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Contact Lens Sensors in Ocular Diagnostics

Nicholas M. Farandos, Ali K. Yetisen,* Michael J. Monteiro, Christopher R. Lowe,

and Seok Hyun Yun

Contact lenses as a minimally invasive platform for diagnostics and drug
delivery have emerged in recent years. Contact lens sensors have been
developed for analyzing the glucose composition of tears as a surrogate for
blood glucose monitoring and for the diagnosis of glaucoma by measuring
intraocular pressure. However, the eye offers a wider diagnostic potential as a
sensing site and therefore contact lens sensors have the potential to improve
the diagnosis and treatment of many diseases and conditions. With advances
in polymer synthesis, electronics and micro/nanofabrication, contact lens
sensors can be produced to quantify the concentrations of many biomol-
ecules in ocular fluids. Non- or minimally invasive contact lens sensors can
be used directly in a clinical or point-of-care setting to monitor a disease state
continuously. This article reviews the state-of-the-art in contact lens sensor
fabrication, their detection, wireless powering, and readout mechanisms,

and integration with mobile devices and smartphones. High-volume manu-
facturing considerations of contact lenses are also covered and a case study
of an intraocular pressure contact lens sensor is provided as an example of

a successful product. This Review further analyzes the contact lens market

has increased their appeal and acces-
sibility to consumers.?? Today, contact
lenses are worn for vision correction, ther-
apeutic and cosmetic purposes.l For the
detection and treatment of many diseases,
it is advantageous for a diagnostic device
to monitor diagnostic parameters continu-
ously.’! For example, the potential to con-
tinuously monitor intraocular pressure for
glaucoma using a non-invasive technique
would have direct benefit at point-of-care
(POC). However, many of the current
POC diagnostic devices that rely on inva-
sive methods to monitor a disease state
have limitations.*®! This has resulted, as
in the case of diabetes, in a 67% reduction
in patient compliance in routinely moni-
toring capillary blood glucose concentra-
tions.?) Therefore, a practical POC device
that can both continuously monitor the
health of a patient in a minimally invasive
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and the FDA regulatory requirements for commercialization of contact lens

sensors.

1. Introduction

The number of contact lens users worldwide has been
increasing and now stands at over 71 million,!!l half of which
are in the US.?I Over the last decade, there have been significant
developments in the materials used in contact lenses, which
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way is of particular relevance.

Recent advances in electronics, micro-
fabrication techniques, materials and
sensing technologies have led to the devel-
opment of contact lenses with diagnostic capabilities. Such
“contact lens sensors” could meet stringent clinical require-
ments and result in improved patient prognosis. Research into
these devices began over a decade ago, and prototype devices
have been developed to detect and monitor diseases in real
time. So far, these devices have mainly focused on monitoring
glucose levels for diabetes management, and intraocular pres-
sure (IOP) for glaucoma diagnosis, but their diagnostic poten-
tial is substantially greater. The prospect of a contact lens
sensor that is powered externally and permits wireless readout
using a auxiliary device has generated significant interest from
Google, Novartis, and Microsoft (Figure 1).[10-12]

The purpose of this article is to i) overview ocular diagnosis,
ii) provide a brief guide for contact lens design, iii) evaluate con-
tact lenses as a platform technology, covering both technologies
that monitor tear composition and intraocular pressure, iv) out-
line the major limitations of this technology, and v) highlight
potential future directions. The scope of this Review encom-
passes clinically relevant biomarkers, sensing mechanisms,
and the fabrication, powering, and readout of these sensors.
We further evaluate their performance in ex vivo and in vivo
clinical trials. The Review concludes with potential strategies to
overcome limitations and highlights research gaps in the field.
Contact lens-facilitated drug delivery applications are not cov-
ered by this Review.
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1.1. The Eye as a Sensing Site
1.1.1. Physical Characteristics of the Eye

