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An ocular iontophoretic device using a biocompatible planar PEDOT electrode is reported. In vivo exper-
iments on rabbit eyes demonstrated that the device can realize ocular iontophoresis effectively, simply,
and conveniently. Compared with conventional eye cups, this device can be placed under the eyelid and
deliver ions through a small area on the eyeball, reducing tissue damage during ion penetration. Devices
were fabricated in different sizes for different cases. The efficiency was a function of the current, work

time and solvent water content. The highest iontophoretic efficiency observed in the in vivo experiments

Keywords:

Ocular iontophoresis
Drug delivery
PEDOT electrode

was 396 ng/mL, while the efficiency observed in the controlled experiments was only 2.69 ng/mL. The
temperature distribution was simulated and measured, and thermal injuries were not observed under
an applied current of 1.5 mA.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Iontophoresis is an ion delivery method in which a small elec-
tric currentis applied to enhance ion penetration into a tissue [ 1-3].
Over the past few years, it has received increasing attention among
researchers as a new non-invasive technique forionized drug deliv-
ery. In particular, ocular iontophoresis has great significance in the
treatment and diagnosis of eye diseases. Compared with drug deliv-
ery in other parts of the body, however, ocular iontophoresis is
faced with more challenges due to the barriers in and fragility of
the eyes.

Majority of the reported iontophoretic devices [4-7] had to be
pressed onto the eye manually and delivered the drug through a
large area on the eyeball. In some cases, the delivered ions could
damage the sensitive cornea or sclera. For example, Mn2*, as a tracer
to detect eye diseases, could harm the corneas during penetration.
Additionally, the electric field in the reservoir was produced by a
probe-type electrode, which was less homogeneous than a pla-
nar electrode. Recently ocular drug delivery devices and systems
based on Micro-Electro-Mechanical Systems (MEMS) technology

* Corresponding author. Fax: +86 10 62751789.
** Corresponding author.
E-mail addresses: ythu203@163.com (Y. Hu), zhhli@pku.edu.cn (Z. Li).

http://dx.doi.org/10.1016/j.snb.2016.01.057
0925-4005/© 2016 Elsevier B.V. All rights reserved.

[8-11] were also investigated, but most of them were invasive and
iontophoresis was difficult.

In our previous work, a simple PDMS-based device with a pla-
nar PEDOT electrode was proposed and the preliminary results was
reported in Ref. [12]. In this paper, the more technical details and
latest results, including the simulation of the concentration and
the thermal effect analysis, are presented. The device can be placed
under the eyelid and deliver the ions through a small area. Devices
were fabricated in different sizes for different cases. The electrical
characteristics of the device were tested and in vivo experiments
were conducted on rabbit eyes, which showed that the device can
enhance the penetration of the ionized drug into the eyeball. The
thermal effects were also analyzed to assess the possible damage
that occurred during the iontophoresis process. The simulated tem-
peratures in response to different currents and times coincided
with the tested values in in vivo experiments.

2. Principle and simulation

The principle of the device is schematically shown in Fig. 1. As
the micro-fabrication technology was utilized, the device based on
PDMS in a cup shape with a planar PEDOT electrode can be realized
in a small size with the external diameter of 4-6 mm and 2-4 mm
inner diameter of the reservoir. The ionized or charged drugs should
be dropped to the eye under the eyelid, and can be supplied by
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Fig. 1. Schematic view of the ocular iontophoretic device. The device can be placed on a small area of the eyeball and the ions can be driven into the vitreous cavity by an

electric field, penetrating the corneal epidermis.

more drops added around the device in the eye. The reservoir of the
device is also filled with the solution and the device was seated on
the sclera of the eye as anode or cathode, while the other electrode
is connected on the ear. Applied currentin several milliampere, ions
or charged molecule in the liquid can be driven into the vitreous
cavity by the electric field through iontophoresis, penetrating the
corneal epidermis. In our cases, the device is used as the anode
while the electrode on the ear is used as the cathode. The positive
ions can be driven under 1-2 mA with the safe voltage of 2-5V. The
ion distribution and the temperature during iontophoresis were
simulated.

