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Abstract

Biocompatibility of Implantable
Sensor for Real-time Monitoring of

Intraocular Pressure

Mi Jeung Kim
Department of Clinical Medical Sciences
The Graduate School

Seoul National University, College of Medicine

Purpose: To evaluate the rabbit-eye biocompatibility of a new implantable

intraocular pressure (IOP) sensor for real-time continuous monitoring of IOP.

Methods: The novel IOP sensor is a prototype rectangular (5 mm long by 3.5
mm wide) implantable device that allows radiofrequency-based (wireless)
real-time IOP measurement. The sensor was implanted into the eyes of two
New Zealand white rabbits (one eye per rabbit). The rabbits were observed
and examined by microscopy and external ophthalmic photography at two,
four, and eight weeks post-implantation. Then, still at eight weeks post-
implantation, the two eyes were enucleated. Following the gross pathologic

evaluation, the IOP sensors were explanted and subjected to histological



analysis.

Results: The new IOP sensor was well tolerated in both rabbit eyes. The
sequential microscopic in vivo evaluations performed up to eight weeks post-
implantation showed no evidence of significant inflammation or scar
formation. And according to the histopathologic findings, there were no
significant inflammatory reactions or deformities of the ocular-tissue

structures.

Conclusions: The prototype IOP sensor showed favorable rabbit-eye
biocompatibility, there being no significant evidence of toxicity or foreign-

body reaction.

Keywords: Biocompatibility, Continuous monitoring, Glaucoma, Intraocular

pressure, Implantable sensor.

Student Number: 2011-21968
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Introduction

Glaucoma causes progressive damage of optic nerves and subsequent visual
field defect, and is also a common cause of blindness. Among the several risk
factors related to the development and progression of glaucoma, intraocular
pressure (IOP) remains the only proven therapeutic target. The normal IOP
range is 10 — 21 mmHg." > However, even healthy eyes show daily diurnal
fluctuation within the 1 — 5 mmHg range.>” IOP as measured during periodic
office visits might not accurately represent this phenomenon,”® even though
large IOP fluctuation is a major risk factor for progression of glaucoma.”"
Continuous monitoring of IOP for the detection of progression and proper

management of glaucoma, therefore, is of paramount importance.

Unfortunately, with current IOP measurement methods such as Goldmann
applanation tonometry (GAT), continuous, real-time monitoring is difficult.
Therefore most patients visit clinics to measure their IOP, but these episodic
measurements at office hours cannot represent the precise IOP states of the
patients. Further, GAT is affected by corneal biomechanics, specifically
corneal thickness, corneal curvature, and the corneal tear film, among other

12-14
aspects.

Therefore, various types of sensors have been developed.'>** The most widely
known continuous IOP sensor is that which is incorporated into a soft contact

lens to measure changes in corneal IOP-related biomechanics.'” > However,
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like GAT, the contact-lens-type sensor is affected by corneal biomechanics,”’
which means that measurements in patients with corneal abnormalities will be
skewed. Moreover, this type of sensor can lead to complications associated

with long-term contact lens use.

To overcome these limitations, we have been developing a new IOP sensor
that can be implanted inside the eye. With this new sensor and its external
reader, IOP can be measured wirelessly, continuously, and precisely: “true”
IOP monitoring free of the distortional influence of corneal biomechanics is
enabled. This continuous real-time IOP monitoring system, accordingly,
facilitates early detection of risk and more effective treatment of glaucoma.
We already reported about this novel IOP sensor on researching (Gunawan A,
Chae MS, Kang JY, Lee SH, “Fabrication and Characterization of Implantable

Wireless Pressure Sensor for Biomedical Applications”, The 12th World

Congress on Biosensors (Biosensors 2012), Cancun, Mexico, (2012)).

One of the most important prerequisites for an implantable sensor, and also
one of the unresolved issues, is long-term biocompatibility. To that end, in the

present study, we evaluated the biocompatibility of a novel IOP sensor.



