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� This work summarizes the recent
advancement of wearable electronic
devices for glaucoma monitoring and
therapy.

� Electronics innovations with
stretchable materials or structures
have resulted in improved device
performance.

� The monitoring devices with reduced
power consumption and footprint
demonstrate enhanced sensitivity,
sensing distance, and measurement
range.

� The drug delivery systems showcase
sustained and self-adaptive drug
release with enhanced efficiency.
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Glaucoma is a leading cause of irreversible blindness worldwide, which is estimated to affect approxi-
mately 112 million people by 2040. Elevated intraocular pressure (IOP) is the most important risk factor
for glaucoma, as well as the primary target for the treatment. Current therapies aim at IOP reduction to
prevent the disease progression. The accurate and real-time measurement of IOP is therefore critical to
evaluate treatment response and guide medical decisions. However, IOP fluctuates throughout the 24-
hour cycle with different patterns from day to day in the same individual and also different patterns
among individuals. The current clinical practice typically captures a single IOP measurement during
‘‘in-office hours”, and this is insufficient for disease monitoring. With the development of wearable elec-
tronic devices, a variety of IOP monitoring devices provide a unique potential for continuous IOP moni-
toring. In addition to IOP monitoring for glaucoma management, this mini-review also summarizes novel
drug delivery devices for treating glaucoma. Because certain types of glaucoma do not show elevated IOP,
we also discuss the potential to incorporate biomarker detection with IOP measurement for more accu-
rate and reliable glaucoma diagnostics and therapies.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Glaucoma is a group of eye diseases associated with various
pathophysiological processes that share a common endpoint of
optic nerve damage [1]. Primary open-angle glaucoma (POAG) is
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the most common form of glaucoma and accounts for 70%-90% of
the diseases [2]. As the leading cause of irreversible blindness
worldwide, it is estimated that glaucoma will affect 112 million
people by 2040 according to theWorld Health Organization [3]. Ele-
vated intraocular pressure (IOP) is the most important risk factor
and thus IOPmonitoring is essential for glaucomamanagement [4].

Among various methods for IOP measurement, Goldmann
applanation tonometry (GAT) is considered the gold standard. It
requires specialized equipment operated by a trained professional.
The Goldmann applanation tonometer measures the force required
to flatten an area of the central cornea of 3.06 mm diameter. The
accuracy of measurements is affected by the central corneal thick-
ness, corneal edema, excessive or insufficient fluorescein dye in the
tear film, high astigmatism, irregular or scarred cornea, Valsava
maneuver or excessive external pressure on the eyelid. The IOP
measured with Goldmann applanation tonometry represents a sin-
gle time point during office hours, and this does not reliably repre-
sent a complete view of IOP due to the variability of IOP
throughout the day and among days [56]. It is known that 24-
hour IOP pattern in � two thirds of individuals has a nocturnal
peak during sleep and gradually decreases during the day [7–9].
Studies have shown that the peak IOP in glaucoma patients was
recorded outside of office hours [10] and the peak IOP during 24-
hour monitoring was significantly higher than the peak clinic IOP
[11]. These findings highlight the urgent need of continuous real-
time IOP monitoring to guide clinic decisions.

Minimally invasive implantable devices for IOP monitoring are
usually placed at different intraocular locations, whereas non-
invasive IOP monitoring devices often embed a pressure sensor in
a contact lens or directly use the entire contact lens as the pressure
sensor. One of these devices measures the change in corneal curva-
ture and that measurement is then converted to an approximate
IOP [12]. Other IOP monitoring devices measure the eye pressure
by detecting changes in capacitance, inductance, color, or liquid dis-
placement, corresponding to IOP changes. While elevated IOP
remains the most significant risk factor for glaucoma, other factors,
such as vascular diseases, also contribute to glaucoma pathophysi-
ology. Studies have explored glaucoma-related biomarkers in the
tear film or other biofluids to complement IOP measurements to
better understand the pathophysiology of glaucoma.

Glaucoma leads to irreversible vision loss, but early effective
treatment can slow down or even prevent further vision loss. The
mainstay of treatment includes IOP-lowering eyedrops, laser sur-
gery and incisional surgeries. Eyedrops are often used as the first
line treatment given the effectiveness in IOP reduction and patient
preferences. However, patient compliance with eyedrop adminis-
tration is a major limiting factor to achieve optimal treatment
effect [13]. In one study, 64% of glaucoma patients reported ocular
discomfort caused by medications as the main contributor of non-
compliance and 57% of patients reported difficulties in administer-
ing eye drops. Many patients are not aware of the importance of
glaucoma treatment since there are usually minimal symptoms
even in moderately advanced stages of the disease. Consequently,
noncompliant patients are subject to a higher risk of irreversible
optic nerve damage. By the time that the visual symptoms are
appreciated by patients, considerable irreversible damage often is
present. In order to improve patient compliance and the effective-
ness of treatment, there is increasing interest in the idea of delivery
devices to administer ocular medications on-demand.

The significant need for continuous glaucoma monitoring and
drug delivery have catalyzed an interest in wearable electronic
devices. In this mini-review, we first summarize and discuss the
characteristics of various IOP monitoring devices and biomarker
detection devices, including implantation sites, fabrication materi-
als, and design structures. Next, we review the recent advancement
of several representative drug delivery devices for glaucoma ther-
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apy. We then conclude with current challenges and provide per-
spectives for future developments toward accurate diagnostics
and effective treatment of glaucoma.
2. Continuous glaucoma monitoring devices

The normal IOP has an average of 15.5 mmHg with a fluctuation
of about 2.75 mmHg in a range from 10 to 21 mmHg [51], whereas
the fluctuation in the glaucomatous eye can be up to 15 mmHg
[52]. In response to 3 mm change of human corneal curvature over
a typical radius of 7.8 mm, the IOP would change by 1 mmHg [53].
The pressure of greater than 21 mmHg (or 2.8 kPa) often indicates
glaucoma [54]. In addition to high pressure sensitivity for mini-
mized pressure offset drift [55], the IOP sensors also need to have
a large range of detection, low limit of detection (2 mmHg [56]),
proper sensing distance and frequency response (0–30 Hz [57]),
and biocompatibility. The other considerations may also include
device dimension, transparency, power consumption, and ease of
removal.

Because of the ocular structure, various IOP monitoring sensors
can be either minimally invasive or non-invasive. The structure of
the ocular globe can be divided into two main parts – the anterior
and posterior segments. The anterior portion includes the cornea,
aqueous humor, conjunctiva, iris, ciliary body, and lens, occupying
about one-third of an eye. The posterior portion consists of the
choroid, retina, sclera, optic nerve, among others. Because the
accuracy of IOP monitoring may be affected by ocular structure
(e.g., sclera and corneal rigidity [5859]), the implantation location
needs to be carefully evaluated. Many minimally invasive IOP
monitoring devices are inserted in the anterior chamber (Fig. 1a)
through the corneal incision. The available implantation space is
about 3–4 mm in length and 12.5 mm in width [6061]. With pres-
sure measurement independent from corneal rigidity and ocular
surface, the sensors implanted in the anterior chamber often have
their coil disk carefully designed to fit the width of the iris rim,
which easily aligns with the reader coils. The implantation in front
of the iris also allows for the largest sensing area without the
obstruction of the trabecular meshwork. In contrast, implantation
in the sclera (Fig. 1b) enhances the efficiency of inductive coupling
by reducing energy absorption by the tissue. Another method is to
only penetrate the needle inside the vitreous humor, with the
other parts of the sensor left outside of the sclera (Fig. 1c). On
the other hand, implantation onto the retina (Fig. 1d) can directly
measure pressure near the optic nerve head (ONH) area. With the
surface topology consisting of numerous folds, iris can accommo-
date mechanical deformations to allow for attachment needed
for certain monitoring sensors (Fig. 1e). Moreover, the pressure
sensor can be embedded in a capsular tension ring-like structure.
After insertion into the eye during the cataract surgery along with
the intraocular lens (IOL) (Fig. 1f), the capsular tension ring can
expand the capsular bag and stabilize the lens. A more recent mod-
ification of this device is placed in the suprachoroidal space and
was given FDA Breakthrough designation on April 28, 2021. Alter-
natively, pressure sensors can be directly integrated on the artifi-
cial IOL (Fig. 1g) to measure IOP. Additionally, the integration of
the IOP sensor on a contact lens or direct use of the contact lens
itself as a pressure sensor results can be employed to develop a
non-invasive monitoring device (Fig. 1h). IOP monitoring devices
have been applied to various implantation sites (Table 1), with dif-
ferent sensing performance characteristics.
2.1. Minimally invasive IOP monitoring devices

The working principle of capacitive IOP sensors is mainly based
on the deflected diaphragm caused by the pressure change, which



Fig. 1. A schematic to show the glaucoma monitoring and drug delivery devices (color-coded based on the locations). The sites of implant for minimally invasive
intraocular pressure (IOP) sensors include (a) anterior chamber, reproduced with permission from [14–21], (b) sclera, reproduced with permission from [22], (c) inside the
vitreous humor through penetration, reproduced with permission from [23], (d) retina, reproduced with permission from [24], (e) iris, reproduced with permission from [25],
(f) around the lens, reproduced with permission from [26,27], and (g) lens, reproduced with permission from [27–29]. Non-invasive devices include (h) a set of non-invasive
IOP sensors, reproduced with permission from [30–47], and (i) drug delivery devices for glaucoma therapy based on the contact lens, reproduced with permission from
[37,38,48–50].