2.1. lon concentration simulation

To study the diffusion of the ions in response to an electric field,
the concentration distribution was simulated by the COMSOL soft-
ware, as shown in Fig. 2. In the model, considering the symmetry of
the structure, the eyeball was constructed as a 2-D circular shape
with a 12 mm radius in order to simplify the calculation. A 0.2 mol/L
Mn?* solution was used as a source of ions with a constant concen-
tration, at the outside surface with 4 mm in length, referring to the
size of the device. The concentration distribution was measured
after 3005 of free diffusion without an electric field, as shown in
Fig. 2(a), and the average concentration of the eyeball was calcu-
lated with the result of 5.6 ng/mL. Contrastively, Fig. 2(b) shows
the results in response to an applied current of 1 mA for 300 s and
the average concentration is 194 ng/mL, which indicates that the
diffusion distance is obviously increased under the electric field.
For further simulated, Fig. 3(c) shows the free diffusion results for
600 s, while Fig. 2(d) shows the results in response to an applied
current of 1 mA for 600s. The average concentration of the eyeball
in the model is 11.2 ng/mL without an electric field and 389 ng/mL
under 1 mA current.

Also, the concentrations at 1mm, 2mm, and 3 mm diffusion
depth varied as a function of time in response to the 1 mA cur-
rent and are shown in Fig. 2(f); these concentrations were also far
greater than those, in Fig. 2(e). The distribution results of the sim-
ulation also indicated that free diffusion time was required for a
uniform ion distribution after 600 s of iontophoresis.

2.2. Thermal effects simulation

The temperature increases due to the heating effect of current,
leading to heat injury during iontophoresis. The thermal effects of
our device were simulated under various current intensities to ana-
lyze the temperature and ensure that the tissue would not suffer
heat injury, which can help us design the ranges for the current
intensity and time duration in the in vivo experiments.

The contact resistance between the device and eyeball gener-
ated heat and increased the local temperature when a current was
applied. A device with an inner diameter of 4 mm and a thickness

of 1mm was used in the simulation model, and the thickness of
the PEDOT electrode layer was 50 wm. Using a Joule heat model
and applying current on a cross-section of the wire, a station-
ary temperature distribution and a general heating process were
obtained. Using 1 and 1.5mA currents for 600s, the local high-
est temperatures around the PEDOT electrode are 36.96°C and
39.86°C, respectively, as shown in Fig. 3(a) and (b). Using a 2 mA
current for 600 s, the temperature is 43.68 °C, as shown in Fig. 3(c).
Additionally, the temperature in response to a 2.5 mA current only
for 1805 is 42.10°C (Fig. 3(d)).

3. Experimental procedure
3.1. Device fabrication

PEDOT: PSS solution was prepared as described below. The
experiment started with 1 mL of Clevios PH1000, in which the
volumetric ratio of PEDOT (poly(3,4-ethylenedioxythiophene)) to
PSS (poly(sodium-p-styrenesulfonate)) was 1:1.25. Five vol% DMSO
(dimethylsulfoxide) was added to enhance the conductivity and
0.5vol% GOPS ((3-glycidyloxypropyl)trimethoxysilane) added to
improve stability. 2 mL of IPA was also added to adjust the surface
tension and improve the coating properties, without significantly
changing the conductivity.

The schematic in Fig. 4 illustrated the simplified device fabri-
cation process. The PDMS wafer was first cut into a circular chip.
Approximately 0.5 mL of the PEDOT:PSS solution was dripped and
spread on the PDMS chip, and the chip was heated on a hot plate
for 30 min at 150°C to form a dried film on the surface of the chip
(Fig.4(a)). Next, a thin copper wire was fixed on the opposite surface
of the chip and connected to the dried PEDOT film by electrargol
(Epotek H20E), as shown in Fig. 4(b). Then, a piece of annular PDMS
with the same external diameter as the chip was bonded to the
PEDOT film by half-polymerized PDMS (Base: Curing = 8:1, in mass;
heated for 25 min in 60 °C) or medical silica gel, as shown in Fig. 4(c).
The bottom and the side face of the device was wrapped with half-
polymerized PDMS or medical silica gel for biocompatible isolation
(Fig. 4(d)), and the whole device was heated for 60 min at 60°C in
an oven.