Current diagnostic tests which utilize the physical characteris-
tics of the eye typically analyze five principal parameters: i) The
shape and color of the optic nerve (ophthalmoscopy), ii) the
angle of the eye, where the iris meets the cornea (gonioscopy),
iii) intraocular pressure (tonometry), iv) the thickness of the
cornea (pachymetry), and v) the thickness of the retinal nerve
fiber layer." In addition to these parameters, a high blink-rate
can be related to ocular dopamine activity, which may indicate
the onset of healthy ageing to dementia.l"”! Neurodegenerative
disease may also be diagnosed by monitoring the eye’s muscle
activities, such as in rapid eye movement sleep behavior dis-
order.'® To date, only IOP has been used as a diagnostic
parameter by a contact lens sensor, which has been achieved
indirectly by measuring the curvature (radius) of the cornea.l'”]
The IOP of healthy human eyes lies between 10-21 mmHg[181%]
(» =16 £ 2.5);2% in disease, this range can be 5-40 mmHg.!]
At present, IOP is the primary indicator in the diagnosis and
management of glaucoma.??2 Current clinical methods
to measure the IOP of the eye involve numbing the eye and
applying pressure using a device or a short puff of warm air.*l
This method is limited since it is a single, one-off measure-
ment and is therefore unlikely to establish peak IOP, which is
required for an effective treatment. This was verified by a 24 h
continuous IOP monitoring study of glaucoma patients, which
showed that the peak IOP was on average 4.9 mmHg higher
than that established by a single measurement (p < 0.0001), and
in 13.8% of patients in the study was 12 mmHg higher than the
single measurement value. This information led to a change in
the clinical management of 79% of participants, and 56.5% of
the total patients in the study were subsequently offered trab-
eculectomy.?* Consequently, continuous monitoring of 10P
using contact lens sensors is an attractive alternative to current
clinical methods.

1.1.2. Tear Fluid Composition

The tear film comprises three layers and serves to clean and lubri-
cate the eye (basal tears) (Table 1). Tear fluid production can also
occur as a result of laughing or crying (psychic tears) or through
eye irritation (reflex tears). The blood and tear fluid is separated
Dby the “blood-tear barrier,” which consists of the acinar and ductal
cells within the lacrimal gland, the conjunctival epithelium, and
the corneal epithelium. This barrier creates a compositional dif-
ference between tear fluid and blood.>*! However, there is a close
relationship for certain metabolites between both fluids due to
plasma leakage, where the components in the blood supply to the
brain pass through the blood-tear barrier into the tear fluid.?6-2%]
Table 2 shows the difference in composition of the major meta-
bolites between tear fluid and blood. Therefore, where a correla-
tion between the two fluids exists, it is possible to use tear fluid
as a proxy for the analysis of blood composition.?”! For example,
by using the relationship between blood and tear glucose, Na*, K*,
and Cl” ion concentrations, contact lens sensors can act as con-
tinuous and minimally invasive diagnostic devices.?%30)
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The protein composition of human tear fluid has been used
to diagnose a variety of diseases and conditions (Table 3).°>>3!
The major proteins in tears include enzymes (lysozyme), neu-
ropeptides, antibodies and lactoferrin. Based on electrophoretic
techniques, high-performance liquid chromatography (HPLC)

and mass spectrometry® 97 unique proteins have been
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Soft contact lens

Tear glucose sensor

Chip and antenna

Figure 1. The contact lens sensor under co-development by Google and Novartis. It measures glucose concentration in tears using a miniaturized
electrochemical sensor embedded into a hydrogel matrix. a) A schematic of the contact lens sensor, showing the electrical circuitry of the sensing
system. b) The contact lens sensor prototype. c) The wireless chip, which is mounted, with the sensor, onto an electronic ring, and then embedded
into the contact lens. Reproduced with permission.['*] Copyright 2014, Google X.

identified in tear fluid.’®! However, the number of proteins
reported varies significantly with sampling method, ranging
from 54 to 1543.131

Although the presence of antibodies in tear fluid can
indicate particular disease conditions, quantitative measure-
ments can provide information about the severity of the dis-
ease.l® Unlike many of the other analytes in tears, antibodies
are directly secreted into the tears as opposed to leaching in
from blood vessels through the blood-tear barrier, and so
they are potentially more reliable biomarkers.”* In addition
to basal tears, other human lachrymal liquids include reflex
tears and psychic tears. Reflex tears, secreted through tran-
sient receptor channels in the ophthalmic nerve, serve as a
defense mechanism to remove irritants that may have con-
tacted the eye. This type of tear is secreted when i) the eye
is irritated by foreign stimuli such as particles or vapor, ii) is
exposed to an intense light source, iii) hot or peppery stimuli
contacts the tongue, and iv) the person vomited, coughed, or
yawned.Bl Psychic effects such as pleasure, anger, or phys-
ical pain can also induce lacrimation. In comparison to basal