Material & Methods

(1) Telemetric Implantable IOP sensor

This sensor was made by the Korea Institute of Science and Technology
(KIST). An IOP sensor system consists of two components: the implantable
IOP sensor, and the portable external telemetry-based IOP reader. The
implantable IOP sensor has top and bottom layers. The top layer is composed
of an inductor (L) and capacitor (C) cross-linked in parallel, which
combination generates a resonant frequency. The bottom layer is a silicon
wafer, the backside of which is etched, the grooves filled with copper or
ferrite. The two layers are bonded with a biocompatible adhesive.

The fabrication processes of top layer and bottom layer are summarized as
follows.

A. Fabrication process of Top layer
a) Biocompatible polyamide was spin-coated over the surface of a silicon
wafer.
b) Thermal curing was done by convention oven under 200 C.
c) A copper layer was electroplated.
d) Processes a) to ¢) were repeated.
e) Bionate® (Thermoplastic Polycarbonate Urethane) was spin-coated.

) The backside of the silicon wafer was etched.
B. Fabrication process of Bottom layer

a) Silicon rubber was spin-coated over the surface of the silicon wafer.
b) The backside of the silicon wafer was etched.

c) Copper or ferrite was bonded in the grooves.
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When the IOP changes, it effects a mechanical indentation or deflection of the
bottom layer, which changes the distance between the inductor (coil) of the
top layer and the ferrite or copper of the bottom layer, which change, in turn,
alters the magnitude of inductance, which alteration is measured digitally and
transmitted externally by radiofrequency. The external IOP reader then detects
the resonant frequency and converts it to an IOP value. This prototype IOP
sensor was designed to a 5 mm (length) x 3.5 mm (width) size (Figure 1)

suitable for implantation into the eyeball of a rabbit.

(2) Animal

This study’s animal-experimentation protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of Seoul National
University Hospital (Seoul, Korea), and the experimentation was conducted in
an Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-approved animal laboratory. Two adult male New Zealand white
rabbits (weight: 2.0 ~ 2.5 kg) were purchased from Yonam Laboratory
Animals, Cheonan, Korea. Prior to the beginning of the study, both of the

animals were subjected to a complete ophthalmologic exam.

(3) Surgical implantation of IOP sensor

The IOP sensors, sterilized preoperatively with ethylene oxide gas, were

implanted in a dedicated animal operating room under surgical microscopy.



The rabbits were anesthetized using Tiletamine Hydrochloride with
Zolazepam Hydrochloride (Zoletil®, 10 mg/kg of body weight) and Xylazine

hydrochlorid (Rompun®, 6.8 mg/kg of bodyweight) by intramuscular injection.

The surgical procedure began with formation of a fornix-based conjunctival
flap by dissection of the superotemporal quadrant. This was followed by
formation of a limbus-based, rectangular partial-thickness scleral flap
(approximately 33% ~ 50% depth) using a beaver blade. A sensing part of the
IOP sensor was inserted into the anterior chamber via scleral incision site
beneath the scleral flap, and an anchoring part of the IOP sensor was fixed to
sclera with 10-0 nylon (Ethicon®™). The scleral flap and conjunctival peritomy

sites were then sutured with 10-0 nylon (Ethicon) (Figure 2).

Oxytetracycline/PolymyxinB ointment (Terramycin®) was applied during the
night of the surgery. Topical antibiotics (Tobramycin [Tobra eye soln®]) and
steroid (Prednisolone acetate 1% ophthalmic suspension [PredFortel%"])
were administered once daily from postoperative day one to postoperative one

month.

(4) Follow-up

Slit-lamp evaluation and external ophthalmic photography were performed at
two, four, and eight weeks post-implantation. We evaluated the cornea, iris,
lens, anterior-chamber depth and reaction, wound healing, and the position

and structural stability of the implant.



(5) Histology

Two eyes of two rabbits (Rabbit No. 1 and 2) were enucleated at eight weeks
post-implantation. The specimens were placed in 4% formaldehyde in
phosphate-buffered solution. Rabbit No. 1 was paraffin embedded and Rabbit
No. 2 was cryopreserved, respectively, preparatory to histologic sectioning,

Subsequently, the histologic sections were stained with hematoxylin and eosin.



