and withdrawal controlled by displacement 
and withdrawal of a f lexible membrane. A comparison 
of the fluid delivery characteristics of the 3 devices in 
 figure 4  demonstrates the similarities (time course of 
f luid ejection and peak flow rates) and differences (rate 
of change of f low rates and ejection volumes) for the 3 
iterations.

  Drug Delivery on the Bench 
 An experiment was implemented for benchtop mea-

surement of the system during multiple pump cycles. The 
goal was to measure over time the transport of a com-
pound from the pump loop to an external reservoir, and 
thereby to obtain an effective infusion rate which incor-
porated both the diffusion and flow mechanisms occur-
ring in the system. For drug injection in the guinea pig 
experiments, flow from the pump to the manifold was 
diverted into a sample loop to allow injection of the drug 
for a discrete period of time (70 min) followed by a period 
of wash. Performing a similar procedure with fluorescein 
and measuring concentration in the capillary tube indi-
cated that concentrations of fluorescein during the injec-
tion period reached 80% of that in the sample loop in the 
first 0.5 mm, and 50% at 1.5–2 mm, during the period 
that fluorescein was present at the manifold.

  Delivery Systems in the Guinea Pig Showing 
Improvements in Drug Delivery to the Cochlea 
 The guinea pig has served for decades as the primary 

animal model for pharmacological work, and techniques 
for successful perfusion of the inner ear have been well 
studied. A cochleostomy can be made and AP perfused 
in the guinea pig with very little hearing loss  [13] .

  Assessment of the distribution of the delivered drug 
along the length of the cochlea took advantage of the very 
well-characterized tonotopic organization of the cochlea, 
in which responses to high-frequency tones arise from 
the base low-frequency tones from the apex of the coiled 
tube, with a spatial relationship of about 3 mm per octave 
 [16] . Two indicants of cochlear sensitivity and function 
were monitored: the outer-hair-cell-generated cochlear 
DPOAE, an acoustic signal measured in the external ca-
nal in response to bitonal stimulation, and CAP, an elec-
trical signal evoked through synchronous activation of 
auditory nerve fibers by tone pips of varying frequency. 
An ideal drug for analyzing the distribution of agents 
throughout the cochlea is DNQX, which blocks gluta-
mate receptors to prevent the generation of the CAP. Be-
cause it blocks at the synapse, the effects of the drug cor-
relate to penetration of the drug throughout the cochlea. 
As it has no known action on outer hair cells, which gen-
erate the DPOAEs, monitoring those responses serves as 
an internal control for possible nonspecific/damaging ef-
fects of the fluid delivery, per se.
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  Fig. 4.  Displaced fluid volume ( a ) and flow ( b ) as a function of 
time for each of the 3 devices. Displaced volume represents the 
volume of fluid injected into and then withdrawn from the inner 
ear. A positive flow indicates flow from the device to the cochlea 
and a negative flow is the return from the cochlea to the device. 
All 3 devices have both positive and negative flow components, 
though only the generation 2 device entered the negative flow 

mode during the time indicated in  b  (25 s). In both the generation 
1 and generation 2 devices, volume is displaced in each cycle by a 
closely spaced series of pump pulses. The capacitance properties 
of the generation 1 system integrate those closely spaced pump 
pulses more smoothly than the generation 2 device. In the gen-
eration 3 device, inflow and outflow are mediated by a positive 
and negative volume displacement via a ‘push-pull’ pump. 
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  As expected, the specific glutamatergic antagonist 
DNQX altered the CAP, but not the outer-hair-cell-gener-
ated DPOAEs. Drug effects on CAP were sensitive to 
stimulus frequency, consistent with the expected distribu-
tion of the drug along the length of the cochlea. Respons-
es to high-frequency stimuli were altered first and most, 
followed progressively by involvement of responses to 
mid- and then lower-frequency stimuli. The frequency 
dependence is illustrated in  figure 5 , where we show, for 
each of the 3 generations of the device, the thresholds dur-
ing perfusion with 300  �  M  DNQX plotted as a function of 
tone-pip frequency. The largest changes are at the basal 
(higher) frequencies. Though effects are larger with each 
successive version of the device, the penetrations of the 
drug into the apical regions of the cochlea were not very 
different.  Figure 6  illustrates the time course of the effects 
of DNQX achieved with each of the three devices.