Table 1
Characteristics of various implantation sites for IOP devices.

Type Implantation
site

Feature Ref

Minimally
invasive
IOP
devices

Anterior
chamber

Easy alignment with read coils;
Large sensing area without
obstruction of the trabecular
meshwork

[14–21]

Sclera Reduced energy absorption by
the tissue

[22]

Vitreous
humor

Reduced invasive space and
achievable retrieval, if needed

[23]

Retina Direct pressure measurement [24]
Iris Attachability with sensors [25]
Around the
lens

Expanded capsular bag;
stabilized lens

[2627]

Lens Direct artificial intraocular lens
embedded

[27–29]

Non-invasive
IOP
devices

Contact lens Pressure sensor embedded
contact lens/pressure sensitive
contact lens

[30–47]
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results in the distance and then capacitance change. Injectable into
the anterior chamber, a miniaturized micro-sensor for IOP moni-
toring consists of a CMOS IC, a self-expandable Nitinol antenna,
and a MEMS capacitive pressure sensor (Fig. 2a) [14]. Different
from rigid Si substrates, the liquid crystal polymer (LCP) of
3

25 mm as the soft substrate has been used for device fabrication
for minimized damage to eye tissues. Because a thin Ti/Au elec-
trode with a thickness of less than 1 mm is sandwiched by biocom-
patible parylene layers using parylene to parylene bonding, the
overall thickness can be reduced from 100 mm (using sacrificial
photoresist) to 30 mm, leading to a significantly enhanced flexibil-
ity. The sensor is attached to an epoxy mold with a radius of 5 mm
for mimicking the bottom of the anterior chamber of the mouse
eye (radius of more than 4 mm) ex vivo. In comparison to the high
sensitivity of 0.75 fF/mmHg from the 100 mm-thick sensor
(500 � 500 � 100 lm3), the miniaturized micro-sensor
(300 � 300 � 30 lm3) still exhibits a sufficiently high sensitivity
of 0.3 fF/mmHg to measure IOP change of 1 mmHg. To increase
the capacitance value for easy measurement, the coil and capaci-
tive pressure sensor can be fabricated on the polyimide substrate
with a hollow mesa structure that comprises of a set of vertical
windows (i.e., 20 � 20 � 20 lm3 cavity) for increased capacitance
(Fig. 2b) [15]. Served as additional capacitors, these windows help
increase the capacitance by about five times on average. The device
shows a linear measurement in the range from 10 to 21 mmHg
with a sensitivity of 0.12 pf/mmHg in vivo. The minimally invasive
implantation into the anterior chamber is achieved through a
1 mm scoring.

Because most RF powered devices implanted in the anterior
chamber are floating, the alignment issue often occurs to result
in a change in the amount of power transferred between the RF



Fig. 2. Minimally invasive implantable capacitive pressure sensors. (a) The reduced thickness with the Ti/Au electrode sandwiched between parylene layers leads to
enhanced flexibility of a miniatured micro-sensor (300x300 mm2), which allows for easy injection into the anterior chamber with minimized tissue damage. Reproduced with
permission from [14]. (b) A capacitive pressure sensor with a hollow mesa structure comprising of a set of vertical windows (20 � 20 � 20 lm3 cavity) is associated with
capacitance increase by about five times. Reproduced with permission from [15]. (c) The flexible IOP device embedded into a capsular tension ring can be implanted during
cataract surgery through a 2–3 mm incision using an injector. Permanent implantation is possible because of poly (ether urethane) (PEU) and polydimethylsiloxane (PDMS)
barrier layers. Reproduced with permission from [26].
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transmitter and devices. As one solution to address this issue, a
prototype of a capacitive pressure sensor is embedded into a cap-
sular tension ring-like structure with the implanted ring fixed. In
addition to a capsular tension ring-like structure fabricated with
poly (ether urethane) (PEU), this IOP device also includes an RF
chip and an antenna packaged by flexible PDMS (Fig. 2c) [26].
Because of the increased parasitic capacitance (from 18.28 to
20.93 pF) from the PDMS coating, the average sensitivity increases
from 0.60 to 0.69 pF bar�1 (0.80 to 0.92 fF/mmHg), with an upward
shift in capacitance at all pressure levels. Although the first test
with PCB embedded in PDMS indicates a failure below the bench-
mark of 50 kPa due to the weak adhesion between the surface
mount technology component and antenna, the second test with
the integrated circuit directly in the PDMS (i.e., without PCB com-
ponents) highlights the flexible antenna that remains functional
after 50 bending cycles under 116 kPa mechanical stress. Acted
as barriers to prevent direct contact between the device compo-
nents (i.e., chip and antenna) and the eye environment, PEU and
PDMS layers can provide the device with an expected working life-
time of more than 50 years for a permanent implant.

Besides direct measurements, the capacitive sensors can also be
used with the resonant-frequency measurements through a
resistance-inductance-capacitance (RLC) or LC resonant circuit.
IOP-induced frequency shift can be measured by an external reader
through a wireless inductive coupling link. The resonant sensors
may employ a variable capacitor or inductor as the pressure-
sensitive element. As an example, a resonant sensor consisting of
a variable capacitor integrated into a deformable diaphragm cham-
ber and a flexible spiral inductor coil disk on a parylene C substrate
is implanted into the anterior chamber with a small incision of less
than 2 mm (Fig. 3a) [16]. The high yield strain of � 3% of parylene C
allows the disk to recover back to its initial shape even after fold-
ing, without damage or permanent deformation in the unvaried
inductance. The test with a live rabbit eye model reveals a pressure
4

sensitivity of 455 ppm/mmHg with 1 mmHg resolution and
responsivity of 160 kHz/mmHg (to detect phase-dip shift). How-
ever, the lossy medium in the anterior chamber results in the
degraded quality factor from � 45 in water to � 6 in saline. As a
result, the sensing distance is decreased from 25 mm in water to
15 mm in saline. This is attributed to the aqueous humor in the
anterior chamber with high loss tangent for the reduced quality
factor and sensing distance. To address this issue, the follow-up
work attaches an implantation tube to the sensor’s backside pres-
sure access hole (Fig. 3b) [17]. By only inserting the tube into the
anterior chamber, the sensing part attached to the cornea is
exposed to air all the time, which minimizes the invasive surgery
and maintains a quality factor of 27–30 in the sensor. As a result,
the sensing distance can also be maintained at 25 mm. Tested by
the analyzer, this improved IOP sensor has a sensitivity of
542 ppm/mmHg with a responsivity of about 205 kHz/mmHg.