Figure 1. Novel implantable IOP sensor
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A. Structure map of implantable IOP sensor.

B. Cross-sectional view of implantable IOP sensor: metal of bottom layer is
Ferrite.

C. Top layer of implantable IOP sensor.

D. Prototype implantable 5 mm long x 3.5 mm wide IOP sensor.

E. The schematic diagram of wireless IOP monitoring system.
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Figure 2. IOP sensor implantation procedure

A. Positioning for location of IOP sensor.

B. Formation of partial-thickness limbus-based scleral flaps.

C. Insertion of measuring component into anterior chamber via sclera incision
site and scleral fixation of anchoring component.

D. Repair of conjunctival peritomy sites and partial scleral flap.
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Results

Clinical examination by portable slit-lamp evaluation and surgical microscopy
showed that in the immediate-postoperative period, conjunctival chemosis,
conjunctival injection, corneal edema and transient anterior-chamber reactions
consistent with the implantation procedure were common to the two rabbits.
However, in both cases, these manifestations regressed within four weeks.
There were no significant complications such as fibrinous reaction, membrane

formation, iris atrophy, cataract formation or chronic uveitis (Figure 3).

Eight weeks post-implantation, the gross pathologies of the eyes, now
enucleated, were evaluated. There was no fibrinous adhesion, gross
inflammation or encapsulation around the implant, and the globe integrity had

been preserved (Figure 4).

Immediately following the gross pathologic evaluation, the IOP sensors were
explanted, and the enucleated eyes were subjected to a histopathologic
evaluation. In the section specimens for rabbit No. 1, a comparison with the
opposite side (the control region) of the same eye revealed that inflammatory
cells had infiltrated into the limbal area. Moreover, inflammatory infiltrates
were found throughout the subepithelium and anterior stroma of the cornea.
However, the stromal layer generally maintained its normal configuration, and
there were no significant deformities of tissue structures in the sclera, limbus,
cornea, or anterior-chamber-angle region. The non-pigmented iris and ciliary
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body stroma were both anatomically intact (Figure 5).

The specimens for rabbit No. 2 also showed infiltration of inflammatory cells
into the limbal area, mostly the subepithelial and anterior stromal layers.
Under high magnification (Figure 6D), the inflammatory cells were found to
be composed mainly of polymorphonuclear neutrophils (PMNs). There was
no definite deformity of tissue structures; the sclera, cornea, iris, ciliary body

and lens showed their normal configurations (Figure 6).
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Figure 3. Follow-up external photography of Rabbit No. 1 (A, C) and Rabbit

No. 2 (B, D)

A. Four weeks post-implantation: ciliary injection around insertion site can be

seen.

B. Four weeks post-implantation: ciliary injection and mild corneal

neovascularization with haziness around insertion site is apparent.

C. Eight weeks post-implantation: ciliary injection much decreased,

transparency of cornea within normal range.

D. Eight weeks post-implantation: ciliary injection much decreased; corneal

neovascularization with haziness nearly regressed.
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Figure 4. Gross photography of enucleated rabbit eyes at eight weeks post-

implantation of the IOP sensor.

; .‘v“: TF TR

A. Rabbit No. 1 B. Rabbit No 2: no evidence of gross inflammation,
membrane formation, or encapsulation of IOP sensor; globe integrity appears

normal.
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Figure 5. Histologic sections of Rabbit No. 1, enucleated at eight weeks post-

implantation of the IOP sensor (Hematoxylin-eosin stain)

A. Histologic section of limbal area on side opposite to insertion site (control

region) (original magnification: x 40)
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B. Histologic section of limbal area near insertion site: compared with control
region (Fig. 5A), there is no definite deformity of tissue structures, though
there is infiltration of inflammatory cells into limbal area (black arrow)

(original magnification: x 40)

C. Histologic section of limbal area on side opposite to insertion site (original

magnification: x 100)

D. Histologic section of limbal area near insertion site: black arrow denotes
infiltration of inflammatory cells into limbal area (original magnification: x

100)