  While improvements in the delivery device have in-
creased the speed of drug effects and effectiveness in the 
basal portion of the cochlea, they have not improved pen-
etration towards the apical region. One hypothesis, dis-
cussed below, is that protein binding of the drug may play 
a significant role in limiting the rate at which the drug 
migrates apically.

  Self-Contained Miniaturized System Worn on the 
Head of the Guinea Pig 
 Tethering the benchtop system to the guinea pig was 

associated with numerous challenges during chronic 
studies. The guinea pigs tended to turn more in one di-
rection than in the other, which rapidly led to twisting 
and kinking of the infusion line, with a consequent dis-
ruption of flow. Instead, we successfully adapted a head-
mounted pod, previously developed to house compo-
nents of a vestibular implant  [17] , to hold the pump, 
 associated fluidic components, and miniaturized elec-
tronics and power supply.

   Figure 7  depicts the assembled complete device. The 
system dimensions were 5.5  !  4.0  !  3.8 cm. With 2 
batteries in parallel, the system weighed 48 g. This mass 
 appears to be near the upper limit tolerated by large
( 1 600 g), adult guinea pigs. In practice a single battery 
provides power for 2 weeks or more, reducing the typi-
cal mass to 42 g. Units of this type were used routinely 
to cycle the system during long-term in vitro perfor-
mance studies. The assembled system was mounted to 
the animal for 30 days, and measurements of the recip-
rocating outlet f low confirmed that the miniaturized 
system reproduces the behavior of our previous bench 
system.

  Bench Testing the Miniaturized System 
 Measurements of displaced volume were made every 

few days over a period of 89 days to evaluate the stability 
of the displaced volume and the duration of the with-
drawal cycle. The mean displaced volume was 1300 nl per 
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cycle with a standard deviation of 75 nl, while the mean 
time constant for the withdrawal was 6.9 s with a stan-
dard deviation of 0.7 s. The maximum deviation from the 
mean in volume was 12.2% and in withdrawal time con-
stant was 24%. Greater than 40000 pump strokes and 
10000 infuse/withdraw cycles were delivered in this 
study. After 89 days, the system was still operating nor-
mally, but was reconfigured for other purposes.

  Developing Components Resistant to Permeation 
 We found that potential drift due to creep and fatigue 

of polymer membranes and tubing were a minor source 
of inconsistencies in pump output and could be neglected 
over the time periods studied. However, gas bubbles hav-
ing volumes as low as  � 200 nl could catastrophically dis-
rupt the system’s output if they occurred at critical loca-
tions. To address this liability, we instituted 4 critical pro-
cedures: (1) The system was thoroughly primed during 
the initial assembly, including the pump’s internal mech-
anism. (2) All components and junctions were selected to 
minimize evaporative loss of water vapor and permeabil-
ity to air. We sputter-coated a thin film of Au on the ca-

pacitor polyimide membrane, and sealed the junctions 
between the resistor and pump with epoxy to prevent up-
take of air during the momentary excursions below at-
mospheric pressure that these nodes experience. (3) The 
system was operated continuously. Interruptions of sev-
eral hours for transport, surgery, or testing were benign, 
but if left static for several days, bubbles were commonly 
observed. (4) Components were designed to trap bubbles 
in preferred locations. For example, in the T-junction mi-
crochannels, a small bubble could alter resistance enough 
to disturb the output flow; hence, we controlled channel 
cross-sections to ensure that bubbles were swept through 
this component and did not exit through the cannula or 
remain lodged at an interface. The tendency of the fluid-
ics capacitor to capture and retain bubbles before they 
entered the pump was advantageous, as this had little del-
eterious effect on system performance. To test the effec-
tiveness of these methods, we measured the total system 
mass at intervals, and concluded that evaporation is com-
pensated by water uptake from the reservoir when the 
outlet is immersed.

  Fig. 8.  Concept illustration of the device. The pump, fluid reser-
voir, and electronics are to be placed in space created in the mas-
toid. An external charger and control module will allow modifi-
cation of the dose regimen and the drug delivery sequence.         

  Fig. 7.  Solidworks diagram of the miniaturized wearable device. 
The Wilson-Greatbatch pump, the microfluidics components, 
and the battery are placed on the lower level, while the upper 
 level contains the microprocessor and the communications 
 circuitry.         
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  Testing the System for Days to Weeks  
 Following implantation, system integrity was tested at 

periodic intervals by infusion of DNQX, and system safe-
ty was evaluated by monitoring cochlear sensitivity with 
ABRs and DPOAEs. In the early post-implantation pe-
riod, we often experienced a transient hearing loss, which 
we attributed to middle ear problems since DPOAE 
thresholds were often elevated much more than ABR 
thresholds, reflecting the impact of forward and reverse 
transmission through an abnormal middle ear. Ultimate-
ly, thresholds recover and are sensitive to subsequent 
drug challenges.