Other than the novel sensor design to leave the sensing part
exposed to the air, it is also possible to improve the sensing dis-
tance with a large coil dimension or a different design structure.
The former can increase the coil dimension to about 15 mm in
outer diameter (the variable capacitor sensing element based on
a rigid, elliptical SU-8 structure), which allows for a large telemetry
distance of 28 mm in deionized water (Fig. 3c) [18]. Although it is
large in dimension, minimally invasive implantation can be
achieved by rolling it through a small and self-healing corneal inci-
sion. Furthermore, the large capacitor chamber and several thin
channels in the SU-8 structure connected to the capacitor chamber
can provide an additional volume to the pressure reservoir to allow
greater deflections for maximized pressure sensitivity. Though the
device shows a high sensitivity of 156 kHz/mmHg using the impe-
dance phase dip technique measured by an HP 4191A impedance
analyzer, it is only for a small applied pressure and its linearity also
needs to be improved. The latter strategy on the coil structure may
explore a multipath circular spiral inductor consisting of three



Fig. 3. Minimally invasive implantable pressure based on the detection of the resonant frequency shift. (a) A resonant sensor with parylene C substrate can be inserted
into anterior chamber through incision of less than 2 mm. Reproduced with permission from [16] (b)With an implantable tube inserted into the anterior chamber, the 30 lm
-thick parylene-based sensing part can attach to the cornea to achieve the minimally invasive implantation. Reproduced with permission from [17]. (c) The sensor with a
unique pressure reservoir and an increased coil dimension to about 15 mm in outer diameter exhibits increased sensing distance and improved sensitivity. After the sensor is
tightly rolled and implanted into the anterior chamber through a small, self-healing corneal incision, it can occupy the largest area without obstructing the trabecular
meshwork, which results in a working distance of over 15 mm for the anterior chamber depth less than 3.5 mm. Reproduced with permission from [18]. (d) The sensor with
three parallel sub-paths inductors exhibits enhanced Q factor without increasing dimension, which is suitable for the micro-scale implantation into the anterior chamber.
Reproduced with permission from [19]. (e) A wireless inductive sensor consists of a bottom part inserted into the anterior chamber for pressure sensing (inductance change)
and a top part fixed to the sclera for wireless data transfer. Reproduced with permission from [20]. (f) A ferrite magnet based inductive sensor enhances the resolution by
using two flexible membranes in inductor pattern and ferrite material, which can be inserted into the anterior chamber. Reproduced with permission from [21]. (g) A wireless
sensor with an integrated planar stretchable variable inductor can be implanted in the sclera to directly measure strain with reduced tissue energy absorption. Reproduced
with permission from [22]. (h) With a hypodermic needle penetrated in the vitreous space, the device with most parts externally on the sclera achieves minimally invasive
implantation and easy retrieval. Reproduced with permission from [23]. (i) The iris implanted resonant sensor with Au spiral coil inductor and capacitor exhibits improved
sensitivity and increased Q factor. Reproduced with permission from [25].
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sub-paths inductors (with unchanged path width) for the
enhanced quality factor of the implanted sensor in the anterior
chamber (Fig. 3d) [19]. The Au multipath inductor and variable
capacitor decrease the coil series resistance and contribute to a
high Q factor of 79, leading to a large sensing distance of 21 mm
with a small footprint of 2.5 � 2.5 mm2. The performance com-
pares favorably against the other literature reports (e.g., Q factor
of 30 with 3.23 � 1.52 mm2 [23], or Q factor of 5.5 with
10 � 10 mm2 [62]). The sensor also shows a relatively linear
response with a sensitivity of 4281 ppm/mmHg in a pressure range
of 0–60 mmHg using COMSOL Multiphysics and ADS software.
Because of the use of SU-8 as the encapsulation material, the
resulting device is biocompatible to prevent damage to eye tissue.

Although the variable-capacitor IOP sensors are widely used
due to their high sensitivity and lower power consumption, they
usually require a complicated MEMS process and the pressurized
reference chamber may also lead to signal shift (3.47 mmHg of
drift on average [63]). Besides, the significant degradation of phase
depth in an aqueous environment reduces the signal strength in a
wireless sensing system [16]. To address these issues, variable
inductive sensors have been explored. In one example, a passive
pressure sensor with inner materials (copper or ferrite) achieves
a robust phase depth with high sensitivity (Fig. 3e) [20]. The top
part of the sensor includes a micro-coil on a polyimide film and a
capacitor, whereas the bottom part has a flexible membrane and
5

an inner material. The bending of the flexible membrane upon
IOP changes the distance between the micro-coil and inner mate-
rial with the latter to affect the operational mechanisms of the sen-
sor. With copper as inner material, the eddy current effect-based
sensor requiring highlights a high sensitivity but without stable
phase depth, irrespective of membrane sickness. In comparison,
the sensor with inner ferrite material is based on the modulation
of effective permittivity, highlighting stable phase depth but at
the expense of sensitivity. This thin membrane (�60 mm) ferrite
inductive sensor with a sensitivity of 1610 (or 1340) ppm/mmHg
and phase depth of 3.37–3.49 (or 2.78–4.85) in ambient air (or
in vivo) compares favorably over their capacitive counterparts of
455/0.4–0.5 [16] and 238/2.4 [23] (or 0.35 [16] and 0.28 [23]
in vivo). As another method to enhance the sensing resolution, a
spiral inductor and a moveable ferrite magnet with flexible mem-
branes are fabricated (Fig. 3f) [21]. Although the simulation reveals
a dynamic range of 0–70 mmHg, the eddy current generated on the
cornea surface would degrade magnetic coupling between the IOP
device and external coil to results in a reduced quality factor.
Unlike the sensors with reference chambers, a variable inductor
sensor without a sealed chamber eliminates the baseline drifts
over time for long-term measurements with enhanced accuracy
(Fig. 3g) [22]. Consisted of a planar variable inductor in a stretch-
able ‘S-shape’ and a commercial constant capacitor, the sensor
implanted in the sclera can directly measure the strain with
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reduced energy absorption from the tissue to enhance the effi-
ciency of inductive coupling. Because of the unfolding of the
stretchable coil, the sensitivity to measure the change of corneal
curvature is enhanced to 57 kHz/mmHg in the test on a pig eye
using an impedance analyzer ex vivo (though nonlinear). With a
parylene-oil-encapsulation method, the sensor also shows low
drift and long-term IOP monitoring capabilities when tested on
rabbit in vivo, compared to a commercial pressure sensor (STMicro-
electronics LPS25H) [64].

Because most of existing IOP pressure sensors are nondegrad-
able, it is highly desirable to achieve minimally invasive implanta-
tion and the potential for retrieval after use, if needed. With a 30
gauge hypodermic needle penetrated inside the vitreous space,
the rest of the sensor (e.g., capacitor and coil antenna on flexible
polyimide) is left externally on the sclera surface for easy retrieval
after monitoring (Fig. 3h) [23]. After a sensitivity of 15 kHz/mmHg
with a resolution of 1 mmHg determined in vitro, a month of con-
tinuous monitoring in vivo also confirms its excellent biocompati-
bility. An iris implanted resonant sensor comprised of a planar
spiral coil inductor, a capacitor with two parallel plates, and a
SU-8 pressure-sensitive diaphragm also achieves relatively high
sensitivity with an enhanced impedance phase dip frequency shift
(Fig. 3i) [25]. The good sensitivity in the desired range of 0–
60 mmHg results from the use of 18 mm-thick SU-8 membrane
and a 20 mm gap to maximize its deflection. Compare to the liter-
ature reports (i.e., 102 kHz/mmHg [65] and 160 kHz/mmHg [66] in
air), the sensor showcases a high sensitivity of 7035 ppm/mmHg
(or 1083 kHz/mmHg) in air and 3770 ppm/mmHg (or 683 kHz/
mmHg) in saline. The use of 9 mm-thick Au with enhanced conduc-
tivity increases the quality factor and then improves the phase dip
for a sensing distance up to 6 mm. It should be noted that the bio-
Fig. 4. Minimally invasive implantable optical pressure sensors. (a) A 2D plasmonic
directly measure stain near the optic nerve head in visible color change. Reproduced wit
(PC) waveguide with color change for potential integration into an artificial lens. Repro
fringes between the diaphragm and glass substrate detected under monochromatic light
an intraocular lens or a capsular tension ring. Reproduced with permission from [27]. (d
resonant cavity that has gold nanodots on the SiN membrane. With a size three orders of
in an intraocular lens during cataract surgery or silicone haptics through a small cornea
[29].
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compatible issues of Si make it less attractive compared with other
MEMS materials (i.e., SiO2, SiN, Au, and SU-8 [6768]) despite its
favorable mechanical characteristics and stable chemical proper-
ties. In particular, SU-8 has high biocompatibility with no apparent
sign of tissue damage or inflammatory reaction [69], which is
promising for minimally invasive wearable devices.