The devices were fabricated in different sizes for different cases,
three of which are shown in Fig. 5(a). In the subsequent in vivo
experiments, the device with an inner diameter of 4 mm and thick-
ness of 1 mm was tested as an example. The device can be placed
under the eyelid of the rabbit during the experiments, as shown in
Fig. 5(b) and (c).

3.2. Testing the properties of the device
To study the electrical characteristics of the devices, they were

tested in 0.9% normal saline using a semiconductor parameter ana-
lyzer (HP 4156B). The device using in the following experiments
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Fig. 2. The concentration simulation of the iontophoresis: (a) concentration distribution for 300 s using free diffusion without current applied, (b) concentration distribution
for 300 s using 1 mA current, (c) concentration distribution for 600 s using free diffusion without current applied, (d) concentration distribution for 600 s using 1 mA current,
(e) varying concentrations as a function of time using free diffusion without voltage, and (f) varying concentrations varied as a function of time using 1 mA current.

was tested for five times to ensure the stability I-V characteristics.
Using Voltammetry, the current intensities were recorded using
voltages ranging from -1V to 1V.

Cyclic voltammetry and the AC impedance method were intro-
duced to analyze the electrochemical properties of the electrode.
The electrochemical properties were tested using a CHI 660 electro-
chemistry work station (CH Instruments Co., USA) connected to a
computer and a three-electrode system in PBS solution (0.01 M, pH
7.4), where the PEDOT electrode was used as the working electrode,
a platinum wire as a counter electrode and an Ag/AgCl electrode

as the reference electrode. Cyclic voltammetry was performed in
the range from —0.5V to 0.5V at a scan rate of 0.05 V/s, and the AC
impedance method was performed using frequencies ranging from
102 Hz to 10° Hz.

3.3. Invivo experiments

Fig. 5(d) shows the design of the in vivo experiments. Healthy
New Zealand white rabbits weighing approximately 2 kg were used
in the experiments. Five minutes before the iontophoresis began,
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the rabbit received general anesthesia. 150 L of 0.2 mol/L MnCl, influences of the current intensity and time a fixed time of 600s
solution was dropped into the eye of the rabbit, and the reservoir of and 0.5 mA, 1 mA and 1.5 mA currents were used in one experiment,
the device was also filled with the solution. The device was seated while a fixed current of 1 mA and times of 60's, 300 s and 600 s were
on the sclera of the right eye as the anode, while the cathode was tested in another experiment.

on the left ear. The hair was removed from the rabbit’s left ear To identify more effective methods, medical hyaluronate gels
and a piece of medical cotton infiltrated with normal saline was with MnCl; were introduced to replace the MnCl; solution. In this
seated between the cathode clamp and the bare rabbit ear to reduce case, the gels only needed to be placed into the device reservoir, but
the contact resistance. Then, a direct current was applied to the not into the eye, which simplifies the operation. Evy gel, containing
device for iontophoresis. However, current was not applied to the 0.88 mol/L MnCl2, and Vioscoat gel containing 0.95 mol/L MnCl2,

left eye, which served as the control group. To study the individual

a)
_-PEDOT b) -l / Electrargol ..
. =
Wire

d) PDMS or Medical Silica Gel

Pyl
i . Ny

Fig. 4. The schematic of the fabrication process includes the 3D sketch (left) and sectional view (right) in each figure: (a) constructing the PEDOT film on a piece of PDMS;
(b) connecting a wire to the dried PEDOT film by electrargol; (c) bonding with a piece of annular PDMS; and (d) wrapping the bottom and the side face of the device with
half-polymerized PDMS or medical silica gel for insulation.
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New Zealand
White Rabbit

Fig. 5. Photos of the experiments: (a) the fabricated devices in different sizes; (b) and (c) the device under the eyelid; (d) the experimental setup.

were used and iontophoresis was tested for 600 s using a current
of 1 mA.