E. Histologic section of ciliary body and iris near insertion site: non-
pigmented iris and ciliary body stroma are anatomically intact (original

magnification: x 200)

F. Histologic section of limbal area near insertion site: inflammatory infiltrates
were commonly found subepithelially. normal configuration of stromal layer

maintained (original magnification: x 400)
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Figure 6. Histologic sections of rabbit No. 2, enucleated at eight weeks post-

implantation of the IOP sensor (Hematoxylin-eosin stain)

A. Histologic section of limbus and anterior-chamber angle on side opposite
to insertion site (control region) (original magnification: x 100)

B. Histologic section of limbal area near insertion site: compared with control
region (Fig. 6A), there is infiltration of inflammatory cells into limbal area,
mostly subconjunctival area (white arrows) (original magnification: x 100)

C. Histologic section of sclera near insertion site (original magnification: X

100)
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D. Histologic section of limbal area near insertion site: infiltration of
inflammatory cells, mainly polymorphonuclear neutrophils (PMNs), is

evident in subepithelial and anterior stromal layers.

16
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Discussion

Intraocular pressure (IOP) is among the most important risk factors for
development and progression of glaucoma, and, as of now, it remains the only
modifiable one.”™*" Therefore, in glaucoma-management regimes, effective
control of IOP is mandatory.”** Nonetheless, IOP is not a static but rather a
dynamic physiologic parameter showing a normal circadian pattern of
variation, along with occasional random short- and long-term fluctuations® *
that represent a significant risk factor for progression of glaucoma.’"" Thus,
one-time “snapshot” IOP measurement cannot safely be considered to provide
a complete IOP profile.”™>' Therefore, in glaucoma patients, continuous IOP
monitoring is necessary to evaluate the proper state of IOP and to determine
the effective management plan for the fluctuating IOP. Furthermore it may

help the early diagnosis and proper treatment of glaucoma.

However, continuous real-time monitoring of IOP is not possible with the
current standard applanation tonometry (Goldmann applanation tonometry:
GAT). Instead, most patients visit clinics for IOP measurement once every
few weeks or months. But again, such an intermittent measurement of the IOP
cannot provide physicians with anything approaching a complete IOP profile
of a patient. Besides, IOP GAT-measured in the sitting position does not
reflect the positional changes that occur during the sleep. Indeed, recent

studies have reported that nocturnal IOP in the supine or lateral decubitus
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position does not correlate with daytime sitting-position IOP.** **

Microelectronic technology advancements in recent decades have enabled the
development of various types of telemetric (wireless) sensors for continuous
monitoring of IOP.”?” These devices can be classified into invasive
(implantable) and non-invasive categories. The representative non-invasive
IOP sensor is that which is incorporated into a soft contact lens to measure
changes in corneal IOP-related biomechanics.'” **** One such example is
Leonardi et al.’s microstrain gauge sensor, which measures changes of corneal
curvature.'” However, like GAT, the contact-lens-type sensor is affected by
corneal biomechanics,”” which means that measurements in patients with
corneal abnormalities will be skewed. Moreover, this type of sensor can lead

to complications associated with long-term contact lens use.

On the other hand, an invasive implantable IOP sensor enables continuous
IOP monitoring that, unlike the cases with GAT and the contact-lens-type IOP
sensor, is unaffected by corneal biomechanics. And because it is implanted
inside the eye, it can provide the “true internal IOP,” again unlike GAT or the
contact-lens-type sensor, both of which can measure the IOP only indirectly as
based on the relationship between the measured parameter and the true 1OP.
Thus the implantation option enables precise [OP measurement in patients for
whom, due to corneal problems or a history of refractive surgery, it would be
impossible by GAT or contact-lens-type sensor. The implantable IOP sensor

also has several other advantages over standard GAT. It can help to reduce the

18



number of clinic visits a patient is obliged to make for IOP monitoring, and
can improve treatment compliance. Furthermore, with developments in
information and communications technology, it could also contribute to the
advance of telemedicine. Certainly, the ability to transmit IOP data to a central
server using the portable digital external IOP reader would be a great help for

patients living in secluded regions or areas otherwise distant from clinics.