Table 1. The composition and function of the tear film.

or reflex tears, psychic tears contain higher concentrations of
hormones such as prolactin, adrenocorticotropic hormone,
and leucine encephalin.[®¥ Hence, the contact lens sensors
should not cause irritation, which can induce the secretion
of reflex and psychic tears. Hence, tear fluid composition is
subject to change based on the method of sample collection.
Erroneous sample collection methods have caused signifi-
cant disagreement in the literature. For example, the con-
centration range of glucose in tear fluid has been reported
as 0.1-3.6 mm,P 0.6 mm,*) 128-166 1m,®! and recently
0.013 mm.B4 The glucose concentration of tear fluid sam-
ples collected through filter paper can be higher than cap-
illary since filter paper mechanically stimulates the corneal
and conjunctival epithelium.B*#] The tear fluid should be
collected with minimum tear stimulation and eye irrita-
tion. In addition, erroneous concentration ranges might also
be a result of sampling methods that required high sample
volume. Hence, caution should be taken in the consideration
of concentration ranges, which might be affected by the sam-
pling method.

Tear layer Composition and source Function Thickness Ref.
[im]
Outer lipid Both a polar and non-polar lipid layer with intercalated proteins. It is It maintains tear film stability and also prevents the aqueous =0.1 [28,31,32]
secreted by the meibomian glands. layer from evaporating. It may provide a barrier against
pathogens.
Aqueous Many electrolytes, proteins and small molecule metabolites and is ~ Protects the eye from infection via specific and non-specific =270 [31,33]
secreted by the main and accessory lacrimal glands. defense mechanisms.
Inner mucin  >20 glycoproteins containing O-linked carbohydrates and a protein  The hydrophillic interfacial layer between the ocular surface =30 [31]

core. Its major source is goblet cells in the conjunctiva, but cor-
neal conjunctival epithelial cells and lacrimal glands may also be
contributors

and the aqueous layer
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Table 2. Principal analytes in the basal tear film with their typical concentrations, and their corresponding concentrations in blood.
Analyte Tear fluid concentration Blood concentration Diagnostic application Ref.
[mwm] [mwm]
Glucose 0.013-0.051 3.3-6.5 Diabetes management [34]
Lactate 2.0-5.0 0.36-0.75 Ischemia, sepsis, liver disease and cancer [35]
Na* 120-165 130-145 Hyper/hyponatremia [36]
K* 20-42 3.5-5.0 Hyper/hypokalemia and an indicator of ocular disease [26]
Ca?* 0.4-1.1 2.0-2.6 Hyper/hypocalcemia 37]
Mg?* 0.5-0.9 0.7-1.1 Hyper/hypomagnesemia [38]
cl 118-135 95-125 Hyper/hypochloremia [39]
HCO;~ 20-26 24-30 Respiratory quotient indicator [40]
Urea 3.0-6.0 3.3-6.5 Renal function [41]
Pyruvate 0.05-0.35 0.1-0.2 Genetic disorders of mitochondrial energy metabolism [42]
Ascorbate 0.22-1.31 0.04-0.06 Diabetes [43,44]
Total Protein =7 g/L =70 g/L Dry eye conditions, ocular insult and inflammation [45,46]
Dopamine 0.37 475x107° Glaucoma [47,48]

Analyte concentrations are taken from the literature.*>=>"l The diagnostic applications were taken from the sources indicated in the “Ref.” column.

1.1.3. Physiological Issues

The relationship between the concentration of several analytes
in tear fluid and blood has been difficult to establish. Compli-
cations include flow-dependent concentration effects and low

sample volumes, which in conjunction with low concentra-
tions (um) requires high sensitivity for analysis.B® Wearing

Table 3. Diseases and conditions that can be diagnosed by analyzing the composition of tear fluid.

contact lenses has also been shown to alter the protein profile
of tear fluid in a complex, but consistent way.®”# In addition,
the contact lens solution used for sterilization may modify the

Disease/Condition

Changes in Composition

Ref.