  In the process of performing these chronic experi-
ments, we have made numerous refinements in materials 
and placement of implanted components to maximize 
stability and minimize tissue injury. As components con-
tinue to be miniaturized, placement will be further opti-
mized.

  Assessing Protein Composition of Perilymph to 
Address Biofouling and Pharmacokinetics  
 Because the device must function properly while in-

teracting with intrinsic biological factors present in peri-
lymph, we undertook a mass-spectrometry-based pro-
teomics analysis of perilymph. Adsorption of proteins 
onto the surfaces of the device might lead to biofouling 
and changes in delivery profiles. Knowledge of protein 
composition of perilymph could help anticipate protein 
interactions with delivered agents and allow implants 
and drug delivery regimens to be tailored for optimal 
performance through the device’s lifetime.

  We adapted Salt et al.’s  [18]  perilymph collection pro-
cedures to the mouse to identify the most abundant pro-
teins present in mouse perilymph and CSF. The mouse 
was chosen because its proteome is relatively complete 
and because of its increasing importance as a genetic 
model for human disease. The findings are summarized 
in Leary-Swan et al.  [19]  and only briefly summarized 
here. We found that while protein concentration in mouse 
perilymph is higher than that in cerebrospinal fluid 
(CSF), the composition is similar. The major drug-bind-
ing proteins, albumin, alpha-2-macroglobulin, and apo-
lipoproteins, are found in abundance in perilymph. Al-
bumin, the single protein found in the highest concentra-
tions in perilymph, accounted for around 14% of the 
protein in perilymph. Other proteins in relatively high 
concentrations (5–6%) included prostaglandin D syn-
thase, 2 serine protease inhibitors (serpin a1d and serpin 
a1a), and 2 apolipoproteins (apoA2 and apoD). The major 
family of proteins in perilymph is the group of protease 

inhibitors, which represent over one-third of the total 
protein content in perilymph.

  Design Parameters and Physical Limitations of the 
Device in Human Implantation 
 Implantation of the device in humans will require 

storage space and access to the middle or inner ears. The 
most acceptable space is the cavity created by a canal-
wall-up mastoidectomy. Detailed knowledge of the avail-
able space for implantation and pathways to access the 
middle and inner ears is necessary for the design of im-
plants and successful implantation. Based on temporal 
bone CT scans of patients with normal middle ears, we 
prepared a 3D reconstruction of a virtual canal-wall-up 
mastoidectomy space to determine the maximal space 
that could be configured for implantation of the device 
[29]. The average volume, based on measurements from 
32 CT scans was 12.6 cm 3  with standard deviation of 3.69 
cm 3 , ranging from 7.97 to 23.25 cm 3 . Critical distances 
were measured directly from the model, and their aver-
ages were calculated: height 3.69 cm, depth 2.43 cm, 
length above the external auditory canal 4.45 cm and 
length posterior to the external auditory canal 3.16 cm. 
These linear measurements did not correlate well with 
volume measurements. The shape of the models was vari-
able to a significant extent, making the prediction of suc-
cessful implantation for a given design based on linear 
and volumetric measurement unreliable. The measure-
ments allowed us to configure a device shape ( fig. 8 ) that 
should allow implantation in over 90% of patients. In ad-
dition, this method will allow preoperative assessment of 
mastoid cavity volume and dimensions and avoidance of 
surgery in the small percentage of individuals with inad-
equate mastoid space.

  Discussion 

 Reciprocating Delivery 
 The use of a reciprocating fluid delivery system for 

drug delivery offers numerous advantages for organs with 
small fluid volumes. The ability to dissociate drug deliv-
ery from net fluid flow reduces the likelihood of damage 
to delicate structures, such as the organ of Corti, due to 
increased fluid volume or pressure, or to disruption of the 
normal fluid composition bathing the organ. While net 
fluid flow could be reduced using a separate inlet and out-
let line, the possibility of fouling of the inlet (suction) line 
is high. The reciprocating system allows flushing of the 
cannula with positive pressure at every cycle.
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  The design of the device incorporates recirculation of 
perilymph throughout the pump. An advantage of this 
feature is that one is assured compatibility of the fluid 
with perilymph. A potential disadvantage is that endog-
enous proteins in the perilymph have a greater opportu-
nity to participate in adverse processes such as drug bind-
ing, drug metabolism, or generating protein films on the 
surface of the device that could lead to changes in the dy-
namics of fluid delivery.