Optical sensing approaches for IOP monitoring include visual-
identification, interferometry, fluorescence, or those to be detected
by an external optical reader. Based on the surface plasmon of
metal 2D gratings, a power-free IOP sensor aims to be inserted
onto the retina to directly measure pressure near the optic nerve
head area (Fig. 4a) [24]. Because of the inhomogeneous IOP
throughout the eye and the key role of the accommodation pro-
cess in the onset of glaucoma [70], it is vital for this sensor to mea-
sure the accommodative IOP spikes to facilitate the understanding
of the pathophysiology of glaucoma. Small IOP change can be
directly observed from the visible color shift (i.e., structural color
in the visible range) in nanophotonic gratings embedded in an
elastomeric material, as observed in the finite difference time
domain simulation with IOP in the range of 0–50 mmHg. Another
color-sensing optical strain sensor based on spectral reflectance
can potentially be embedded into an artificial lens (Fig. 4b) [28].
With a high refractive index layer of TiO2 nanoparticles on a peri-
odically nanostructured PDMS membrane, the pressures can be
calculated from the intensity change of the green color channel.
The obtained limit of detection of 160 Pa or 1.2 mmHg is compa-
rable to that of Goldmann tonometer (213 Pa or 1.6 mmHg). Dur-
ing the test, the position of the green center line can help
determine the orientation of the device because it moves upon
eye movements. The nanostructured area can also calibrate the
device.
grating-based sensor aims to be implanted onto the retina near the optic nerve to
h permission from [24]. (b) A sensor based on the deformation of a photonic crystal
duced with permission from [28]. (c) An interferometric sensor with interference
(left). This sensor with a small form factor (1.5x1.5x0.4 mm3) can be embedded into
) A microscale sensor with enhanced optical resonance from the pressure-sensitive
magnitude smaller than commercially available devices, this sensor can be inserted
incision (decreased from 3 to 4 mm to 1–2 mm). Reproduced with permission from
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With a flexible 200 nm-thick silicon nitride diaphragm sepa-
rated by a 10 mm-thick SU-8 spacer from a glass substrate to form
a cavity, the interferometric pressure sensor can detect a small IOP
change of 0.2 mmHg with a portable handheld reader (Fig. 4c) [27].
After the monochromatic light is directed to the sensor cavity, the
interference fringes between the SiN diaphragm and the glass sub-
strate resulted from the pressure change can be detected. Because
of its small form factor (1.5x1.5x0.4 mm3), this sensor can be
inserted into an intraocular lens to cover only a small part or into
the capsular tension ring to be implanted during cataract surgery.
In comparison to a sensitivity of 31 nm/mmHg and an accuracy of
0.3 mmHg in a range of 0–60 mmHg in vitro, the ex vivo test still
shows good accuracy of 0.6 mmHg in the range of 5–45 mmHg.
Although the incident light is perpendicular to the sensor surface
in the test, it may vary in real applications. A follow-up study with
a two-stage bonding method for enhanced visibility of the interfer-
ence fringes further confirms the biocompatibility and demon-
strates its readout capability [71]. After replacing the CMOS
camera and objective lens with a digital single-lens reflex camera
and a macro lens in the handheld reader, the devices exhibit a sen-
sitivity of 30 nm/mmHg and an accuracy of 0.2 mmHg in the range
of 0–60 mmHg in vitro. The excellent biocompatibility is confirmed
after ten-week implantation without any observable inflammation,
biofouling, or signs of infection in the rabbits. As another interfer-
ometric device, the fiber-optical Fabry-Perot pressure sensor can
also be integrated into the artificial cornea to monitor IOP in
real-time for the use in keratoprosthesis [72].

Building on a prior work that explores a nanoscale textured sur-
face (black-silicon/nanograss) to improve the biocompatibility
[73], a microscale optical sensor with a nanodot-enhanced cavity
can monitor IOP rapidly with high sensitivity and large sensing dis-
Fig. 5. Non-invasive microfluidic contact lens pressure sensors. (a) A microfluid con
amplified displacement upon pressure. As sensing channel width decreases, sensitivity is
permission from [30]. (b) A colorimetric IOP sensor with PC membrane fabricated by opal
Reproduced with permission from [31]. (c) A silicone/hydrogel contact lens-based sen
material NOA65 to eliminate oil absorption. Reproduced with permission from [40]. (d
monitor IOP from the fluid displacement in the channel. The increased initial channe
Reproduced with permission from [41]. (e) A microfluidic contact lens with a micropatte
length of the chamber or decreased sectional area of the sensing channel enhances the
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tance (Fig. 4d) [29]. Mounting the pressure sensors onto the
intraocular lens (IOL) or silicone haptics minimizes the invasive
damage during implantation. The sensor mounted on IOL can take
advantage of the well-developed cataract surgery, whereas the one
on silicone haptics requires a smaller corneal incision. Because the
latter decreases the distance between the corneal surface and sen-
sor from 3 to 4 mm to 1–2 mm, the signal-to-noise ratio increases
from 12 to 15 dB. Compared to its RF-based counterparts with lim-
ited sensing distance, this device utilizes the invisible near-
infrared light with little or nearly no loss in the tissue. The infrared
light is used to detect the resonance of the pressure-sensitive cav-
ity comprising of a micromachined silicon ring, a solid bottom Si
surface, and a deformable top SiN membrane with a gold nanodot
array for enhanced optical resonance. The device with a diameter
of 900 mm is almost one order of magnitude smaller than sensors
based on LC coupling and three orders of magnitude smaller than
their commercial counterparts [63]. In addition to the high accu-
racy of 0.29 mmHg in the range of 0–40 mmHgwith a large sensing
distance of 30–50 mm (possibly beyond 100 mm) tested on equip-
ment, the device also exhibits an accuracy of 1.3 mmHg ex vivo and
continuous measurement up to 4.5 mon in vivo, as well as a rapid
measurement of less than 1 s.

2.2. Non-invasive IOP monitoring devices

Thanks to the rapid advancement in biotechnology, microelec-
tronics, and information technology, an electronic contact lens
with integrated electrochemical and other sensors provides a
promising platform for noninvasive monitoring and ocular diag-
nostics [7475]. Contact lens-based IOP sensor measures curvature
changes of contact lens from the cornea radius variations (e.g.,
tact lens sensor composed of a circular sensing chamber and sensing channels for
increased at the cost of dynamic range for a total length of 6 mm. Reproduced with
nanostructures and a microhydraulic amplification system for enhanced sensitivity.
sor uses a novel microfluidic dilatometer as the strain sensor and an oleophobic
) A PDMS-based contact lens sensor with a double spiral-shaped microchannel to
l volume in the spiral-shaped design reduces the error in tracking fluid location.
rned soft elastomer sensing layer and a hard-plastic reference layer. The increased
sensitivity. Reproduced with permission from [42].
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3 mm change of corneal curvature corresponding to 1 mmHg fluc-
tuation in IOP) [76]. Compared to silicone with high air permeabil-
ity, the silicone/hydrogel counterpart with enhanced water content
improves wearing comfortability. Despite the extensive efforts,
energy supply and wireless data transmission are still challenging.
Methods for energy supply include battery [77], wireless power
transfer (WPT), and wireless energy harvesting. The limited battery
lifetime results in regular replacement. Although the energy can be
transmitted inductively between coils through the magnetic field
in WPT, the output power is constrained to 0.5–2 W [78]. As a
result, a wirelessly rechargeable solid-state supercapacitor has
been embedded into a contact lens for long-term use [79]. The
wireless power harvesting system can also scavenge various
energy forms, including motion, thermal and ambient RF energies.
For instance, the system with a loop antenna, a rectifier, and an
impedance matching network can convert the RF energy into a
DC power with an RF-to-DC conversion efficiency of 35% at
5.8 GHz [80] (higher than 10% at 0.8–2 GHz [81]). As for wireless
data transmission, the antenna as one of the most important com-
ponents in different shapes (e.g., stretchable S shape, dipole shape,
circular spiral shape, and single-loop shape) needs to be carefully
designed [82]. The good mechanical compliance of the device can
also be ensured with stretchable structures or materials, such as
hybrid Ag nanofibers and nanowires for 30% biaxial tensile strain
over 300 cycles.

A powerless microfluid pressure sensor can be directly embed-
ded in a gas permeable hard contact lens with excellent oxygen
permeability (Fig. 5a) [30]. Together with a large and tall circular
Fig. 6. Non-invasive MEMS contact lens pressure sensors. (a) A soft contact lens wit
eliminate the temperature drift for improved monitoring accuracy. Reproduced with
telemetry microprocessor and antenna for wireless power and data transfer. Reproduced w
a transparent polyethylene terephthalate (PET) substrate. Reproduced with permission fro
with permission from [46]. (e) The piezoresistive IOP device using transparent graphene
(f) A contact lens tonometer with a fractured graphene woven fabric (GWF) monitors IOP
contact lens sensor with the graphene-silver nanowire (AgNW) hybrid nanostructure t
response. Reproduced with permission from [33]. (h) A wirelessly powered device with a
achieve a reconfigurable wide range and tunable sensitivity with a capacitance-to-digital
contact lens sensor with an embedded variable inductor and constant capacitor. Reprod
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sensing chamber network, the device also includes arrow and short
sensing channels with each channel as an individual surface sens-
ing element. In addition to the PDMS polymeric membrane and
sensing surface, glycerol is also used to prevent fluid evaporation
from PDMS. The magnitude of fluid displacement monitors the
IOP, with the pressure difference at each contact point measured
by the individual surface sensing element. As the sensing channel
width increases (e.g., 20, 40, 80, 160 mm) for a total length of
6 mm, the sensitivity is decreased (600, 285, 130, 70 mm/mmHg),
but the dynamic range is increased (10, 21, 46, 85 mmHg). Another
hard contact lens-based sensor that integrates a microfluidic chan-
nel system with a PC membrane can monitor IOP from visual color
change because the lattice distance in nanostructures changes with
the deformation of corneal curvature (Fig. 5b) [31]. In addition to
opal nanostructures integrated into a flexible and thin PDMS-
based membrane, this colorimetric sensor also uses a microhy-
draulic amplification (with a parylene-coated ring-shaped fluidic
channel) to enhance the range of color change for improved sensi-
tivity. After optimizing the area ratio of two membranes to 1.5 mm
hole size for the sensing part and 2.0 mm channel width for the
contact part, the deformation of the sensor can be maximized.
The device exhibits a sensitivity of 0.23 nm/mmHg in the range
of 10–60 mmHg in the test ex vivo.