After iontophoresis and a 30-min incubation to allow the ions
to diffuse in the vitreous cavity, the vitreous humor was extracted
and Mass Spectrometry was performed to detect the concentration
of Mn2*.

4. Results and discussion
4.1. Device properties

As shown in Fig. 6, the I-V curves of the device tested in 0.9%
normal saline show a nonlinear voltage-current relationship and
the low DC resistance of the device using a voltage of 1V. The cur-
rent was less than 1 mA when the voltage was under 1 V. The device
was tested five times shown as I1-15, which show that the device
can keep a stable [-V characteristics during the in vivo experiments.

The cyclic voltammetry results for the PEDOT electrode and a
comparison with a platinum (Pt) electrode are shown in Fig. 7(a).
The charge delivery capacities were calculated, using the formula

Ea

1 . mC
Qcpc = ;/llldE (W) )
Ec

where E is the electrode potential (vs. Ag/AgCl), i is the measured
current density, E; and E are the anodic and cathodic potential lim-
its, respectively, and v is the corresponding scan rate [13]. It shows
that the PEDOT electrode has a higher charge capacity (5.5 mC/cm?)

than the Pt electrode (2.1 mC/cm?), and the latter is a widely used
bio-electrode.The electrochemical impedance spectroscopy (EIS)
of the PEDOT electrode obtained by the AC impedance method,
including the amplitude and the phase, shows that the PEDOT
electrode has low impedance and exhibits both capacitive and
resistive characteristics using a 1KHz frequency (Fig .7(b)). The
electrochemical properties of the electrode indicate that the device
can still work well for iontophoresis using a double-pulse current
(usually with a frequency of 1 KHz), which means reduced electric

0.6
0.4
0.2-
0.0

0.2-

0.4 %

-0.6 + 4

08]

10

Current (mA)

T T

‘00 05 1.0
Votage (V)

Fig. 6. Electrical characteristics testing results: the voltage current curves of the
device was tested in normal saline for five times, shown as I1-I5.
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Fig. 8. lontophoresis efficiency (a) for different working time using 0.2 mol/L Mn2* in DI water, and (b) in different solvents for 600s.

current damage compared with the constant current. The PEDOT
and PDMS used in the device are both known to be stable, biocom-
patible materials. Combined with the electrical and electrochemical
characteristics, these results suggest that the device can work well
in the in vivo experiments. The electrical and electrochemical prop-
erties of the device can also be controlled by the thickness of the
PEDOT:PSS film for different demands.

4.2. In vivo iontophoresis

The Mn?* concentrations in response to different currents or
times are shown in Table 1 and Fig. 8(a). It shows that the devices
have an obvious effect on ocular iontophoresis. The highest effi-
ciency was 396 ng/mL using a 1 mA current for 10 min, while the
efficiency in the controlled experiment without iontophoresis was
only 2.69 ng/mL. Fig. 8(a) shows that the efficiency for different
working time using 0.2 mol/L Mn?*. Fig. 8(b) shows that the effi-

Table 1
The Mn?* concentration in the vitreous cavity in different conditions.

ciency decreased as the water content of the solvent was reduced,
with the same working time for 600s. In this case, the ioniza-
tion proportion decreased, even though the Mn2* concentration
increased, as shown in Table 1. It also showed that the efficiency
increased as the working time increased.