  Dosage control in the device is independent of the flu-
id being recirculated through the device. Dissociation of 
the drug delivery process from the fluid delivery process 
provides greater flexibility in dosage control and delivery 
timing. By varying the rate of delivery of drugs into the 
recirculating loop, it will be possible to control the con-
centration of the delivered drug. Timed delivery is pos-
sible as well, allowing increased or decreased delivery to 
allow adjustment of dosage in accordance with symp-
toms. Ultimately, it should be possible to store and de-
liver multiple drugs over varying times and sequences. 
Such a timed-sequenced delivery may be advantageous 
for developing therapeutic regimens for guiding inner 
ear regeneration.

  The 3 generations of devices each had very different 
characteristics for flow and volume delivered over time. 
The efficacy of delivery did not correlate simply either to 
flow or to volume, which suggests a complex relationship 
between delivery parameters and efficacy of equilibra-
tion, at least within the basal turn region. However, the 
efficiency of delivery, as indicated by the rate and magni-
tude of changes associated with the injected DNQX, has 
increased with each successive iteration of the device. 
Distribution of the drug from the basal turn to upper 
turns may involve interactions with endogenous peri-
lymph protein and tissue surrounding the scala tympani. 
Integrating and understanding the fluid dynamics with 
protein and tissue binding of the drug in the guinea pig, 
with anatomical and biochemical measurements in the 
human, will likely enhance the ability to distribute drugs 
throughout the cochlea in patients.

  Pharmacokinetic Considerations 
 Direct delivery to the fluids of the inner ear is neces-

sary because of the presence of a blood-labyrinth drug 
barrier, which is anatomically and functionally similar to 
the blood-brain barrier  [20, 21] . Direct delivery also has 
significant potential advantages for therapeutic applica-
tion. Drugs are largely unaltered by metabolic changes 
that inevitably occur with other routes of administration, 
and have ready access to the sensory cells of the inner ear 

(the hair cells) and the synaptic regions of hair cells. De-
livery directly to the inner ear can avoid undesirable sys-
temic side effects that some drugs may produce. For most 
applications, getting drugs into the perilymph is most ad-
vantageous. Perilymph has access to most of the cells in 
the cochlea, the primary exception being those within 
the stria vascularis. While the scala media is a fluid space 
distinct from the perilymphatic space, all cells that form 
the epithelial border of the scala media are accessible via 
the perilymph.

  The only alternative to direct administration of drugs 
into perilymph is via the round window membrane. The 
round window membrane is the Achilles’ heel of the 
blood-cochlear barrier. This membrane is normally not 
exposed to other fluids of the body, and it has only 3 lay-
ers of cells. While 2 of these layers have tight junctions, 
there are numerous demonstrations that substances can 
pass through this membrane and that permeability can 
be induced  [22] . It is possible to fill the middle ear space 
with fluid that can diffuse through the round window 
membrane into the perilymph space. However, there are 
a number of distinct disadvantages with this approach. 
One such drawback is the high degree of variability in the 
thickness of the round window membrane, the variable 
presence of an ancillary membrane covering the round 
window membrane, variable rates of loss of drug-con-
taining fluid out of the middle ear into the eustachian 
tube, and the transient nature of the presence of the drug 
solution in the middle ear.

  From a pharmacological perspective, direct adminis-
tration into the perilymph is advantageous. There are 
several locations where drug solutions have been admin-
istered in animal models. The site of delivery can influ-
ence the accessibility of drugs to different elements of the 
inner ear. The most common route of entry is via a co-
chleostomy near the round window membrane. The pri-
mary advantage here is speed of access to the hair cells 
and afferent nerve fibers. Other approaches include: di-
rect administration through the round window mem-
brane and administration via the superior semicircular 
canal. Drugs can also be delivered via the CSF. In many 
animals, and especially in the guinea pig (which has been 
used extensively in pharmacological research), the co-
chlear aqueduct is large and patent, so fluid administered 
to the perilymph has a reasonable escape route. In most 
humans, the aqueduct offers limited continuity between 
the 2 fluid spaces.