A silicone/hydrogel contact lens-based sensor can also use a
microfluidic dilatometer as the strain sensor such that subtle
changes of strain are converted into large fluidic volume expansion
to be detected by a smartphone camera (Fig. 5c) [40]. However, the
performance of the image-based strain sensor often deteriorates to
h an embedded microfabricated strain gauge. Wheatstone bridge circuit is used to
permission from [43]. (b) The piezoresistive contact lens sensor with embedded
ith permission from [44]. (c) A piezoresistive sensor with a metallic strain gauge on
m [45]. (d) Graphene-based IOP device with Wheatstone bridge circuit. Reproduced
nanowalls (GNWs) for enhanced sensitivity. Reproduced with permission from [47].
with a high resolution. Reproduced with permission from [32]. (g) Amultifunctional
o simultaneously measure glucose and IOP levels with the independent electrical
capacitive sensor embedded in hydroxyethyl methacrylate (HEMA) contact lens to

converter (CDC). Reproduced with permission from [34]. (i) A soft, doughnut-shaped
uced with permission from [35].
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result in drift and instability because of the guide oil absorption
and minuscule channel deformation. The former can be solved by
using an oleophobic material (e.g., NOA65) to eliminate the
absorption of oil and reducing channel width to increase stiffness
addresses the latter. Compared to PDMS that has a high oleophilic-
ity to cause a high absorption, Clearflex polyurethane absorbs sig-
nificantly less than PDMS and NOA65 shows no absorption.
Furthermore, the sensitivity of the NOA65 sensor increases linearly
with the increasing number of rings for a liquid reservoir width of
50 mm, (e.g., 15.5 mm/% for a 5-ring sensor versus 4.5 mm/% for a
single-ring sensor). The device performance is comparable to the
commercial Tono-pen XL [40]. The follow-up work further explores
a microfluidic signal filter to filter out rapid fluctuations (9 dB)
from physiological noise (e.g., blinking) [83].

With a double spiral-shaped microchannel, a PDMS-based soft
contact lens device has increased initial volume in the channel
and decreased error in tracking fluid location (Fig. 5d) [41]. Placing
the channel around the outer edge of the contact lens also leaves
no obstruction to the visual field. As the curvature of the cornea
changes, the volume of the embedded microchannel will change
accordingly to displace the indicator fluid (avocado oil) in the
channel to monitor IOP. The device shows a sensitivity of
40.8 mm/mmHg with a linearly responsive indicator position
ex vivo. Another microfluidic IOP device monitor also relies on
the movement of the dyed liquid in the deformed sensing chamber
(Fig. 5e) [42]. The microfluidic contact lens sensor with an annular
sensing chamber consists of a micropatterned soft elastomer sens-
ing layer and a reference layer on hard plastic. The plastic-
polyethylene terephthalate (PET) contact lens has PDMS at the
inner surface to contact the cornea. In vitro test shows that the
device sensitivity can be increased by either decreasing the
cross-sectional area of the sensing channel or increasing the length
of the annular distributed chamber. For instance, the decrease in
the dimension of the sensing channel from 200 � 60 to 150 � 40
and then to 100 � 40 mm results in an increased sensitivity from
0.223 to 0.395 and then to 0.607 mm/mmHg for devices with the
same diameter of 5.0 mm. After increasing the diameter to
Fig. 7. Non-invasive optical contact lens pressure sensors. (a) A double-layer contact le
can fit and bend with the cornea and the outer PDMS layer acts as a reference layer for ge
based contact lens sensor uses a computer-generated virtual image with the pattern pr
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8.5 mm, the sensitivity of the aforementioned three devices is fur-
ther enhanced to 0.273, 0.474, and 0.708 mm/mmHg, respectively.
The sensitivity of the device with a diameter of 5 mm and channel
dimension of 150 � 40 mm is also observed to be 0.2832 mm/
mmHg in the range of 8–32 mmHg ex vivo.

A polycarbonate film coated with a molecular metallic polycrys-
talline b -(ET)2I3 layer as a nanocomposite conducting bilayer can
be embedded into a rigid, doughnut-shaped contact lens to yield
a piezoresistive contact lens sensor with a sensitivity of 0.4 X/
mmHg in vivo [84]. By using a Wheatstone bridge circuit composed
of two metallic sensing resistive gauges for double sensitivity and
another two for thermal compensation on a polyimide microflex
substrate, the piezoresistive IOP device can further eliminate the
temperature drift for enhanced accuracy (Fig. 6a) [43]. Although
the device shows a sensitivity of 8.37 mV/mmHg in the range of
17–29 mmHg in vitro, it needs to be powered and wired for signal
recording. To address this challenge, a follow-up work integrates a
telemetry microprocessor and an antenna into the contact lens for
wireless power and data transfer (Fig. 6b) [44]. The device shows a
sensitivity of 113 mV/mmHg in 20–30 mmHg with high linearity of
0.9935 ex vivo.

The piezoresistive contact lens sensor with a Wheatstone bridge
circuit can also be fabricated with a transparent PET (Fig. 6c) [45].
The device exhibits a sensitivity of 20 mV/mmHg in 9–30 mmHg
with high linearity of 0.996 in vitro. However, this device still uses
nontransparent Ti/Pt, which would block the visual field. Efforts to
address this challenge leads to the use of highly transparent gra-
phene (transparency of 97% for a single layer) [85] in the Wheat-
stone circuit bridge of the IOP device (Fig. 6d) [46]. Because the
reduced initial resistance of the Wheatstone bridge circuit can
increase the sensitivity, the increase in the number of graphene
layers can help, but it lowers the transparency. Using few-layer
graphene (3–5 layers) provides a trade-off, achieving a higher sen-
sitivity of 150 mV/mmHg in 8–34 mmHg and a transparency of 85%
in vitro.

Different from the metal-based contact lens sensors [44] that
need to be patterned and positioned at the edge [43], the ones
ns uses Moiré fringe patterns on the lens to detect IOP, where the inner HEMA layer
nerating moiré fringes. Reproduced with permission from [36]. (b) A moiré pattern-
inted on the HEMA contact lens. Reproduced with permission from [37].
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based on a thin transparent membrane such as graphene nano-
walls (GNWs) are attractive (sensitivity of 14.05 X/mmHg
in vitro, Fig. 6e) [47]. The use of graphene woven fabric (GWF) in
a contact lens tonometer also allows it to tightly attach to the cor-
nea for IOP measurement with high resolution (Fig. 6f) [32]. Upon
small deformation from IOP variation, high-density cracks appear
in GWF to increase its resistance, which can be measured from
the current for a constant voltage. The electrical resistance increase
in GWF with the tensile strain is exponential with gauge factors
of � 103 for strains of 2–6% and � 106 for higher strains [74]. Con-
sidering the high sensitivity, biocompatibility, and transparency
(greater than80%), the resulting device exhibits a high sensitivity
of 19.7 %/mmHg in 0–5 mmHg and 3.90 %/mmHg in 5–10 mmHg
and a resolution of 6.8 %/mmHg in 0–10 mmHg in vitro.