The concentration in the simulation was 389 ng/mL and the
highest one in the experiments was 396 ng/mL when using 1 mA
for 600 . Also, the concentration in the simulation is 189 ng/mL and
the highest one in the experiments was 154 ng/mLwhen using 1 mA
for 300s. Although there still was a difference between the simu-
lation and the experiments, the efficiency of the device was in the
same order of magnitude as the results obtained in the simulation.
The little difference between the simulation and the experiments
caused by the ideal approximation and the estimation of the sim-
ulation model. The eyeball in three-dimensional sphere shape was
simplified to a two-dimensional model. Also, the complex structure

Number Current(mA) Time (s) Mn?* in the experiment eye (ng/mL) Mn?* in the controlled eye (ng/mL) Drug solvent and concentration Comments

Rabbit1 0.5 600 169.40 2.14
Rabbit2 1.0 600 396.32 2.69
Rabbit 3 1.0 600 361.89 1.7
Rabbit4 1.0 600 181.7 331
Rabbit5 1.5 600 48.18 1.69
Rabbit6 2.5 180 109.61 25

0.2 mol/L in DI water
0.2 mol/L in DI water
0.88 mol/L in Evy gel
0.95 mol/L in Vioscoat gel
0.2 mol/L in DI water
0.2 mol/L in DI water

Higher water content gel
Medium water content gel

Sclera damage
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Rabbit eye

Rabbit eye

Fig. 9. Thermal effect during the iontophoresis: (a) the temperature distribution without current; (b) the temperature distribution using 1 mA for 600s; (c) the temperature
distribution using 1.5 mA for 600 s; (d) the current injury using 2 mA for 600 s; and (e) the current injury using 2.5 mA for 180s.

inside the eyeball, which can affect the movement of the ions, was
ignored.

Because of its small size, the MEMS device for ocular iontophore-
sis can be placed under the eyelid and deliver ions through a small
settled portion on the eyeball, reducing tissue damage during ion
penetration compared with conventional eye cups. The planar elec-
trode can provide a uniform electric field in the device. Additionally,
the PEDOT film can be much thinner, allowing the device to be
transparent to easily monitor the condition of the sclera during the
iontophoresis.

4.3. Invivo thermal effect testing

To study the heat injury during iontophoresis, the tempera-
ture during the iontophoresis was assessed using a thermal imager
(Fluke TiX640/660). Fig. 9 shows the temperature distribution,
including the point with the highest temperature, and current
injury under different conditions. Without an applied current, the
temperature near the canthus was the highest at 35.7 °C (Fig. 9(a)).
Using 1 and 1.5 mA currents for 10 min, the highest local tempera-
ture was under the device, with temperatures of 36.8 °C (Fig. 9(b))
and 39.5°C (Fig. 9(c)), respectively. The results show that heat
injury did not occur with currents less than 1.5 mA for 600s.

Two and 2.5mA current densities were applied to study the
thermal injury. Injury occurred when a 2 mA current was used for
600s, as shown in Fig. 9(d), in which the highest local temperature
was 40.8 °C. Using 2.5mA current, thermal injury occurred after
only 180 s (Fig. 9(e)) with 41.6 °C highest local temperature, which
shows that currents more than 2 mA are not safe.

The highest local temperature was 36.96°C under 1mA and
39.86°Cunder 1.5 mA in the simulation, while the highest temper-
ature was 36.8°C under 1mA and 39.5°C under 2 mA measured
during the experiments. Also, using 2mA for 600s, the highest
temperature in the simulation and experiments were 43.10°C and
41.6°C individually. Using 2.5 mA for 180s, the highest local tem-
perature in the simulation and experiments were 42.68 °C and
40.8°C individually. Thus the results of the simulation and exper-
iments were nearly coincident. The little difference between the
simulation and the experiments caused by the ideal approximation
of the simulation model. For example, the thermal transmission
between the air and the device was not considered in the simulation
but occurred in the experiments. T

5. Conclusions

An ocular iontophoretic device using biocompatible planar
PEDOT electrodes was fabricated in different sizes for different
cases. According to the electrical and electrochemical character-
istics, the device can work well, and the in vivo experiments on
rabbit eyes indicate that the device can realize ocular iontophore-
sis effectively, simply and conveniently. The highest iontophoretic
efficiency observed in the in vivo experiments was 396 ng/mL, while
the efficiency in the controlled experiment without iontophoresis
was only 2.69 ng/mL. There was no heat injury during iontophoresis
with the device using a current of 1.5 mA, as the local temperature
was less than 40°C.
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