For all the above-noted reasons, many groups have been conducting research
into the development of continuous-IOP-sensing implantable devices. Collins
et al. (1967)** were the first to achieve such a sensor. Their “capacitive
pressure sensor” measured the change of resonant frequency induced by the
change of distance between the two parallel coaxial coils of an inductor (L)-
and capacitor (C)-resonant circuit, which change was itself induced by IOP.
This capacitive pressure sensor offers the advantages of low power
consumption, low noise, high sensitivity, low temperature drift, and good
long-term stability.”> Additionally, with the recent progress made in micro
electro mechanical systems (MEMS) and microfabrication technologies,
miniaturization of the telemetric IOP sensor by incorporation of LC-resonant-
circuit technology has been proceeding apace.' ' ' ** " Qur IOP sensor
system, also of the capacitive type, has gone through various improvement
processes including polymerization, the results for which have shown good
elasticity and biocompatibility. Our system has the extra merit of not requiring

any external power supply: thereby, device lifetime is extended, and battery-
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related biocompatibility problems are avoided.

Indeed, one of the most fundamental requirements of an implantable device is
to ensure long-term biocompatibility. However, there have been relatively few
reports on the biocompatibility of implantable IOP sensors.”** The data from
the present in vivo experiments, sequential clinical evaluation and
histopathologic examination showed our IOP sensor to have achieved
comparatively high biocompatibility in rabbit eyes. Of course, on clinical
evaluation, both rabbit eyes immediate-postoperatively presented with
conjunctival hyperemia, corneal edema and anterior-chamber inflammation.
These, however, gradually subsided within four weeks post-implantation, and
by eight weeks postoperatively, there were no definite sequelae in the
conjunctiva, cornea or lens, excepting mild degrees of conjunctival hyperemia.
In both rabbits moreover, the anterior-chamber depths and angles were patent

throughout the follow-up.

On gross pathologic evaluation of the enucleated eyes, there was no definite
membrane formation or encapsulation around the implant. This finding also
suggested that there was and had been no definite foreign-body reaction to the

implant.

On histopathologic examination of the enucleated eyes at eight weeks
postoperatively, and comparing with the control region in each eye, there were

no significant deformities of ocular-tissue structures. As for the cornea, there
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was no definite abnormality in the endothelial cell lining or in the
arrangement of the stromal layers, excepting the inflammatory infiltrations in
the limbus. Neither were there any significant inflammatory infiltrations or
structural deformations in the iridocorneal angle or the lens. Taking all of
these findings into account, we considered the inflammatory or foreign-body
reactions to the implantable IOP sensor to be slight. This suggested that our
IOP sensor had achieved a favorable degree of biocompatibility with the

rabbit eye.

However, this study has several limitations. First, there were only a small
number of cases (two rabbit eyes) and a relatively short-term (eight-week)
follow-up period. For confirmation of the long-term biosafety of sensors, a
long-term study with a large number of cases will be required. Second, the
ocular tissue and structures were evaluated on the basis only of the gross and
microscopic findings. For thorough and accurate evaluation of the
biochemical or  ultrastructural  changes of  tissue  structures,
immunohistochemical stains or electron microscopic observations might be
necessary. Third, this study is relatively lacking in IOP data. Sequential
evaluation of IOP is essential to any evaluation of the influence of device-
implantation procedures on IOP. For the compensate such a limitation, we
are planning to conduct a long-term follow up study at least over 3 months,
with a large number of subjects. And in this next experiment, we are going to

perform  various methods of tissue analysis including the
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immunohistochemical stains or electron microscopic observations.

In conclusion, we designed and developed a prototype implantable IOP sensor
that enables continuous telemetry (wireless communications)-based
monitoring of IOP. In this preliminary report, we demonstrate the favorable
rabbit-eye biocompatibility of this sensor, with respect to which no significant
evidence of toxicity or foreign-body reaction except mild inflammatory

infiltrations in the limbus was evident in our investigation.

However, this is the short term results with a small number of cases. Thus, in
the future, long-term animal studies involving a large number of subjects are

required.
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