With independent electrical responses, a soft, multifunctional
contact lens can simultaneously measure IOP and glucose levels.
Because the graphene-silver nanowire (AgNW) hybrid structure
yields the stretchable and transparent electrode, it is used to result
in a multifunctional contact lens with high transparency (greater
than91%) and stretchability (�25%) (Fig. 6g) [33]. The device shows
a sensitivity of 2.64 MHz/mmHg in the range of 5–50 mmHg
in vitro. A reconfigurable range and tunable sensitivity can also
be achieved with a capacitive sensor embedded in a HEMA contact
lens for a wirelessly powered device (Fig. 6h) [34]. The sensitivity
and range can be simultaneously maximized with a capacitance-
to-digital converter (CDC) that includes an integrator, a compara-
Table 2
Comparison of sensor performance among various IOP monitoring devices

Type Sensing performance
(range, mmHg)

Fabrication material Desig

Piezo-
resistive

8.37 mVa (17–29)1 PI, silicone Whea
113 mVa (20–30)3 Pt/Ti, PI, silicone Whea
20 mVa (9–30)1 Pt, PET Whea
150 mVa (8–34)1 Graphene, PDMS Whea
14.05 Xa (N/A)1 GNWs, PDMS GNW
19.7 %a (0–10)2 GWFs GWF

Capacitive 0.3 fFa (0–50)3 Ti/Au, parylene, LCP Elect
0.12 pFa (10–21)2 Al, PI Hollo
0.92 fFa (0–30)4 Si, Au, PEU, PDMS Capsu
4.4 fFa (2.25–30)3 Ti, Au, parylene, HEMA Paral

Resonant 455 ppma (N/A)2 Ti/Au, Si, SiO2, parylene Spira
cham

542 ppma (N/A)4 Ti/Au, parylene Impla
156 kHza (N/A)4 SU-8, parylene Uniq
4281 ppma (0–60)4 Au, SU-8 Mult
1340 ppma (0–50)2 PI, Cu, ferrite Coil a
N/A (0–70)4 Ferrite, PI, Cu, Si Two
57 kHza/2667 kHza (0–
70)3/4

Ti, Cu, parylene S-sha

15 kHza (0–50)1 Si, SiO2, Au, Cu, PI, stainless
steel

Two-

3770 ppma (0–60)4 Au, SU-8 Spira
2.64 MHza (5–50)1 AgNW, graphene, Ecoflex Spira
35.1 kHza (0–12.5)3 Ti, Au, PDMS, parylene Doug

induc
Optical N/A (0–50)4 Al, Ag, PDMS 2-D n

1.2b (10–40)4 TiO2, PDMS Photo
surfa

0.6b/0.3b (5–45,0–60)1/3 SiN, SU-8 Cavit
1.3b/0.29b (0–40)3/4 Au, SiN, Si Nano
40 mma(N/A)1 HEMA, PDMS Doub
N/A (1–30)2 HEMA Conta

Microfluidic 130 mma (0–46)4 PDMS Circu
0.23 nma (10–60)3 PC, PDMS, parylene Micro
40.8 mma (N/A)3 PDMS Doub
15.5 mma (10–40)3 Silicone/hydrogel, NOA-65 Micro

chan
0.2832 mma (8–32)3 PET, PDMS Annu

layer

Note: sensitivity per mmHg a or accuracy b; Test conditions: in vitro1, in vivo2, ex vivo3,
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tor, an analog signal generator, digital control circuits, and several
capacitance arrays. An offset capacitor is applied for coarsely tun-
ing the capacitor range, whereas a reference capacitor is used for
sensitivity tuning the conversion gain. The device with a high sen-
sitivity of 4.4 fF/mmHg, the low power consumption of 110 mW,
and a large range of 2.25–30 mmHg (1.5–120 pF) compares favor-
ably over the others in terms of power consumption and range
(e.g., 1.4 mW with 5.3–5.75 pF [86] and 1.2 mW with 5–50 KX
[87]). Besides design structures, sensitivity can also be modulated
by the use of composite materials. A strain sensor fabricated with
reduced graphene oxide @ polydopamine and silver nanoparticles
@ carboxylated carbon nanotubes can achieve tunable sensitivity
in a wide strain range up to 300% [88]. As a follow-up work of
Fig. 3g, a non-invasive IOP pressure device is developed by replac-
ing the commercial capacitor with a microfabricated one (while
keeping the variable inductor and constant capacitor), which
results in a soft, doughnut-shaped PDMS contact lens with a sensi-
tivity of 35.1 kHz/mmHg ex vivo (Fig. 6i) [35].

Different from the integration of the pressure sensor in contact
lens, a double-layer contact lens sensor can directly measure IOP
by relating the moiré fringes pattern on the contact lens to the
radius variation of the cornea (Fig. 7a) [36]. In the double-layer
design, the inner hydrophilic HEMA layer can fit and bend with
the circumference of the cornea, whereas the outer hydrophobic
PDMS layer prevents sticking to the inner layer. Because of the
preserved gap between the two layers, the deformed inner layer
n structures Ref

tstone bridge circuit [43]
tstone bridge circuit [44]
tstone bridge circuit [45]
tstone bridge circuit [46]
s assembled on contact lens [47]
s bonded on contact lens [32]
rode sandwiched between layers [14]
w mesa structure [15]
lar tension ring-like structure [26]
lel-plate capacitor [34]
l inductor coil and parallel-plate capacitor embedded in diaphragm
ber

[16]

ntation tube attached to the backside of concentric sensing part [17]
ue pressure reservoir [18]
ipath circular spiral inductor [19]
nd capacitor on a membrane [20]
flexible membranes in inductor pattern [21]
ped inductor without sealed chamber [22]

layer spiral coil, a capacitor, and an implantation needle [23]

l inductive coil and a capacitor [25]
l coil [33]
hnut-shaped contact lens with embedded capacitor and serpentine
tor

[35]

anophotonic grating structure [24]
nic crystal slab with an index layer on a periodically nanostructured
ce

[28]

y formed with a square diaphragm, rigid substrate, and a spacer [27]
dot-embedded membrane on a reflective surface [29]
le-layer structure contact lens [36]
ct lens with a moiré pattern of concentric circles [37]
lar sensing chamber connected to sensing channels [30]
fluidic channel system with hydraulic amplification [31]
le spiral-shaped microchannel [41]
fluidic dilatometer with liquid reservoir, air reservoir, and sensing
nel

[40]

lar sensing chamber: a micropatterned sensing layer and a hard reference [42]

and equipment4.
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can generate moiré fringes with the outer reference layer. A varia-
tion of 40 mm in the radius of artificial cornea corresponds to
1 mmHg pressure increment in vitro; thus, the number of the fringe
varies to 6/7/7+/8 corresponding to 0/180/300/480 mm radius.
However, the demonstrated sensitivity is not sufficient for practi-
cal use yet because the radius of the human cornea often varies
10–20 mm. Moreover, the design of two layers with increased
thickness in the contact lens makes it uncomfortable for patients.
A possible solution to bypass the double-layer structure is demon-
strated in another moiré pattern-based IOP sensor with the use of a
computer-generated virtual image (Fig. 7b) [37]. The concentric
circle patterns are printed on a HEMA-based contact lens, whereas
the other moiré pattern on a virtual second layer is generated by
CAD software. Superimposed on the contact lens with virtual refer-
ence images, the device measures IOP in the range of 1–30 mmHg
from the changes in a moiré pattern in vivo (Table 2).

2.3. Biomarker monitoring devices

Because of the large IOP fluctuation and its insufficient use for
many early POAG patients, it is of high interest to explore POAG
biomarkers for disease screening and therapy response monitoring.
In addition to the ones in serum, aqueous humor (AH), vitreous
body, or cerebrospinal fluid [89], tear also hosts glaucoma-
related proteins directly from AH such as endothelin-1 [90], kallik-
rein and angiotensin [91], and Fas-mediated apoptosis [92]. The
biomarkers to the inflammatory process induced by the drug can
also be monitored, including proinflammatory cytokines [93], met-
alloproteinases (MMP) [94], and some autoantibody [95].

One of the most important biomarkers is cytokine (IL-12p70)
because of its significant role related to RGC death and the patho-
genesis of glaucoma [96]. A comparison of tear film between
patients with early POAG and healthy individuals indicates its
effectiveness as a new screening medium for glaucoma diagnosis.
The mean concentration of IL-12p70 in tears of POAG patients is
significantly lower than that from healthy counterparts (healthy:
3.94 � 2.19 pg/ml vs. glaucoma: 2.31 � 1.156 pg/ml) [97]. Induced
by inflammatory cytokines, matrix- metalloproteinase-9 (MMP-9)
is another AH biomarkers for the degenerative central nervous sys-
tem (CNS) and eye disorders. Compared to the existing methods for
tear sampling and biomarker analysis, wearable electronic devices
Fig. 8. Biomarker monitoring device. (a) A transparent anodic aluminum oxide (AAO
glaucoma-related biomarker IL-12p70. Once the biomarker binds to its antibody, the bio
with permission from [38]. (b) An enzyme-activatable hydrogel-based fluorogenic IOL se
the fluorogenic peptide probe. The detection of MMP-9 is obtained from the fluorescenc

11
can easily integrate biosensors into a contact lens to achieve the
continuous detection of biomarkers (liquid biopsy).