  We found a limited distribution of DNQX toward the 
apex of the cochlea following extended administration at 
the basal turn, which suggests that drug is eliminated or 
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bound to protein and tissue at a significant rate. Our 
analysis of protein composition of perilymph confirmed 
and extended the earlier analysis of Thalmann et al.  [23] . 
We found that while protein concentration in mouse 
perilymph is higher than that in CSF, the composition is 
similar. Many proteins found in perilymph may bind to 
the drug molecules making them unavailable to the tar-
get tissues. Albumin,  � -1 acid glycoprotein, prostaglan-
din D synthase, and lipoproteins may act in this way. Al-
bumin tends to bind acidic ligands;  � -1 acid glycoprotein, 
found in relatively small quantities in perilymph, is the 
primary carrier for basic drugs; apolipoproteins and 
prostaglandin D synthase bind ligands with hydrophobic 
characteristics  [24] . In addition, enzymes accounted for 
almost 15% of the protein in perilymph.

  A concern with any implanted drug delivery device is 
the possibility of biofouling that can change the param-
eters of delivery over time. Extensive research on protein 
response to various materials is ongoing  [25–27] . Because 
perilymph has a large amount of albumin, designs for 
implantable devices should incorporate biofouling con-
siderations. Another known source of biofouling is high-
molecular-weight kininogen, which is present in peri-
lymph.

  Drug solutions must be delivered at rates low enough 
to allow the cochlea to absorb the administered fluid to 
prevent damage to the cochlear elements. In an animal 
with a large cochlear aqueduct, the CSF space can serve 
as a sink for excess fluid that enters into the perilymph. 
However even with this ‘relief valve’, the cochlea is known 
to be sensitive to administered fluid. If drug solutions are 
delivered slowly enough to avoid damage to the cochlea, 
then uptake and removal of the drug becomes a potential 
problem. Drugs may have to be dissolved at relatively 
high concentrations to achieve therapeutic concentra-
tions in the most apical regions of the cochlea.

  If one is to use the cochlear aqueduct and fluid pathway 
to the CSF as a sink for fluid administered into the inner 
ear, it is important to carefully choose the inlet hole. For 
an inlet hole in the scala tympani near the round window, 
most of the applied fluid will likely flow immediately into 
the cochlear aqueduct and miss most of the structures of 
the cochlea. Thus, the inlet hole can be thought of as a 
point source from which diffusion must take place. One 
could maximize the amount of flow through the cochlea 
by administering fluid into the scala vestibuli, or perhaps 
the superior semicircular canal, which is relatively easy to 
access. However, the drug must then travel along the 
length of the scala vestibuli before it begins to enter the 
scala tympani and access the organ of Corti.

  General Considerations for Implantable Inner Ear 
Drug Delivery 
 The device we are developing is well suited for inner 

ear drug delivery in many ways, particularly when con-
sidering the expected requirements for emerging thera-
pies for hearing regeneration  [28] . It will be of appropri-
ate size and form to be implanted in the mastoid cavity 
near the cochlea. The device will be capable of storing 
one or more drugs in a concentrated form that can be 
diluted into perilymph, reducing the need for refills and 
the consequent potential for contamination. It will in-
corporate externally programmable control of dosing to 
enable adjustment of dose in response to exacerbation or 
remission of symptoms. It will enable programmable 
timed-sequenced dosing, which may be advantageous in 
guiding inner ear regeneration. The use of reciprocating 
fluid delivery through a single port is expected to reduce 
the likelihood of biofouling, and may reduce the poten-
tial for hearing damage by introducing the drug without 
net changes in fluid volumes within the inner ear. Before 
inner ear drug delivery can become a common treatment 
option for patients, many surgical and related issues 
must be addressed and resolved. Some are straightfor-
ward, e.g. placement of the device in the mastoid will use 
surgical approaches developed for cochlear implants – 
the cannula might be placed into the ear through the 
round window with devices being developed for cochle-
ar implants. Explantation and reimplantation of the de-
vice may present difficulties for preservation of residual 
hearing. Other challenges, such as eliminating routes of 
infection and preventing tissue ingrowth, may require 
new engineering or surgical methods. Ultimately, the de-
velopment of new devices and approaches for intraco-
chlear drug delivery, coupled with advances in under-
standing degeneration and regeneration in the inner ear 
will lead to new pharmacological therapies for deafness 
and other disorders.
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