A transparent anodic aluminum oxide (AAO) nanopore pat-
terned thin film with a biomarker-specific antigen on the surface
can be arranged in and around the central region of a PDMS-
based contact lens to detect IL-12p70 (Fig. 8a) [38]. Upon biomar-
ker binding, a change of the optical path difference occurs, so that a
spectrometer can sense the shifts of optical signal reflected from
the AAO film. The test in artificial tears shows a proportional shift
from 1.2 to 9 nm as the concentration of biomarker increases from
0 to 10 pg/ml, indicating a sensitivity of 0.78 nm/(pg/ml). More-
over, this device with AAO nanopore structures can also measure
IOP and deliver drugs. For instance, the film curvature changes
from IOP variations can be measured from optical signal shifts,
which shows a sensitivity of 0.02 nm/mmHg in 10–50 mmHg
ex vivo comparable to the other IOP sensors [33]. The device also
has high mechanical flexibility with no cracks in the AAO thin film
after the 1000-cycle bending and stretching test.

Hydrogels have been widely used for biosensing [98,99],
because of their high biocompatibility, antifouling, easy modifica-
tion with label-free sensing probes (e.g., enzyme-degradable pep-
tides), and anti-adsorption against non-specific proteins [100].
Because of better stability in diacrylamide-group-modified poly
(ethyleneglycol) (PEG) diacrylamide (PEGDAAm) than PEG diacry-
late, a fluorogenic IOL sensor (FIOL) with PEGDAAm hydrogel is
designed to detect glaucoma biomarker MMP-9 (Fig. 8b) [39]. By
adjusting hydrogel mesh size, a specific biomarker can selectively
penetrate without diffusion of other cells or proteins. The hydrogel
sensor demonstrates a dramatically enhanced fluorescence signal
in the presence of MMP-9, with a LOD of 4.02 nM. Based on
label-free detection, implanted semi-permanently in the eye, the
FIOL can record the cumulative fluorescence signal induced by
biomarkers for glaucoma progression. Compared to implantation
with relatively rigid IOL, the flexible FIOL requires a smaller inci-
sion (�2.8 mm). Because of the slow diffusion of the injected
MMP-9 inside the hydrogel to cleave peptide-probe, the dramatic
increase of fluorescence signal is observed at day 43 post-
injection in vivo. Considering the high turnover rate of AH and good
FIOL/biomarker contact, it is beneficial to record the fluorescence
signal in real-time. It should be noted that replacing the peptide
sequence in the fluorogenic peptide probe with the target’s specific
) sensor with biomarker specific antigen on a PDMS-based contact lens can detect
marker is detected by sensing optical signal shifts from the AAO film. Reproduced
nsor can detect enzymatic biomarkers with the specific target peptide sequence at
e intensity. Reproduced with permission from [39].
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one also allows its use for the detection of other enzymatic
biomarkers.
3. Drug delivery devices for therapy

Several modes of ocular drug administration have been applied
for glaucoma treatment, including systemic, topical, intravitreal,
and periocular routes, where the topical installation is the rela-
tively comfortable non-invasive method. Although topical ocular
hypotensive medication is effective in delaying or preventing the
POAG without a sign of glaucomatous damage [101], it is still dif-
ficult to maintain the required drug concentration at the targeted
ocular tissue due to anatomical and physiological constraints of
the eye [102]. Only less than 5% of topically applied formulation
reaches the required site of action. The poor ocular bioavailability
of topical formulation results from pre-corneal loss factors such as
non-productive absorption, relative impermeability of the corneal
epithelial membrane, transient residence time in the cul-de-sac,
and tear dynamics [103]. As a result, extensive efforts focus on
the analysis and design of new formulations to increase the resi-
dence time for enhanced permeation of ophthalmic drugs in the
drug delivery system [104]. For example, nanosized formulations
are developed to improve their ability to cross the anterior seg-
ment [105]. Permeation enhancers have also been added to various
formulations such as solutions, emulsions, suspensions, and oint-
ments. Furthermore, hydrogen has been identified as a promising
therapeutic medical gas against glaucoma [106]. The evaluated
IOP induces retinal ischemia–reperfusion (I/R) injury, which is clo-
sely related to the formation of reactive oxygen species (ROS), con-
tributing to the pathogenesis of glaucomatous neurodegeneration
[107]. By suppressing I/R induced oxidative stress, a continuous
administration of hydrogen-loaded eyedrops can decrease retinal
neuron apoptosis [108]. In addition to the improved drug ingredi-
ents, new encapsulation materials can also enhance the drug effi-
cacy. For instance, timolol encapsulated by polyester
microspheres allows delivery for more than 90 days in vitro
[109]. Timolol maleate and brimonidine encapsulated by hybrid
polyamidoamine dendrimer/ poly (lactic co-glycolic acid) nanopar-
ticle can enable codelivery of the two drugs for a period of 28–
35 days in vitro, which also effectively lowers IOP by 18% for 4 days
in vivo [110]. The mesoporous silica nanoparticle can also encapsu-
late nitric oxide donors for glaucoma treatment, which reduces IOP
up to 22% for 48 h in vivo [111]. Nevertheless, it is of high interest
to develop drugs with enhanced ability to cross ocular barriers and
with prolonged residence time for optimal drug concentration. The
novel drug delivery systems are also important, including punctum
plugs, subconjunctival/episcleral implants, cul-de-sac implants,
and drug-eluting contact lenses.

The target for improved ophthalmic drug delivery includes
longer ocular contact time, higher corneal permeability, or higher
site-specificity [114]. Therefore, extensive efforts have been
devoted to the development of colloidal suspension or viscous
gel, application of inserts, and addition of polymers such as ethy-
lene–vinyl acetate copolymer for prolonged drug retention in pre-
corneal and increased bioavailability. Several approaches have also
been applied to control the drug release system, including erodible
(e.g., lacrisert, soluble ocular delivery implant and minidisc,
nanoparticles and liposomes) and non-erodible methods (e.g., con-
tact lenses, ocuserts, and diffusional inserts). For instance, an ocu-
lar insert made from hydrophilic and inert/zwitterionic polymers
demonstrates the sustained and prolonged release of drugs with-
out ocular irritation, as well as the enhanced ability to lower IOP
compared to eyedrops [115].

Contact lenses with comfortability for extended wear are
promising to deliver ocular drugs for multiple reasons. Firstly, con-
12
tact lenses designed with a curved shape and thin surface to cover
the cornea increase drug flux crossing the cornea with decreased
drug inflow into to lacrimal duct for high bioavailability [116]. Sec-
ondly, because of the limited mixing between the fluid in the post-
contact lens tear film and fluid outside this layer [117], the pres-
ence of a contact lens makes the drug molecules to contact with
ocular tissue for extended release time. Therefore, ophthalmic drug
delivery equipped with a contact lens requires less use of dose than
topical ocular drops for efficient glaucoma treatment. There are
mainly three types of contact lenses applied to drug delivery
devices, namely soaking contact lens, particle-laden contact lens,
and molecularly imprinted contact lens.

The efficiency of drug delivery from the soaking contact lens is
higher than that by eyedrops [118]. Soaked to saturation in pilo-
carpine 1 percent, a hydrophilic contact lens made by vinyl
pyrrolidone/acrylic copolymer with high water-content is applied
for glaucoma treatment [119]. The soaking contact lens in 1 per-
cent drug is as effective as eye drops with a 4 percent intensive
medication in vivo. The drug penetration rate determined by the
pore-size between the lattice structure and cross-linkages of the
lens further allows modulation. The bioavailability of dexametha-
sone (DX) from a contact lens based on poly-2-hydroxyethyl
methacrylate (PHEMA) is higher than eye drops [120]. Although
more efficient than the direct use of topical eye drops, the soak-
ing contact lens has inadequate drug loading and a short period
of drug release. The challenge can be addressed by using
particle-laden contact lenses or molecularly imprinted contact
lenses.

The particle-laden contact lens entraps the drug in vesicles (e.g.,
nanoparticles, liposomes, and microemulsion) and then disperses
from the contact lens. By dispersing lidocaine-loaded microemul-
sion drops or liposome in the particle-laden PHEMA contact lens,
the release time is prolonged over 8 days for extended ocular drug
delivery [121]. Similarly, a silicone hydrogel contact lens loaded
with 5% timolol nanoparticles can extend the release time of timo-
lol (Fig. 9a) [112]. Due to the trapped drugs in pores, a large portion
of timolol will not release at a lower temperature (e.g., only 243 mg
out of 316 mg released at 25C�). With refrigerated packaging, the
gel can release the drug at therapeutic doses without an initial
burst, which is also better to be stored in refrigerated conditions
before wear. The drug delivery device releases timolol 5 mg/day
for 20 days in vivo. A flexible nanopore thin-film device can simul-
taneously measure IOP and deliver the drug. The controlled drug
release is achieved by storing drugs [PAA/GS/PAA/CHI] in a layer
of a periodically distributed honeycomb-shape AAO nanopore
designed with different diameters and depths for prolonged
release time (Fig. 9b) [48]. With nanopores of 50 nm and 10 layers
of [PAA/GS/PAA/CHI] coated on the nanopore thin film, the device
shows drug release up to 15 days tested by flowing DI water
through the device. Drug release time can be further extended by
optimizing the nanopore size, porosity, and layers of [PAA/GS/
PAA/CHI]. Similarly, the previously discussed example highlights
a power-free device with an AAO nanopore thin film to real-time
IOP measurement, biomarker detection, and in situ drug delivery
(Fig. 9c) [38]. Facilitated by the hydrophilic surface of AAO thin
film, the anti-glaucoma drug timolol mixed with a fluorescein
dye solution can be easily loaded into the AAO nanopores. The
in situ extended drug delivery of timolol has been shown to last
up to 30 days.

The imprinted contact lens has two main advantages: con-
trolled drug loading and delayed releasing [122]. The soft contact
lens fabricated with molecular imprinting technology shows a lar-
ger timolol loading capacity than that of non-imprinted counter-
parts (34.7 mg versus 21.2 mg) and a higher concentration in tear
fluid (2.0 and 3.0 fold higher than the non-imprinted and eyedrops)
[123]. The molecularly imprinted hydrogel contact lenses also



Fig. 9. Drug delivery devices for glaucoma. (a) A particle loaded silicone hydrogel used in the drug delivery device to extend the timolol release time. With refrigerated
packaging, the gel can release the drug at a therapeutic dose without an initial burst. Reproduced with permission from [112]. (b) After storing drugs in the periodically
distributed honeycomb-shape AAO nanopore, the nanopore thin-film device can extend the drug release time, with different diameters and depths to control drug release.
Reproduced with permission from [48]. (c) The power-free device with the patterned AAO nanopore thin film contact lens for drug delivery with the hydrophilic surface of
AAO film to facilitate the drug loading. Reproduced with permission from [38]. (d) The molecular imprinted contact lens shows an improved drug loading capacity, lower
initial burst release, and prolonged retention time, compared to the soaking contact lens and eye drop solution. Reproduced with permission from [113]. (e) The micro depot
follows the deformation of the stretchable elastomeric substrate upon stretching to facilitate the drug release from the micro depot. Reproduced with permission from [49].
(f) Microtubes (m-tubes) as drug containers on the contact lens, with the change of their density and size to adjust the rate and time of drug release. Upon stretching, drug
release becomes faster to indicate self-adaptive use. Reproduced with permission from [50]. (g) A body temperature-triggered drug delivery device based on a drug-eluting
nanoporous contact lens with a polymerizable surfactant. Reproduced with permission from [37].
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show zero-order (i.e., concentration independent) therapeutic
release [124]. In addition to longer release time, the imprinted con-
tact lens exhibits improved tear fluid bioavailability (e.g., 3 times
greater than that from non-imprinted lenses) [125]. By imitating
the natural receptors, bioinspired hydrogels in drug-eluting con-
tact lenses generate binding sites to drug molecules for ocular drug
delivery. With specific binding affinity, the molecularly imprinted
contact lens with enhanced drug loading capacity can extend
drug-release kinetics [126]. Compared to the soaking contact lens
with a release rate of 58.3 ng/h for 24–36 h, bimatoprost imprinted
silicone (HEMA) contact lens shows improved drug loading capac-
ity and improved release kinetics (66.7 ng/h up to 36–60 h in vitro)
for glaucoma treatment (Fig. 9d) [113]. The imprinted contact lens
also shows a lower initial burst release of 56.26 mg/ml bimatoprost
in tear fluid after 5 min wearing, as opposed to 145.26 mg/ml and
62.35 mg/ml from eye drop solution and the soaking contact lens,
respectively. In contrast to a rapid fall in the drug concentration
from eye drop solution, the other two have a prolonged retention
time, and in particular, the imprinted one shows a relatively high
drug concentration up to 12 h. The use of thicker drug-polymer
films can enable a further sustained drug release time. For instance,
a latanoprost-eluting contact lens [127] composed of poly (lactic-
co-glycolic) acid (PLGA) with controlled drug release kinetics (ap-
proved for ocular and systemic drug delivery devices [128]) high-
lights a drug release for 4 weeks in vivo.

The glaucoma drug delivery in the contact lens triggered by the
increased IOP can provide a more efficient, self-adaptive therapy in
real-time; thus, the stimuli-triggered drug delivery system is of
13
high interest [129]. Because of the potential for self-
administration drug release, microgel depots containing drug-
loaded nanoparticles in a stretchable silicone elastomer can pro-
mote drug release through microneedles arrays upon tensile strain
[49] (Fig. 9e). The strain-triggered device shows a 2 folds higher
release amount than that from the unstretched devices in vitro.
Integrated with PDMS l-tubes as drug containers, a contact lens
drug delivery device can release the drug under diffusion, with
both the release rate and time controlled by the density and size
of the l-tubes (Fig. 9f) [50]. The demonstration of the device high-
lights a prolonged drug release of up to 40 days with a higher
bioavailability and lower risk of adverse effects. Based on the nano-
porous contact lens using the timolol-loaded thermosensitive poly
(N-isopropylacrylamide) (PNIPAM), the drug-eluting contact lens
allows drug delivery triggered by the body temperature (Fig. 9g)
[37]. After using the device for 3 h followed by drug release for
up to 7 days, a high timolol concentration of 10.6 mg/ml appears
in aqueous humor to result in a 33% decrease in IOP in vivo (timolol
loaded in contact lens reduced from 507.23 to 2.65 mg).
4. Conclusion and future perspectives

This work summarizes the recent advancement of wearable
electronic devices for glaucoma monitoring and therapy. Stretch-
able materials and structures, combined with electronics innova-
tions, have resulted in improved device performance, including
enhanced pressure sensitivity, extended sensing distance and mea-
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surement range, lower power consumption, miniaturized device
size, and higher biocompatibility. Besides fabrication materials
and design structures, the implantation sites of the IOP devices also
affect their sensing performance. The drug delivery systems also
exhibit sustained drug release time, enhanced efficiency, and
self-adaptive release, as well as controlled release rate and time.
As one of the most important indicators, IOP can be measured with
devices implanted to a specific site in the eye through minimally
invasive implantation. The advantages and limitations of various
commonly explored implanted locations have been discussed and
compared, providing guidelines for the design and fabrication of
IOP devices. After embedding pressure sensors into the contact
lens or exploring the entire contact lens as the pressure sensor,
the non-invasive measurement of IOP can be achieved. Although
implantable IOP devices may provide more accurate measure-
ments, the non-invasive IOP devices are more convenient to use.
As for glaucoma therapy, different types of therapeutic contact
lenses have also been explored to improve the efficiency of drug
delivery systems. Triggered by IOP itself, self-adaptive drug deliv-
ery can be possible for more efficient therapy. Despite significant
strides that have been made in glaucoma monitoring and therapy,
challenges still exist to represent a small fraction of opportunities
for future developments of devices to accurately detect onset and
progression of glaucoma, which are briefly outlined as follows.

The IOP may not be homogeneous throughout the eye. The fun-
damental mechanisms of the IOP elevation and the consequent
optic neuropathy are yet to be comprehensively investigated.
Because eyeball temperature and swelling can also cause corneal
curvature changes, the IOP pressure sensors are not sufficient,
especially in the diagnosis of early POAG. Therefore, devices to
detect biomarkers that complement IOP monitoring start to gain
popularity. Although various biomarkers have been examined,
opportunities still exist. For instance, diabetes mellitus (DM) is
regarded as a risk factor related to POAG patients [130] and the
relationship between DM and POAG is observed [131]. Therefore,
the wide range of tear-based biosensors [132] to monitor glucose
may also be leveraged to detect glaucoma-related biomarkers. Fur-
thermore, a recent study indicates that the deformation of lamina
cribrosa under elevated IOP uncovers the glaucomatous pathogen-
esis [133]. Nevertheless, the rapid progress of wearable electronic
devices [134–136] provides a promising platform for continuous
glaucoma monitoring and therapy, where the joint efforts from
engineers and physicians are desirable in this interdisciplinary,
burgeoning field.
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