Meibimian gland disease

AIDS

Ocular chlamydia trachomatis
Autoimmune thyroid eye disease
Pterygium

Keratoconus

Ocular rosacea

Blepharitis

Allergic conjunctivitis
Diabetes
Dry eye (xerophthalmia)

Sjérgen’s syndrome

Glaucoma

Conjunctivochalasis

Diabetic retinopathy
Lacrimal gland dysfunctions
Cancer

Herpes Simplex Virus

Proteomic analysis
IgA
IgA, antichlamydial 1gG
Proteomic analysis
a-defensins, and S100 A8 and A9
Total protein, lactoferrin, and secretory IgA
Matrix metalloproteinase-8 (MMP-8), oligosaccharides

Proteomic and lipidomic analysis, serum albumin precursor, a1 antitrypsin, lacritin precursor, lysozyme, Ig-k chain
VI, prolactin inducible protein (PIP/GCDFP-15), cystatin-SA Ill, pyruvate kinase, and phosphoethanolamine & sphin-
gomyelin for chronic blepharitis

Total protein, serum albumin precursor, Ig gamma-2, leukocyte elastase inhibitor, sSPLA2-11a
Proteomic analysis (glycosylation of the tear proteins, e.g., albumin), glucose
Proteomic analysis, peptide/protein markers (proline-rich protein 4, Mammaglobin B, lipophilin A, calgranulin STO0A8)

Proteomic analysis, lysozyme, epidermal growth factor, AQP5, IL-Tazand B3, IL-6, IL-8, TGF- 81, IL-TRa and TNF-a, RNA
transcripts for MUC5AC, protein levels of MUC5AC, MUC5AC-positive conjunctival cells, glycosylation of mucins,
(GalNAc transferase, GalNAc-T2 and -T6 isoenzymes), O-glycan residues, MMP-9

Autoantibody reactivities (HSP10, HSP27, MBP and Protein S100)

S100 family (A8, A9, A4), guanosine triphosphate-binding protein 2, L-lactate dehydrogenase A-like 6B, fatty acid-
binding protein, keratin type | cytoskeletal 10, glutathione S-transferase P, peroxiredoxin-1, peroxiredoxin-5, and cullin-
4B+ glyceraldehyde 3-phosphate dehydrogenase, Pro-MMP-9

Proteomic analysis
Proteomic and lipidomic analysis
Lacryglobin, actin, albumin

HSV-specific sIgA, HSV-specific IgG antibodies

[56]
[57]
33,58]
[59]
[60]
[61]
[62,63]
[63,64]

(65]
[66,67]
(68]
[45,69-71]

[72]
[73,74]

66,67,75]
[76]
63,77,78]
33,79]
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tear protein composition during wear. A further complication
in establishing the relationship between analytes in tear fluid
for healthy and unhealthy people is that the protein composi-
tion of tear fluid may be influenced by certain medications the
patient may be taking. For example, a patient taking glaucoma
medication can have an altered protein concentration profile in
tear fluid.®’] Despite the complications between the concentra-
tion of analytes in blood and tear fluid, the analysis of tear fluid
has been used successfully in the diagnosis and monitoring of
a variety of diseases.

1.2. Origins of Contact Lenses

Leonardo da Vinci is generally credited with the concept of the
contact lens (circa 1508), in which he envisioned a clear shell
that could be filled with water and placed against the eye for
vision correction. The first practical devices (in 1887) were
made from blown glass, and subsequently poly(methyl meth-
acrylate) (PMMA) in the 1940s that fitted onto the eye, covering
the sclera. Further developments led to the cornea-covering
contact lenses, which is the form that we use today.°*-%%
Although PMMA increased comfort, it behaves as a glass at
room temperature due to its high glass transition tempera-
ture, and consequently it suffers from low oxygen permeability.
These advances permitted consumers to wear the contact
lenses for more than a few hours at a time without causing cor-
neal misting or halation due to the increased pressure imposed
on the eye by the lens. However, these “rigid” materials had
limitations due to their bio-incompatibility: They were i) restric-
tive for an equivalent water content to the human eye, ii) non-
biologically inert causing eye irritation, and iii) impermeable to
oxygen required by the corneal epithelial cells, resulting in dis-
comfort. However, modern “soft” contact lenses have overcome
these limitations. Poly(2-hydroxyethyl methacrylate) (pHEMA)
was the first such material, which led to the introduction of
soft contact lenses to consumer products in the 1970s when it
gained FDA approval.*93%4 Since then, soft materials for con-
tact lenses have been developed to increase their permeability
to oxygen and improve their hydration properties. In 1999,
silicon-based materials such as polydimethylsiloxane (PDMS)
were copolymerized with other monomers to produce contact
lenses with high oxygen permeability and user comfort. How-
ever, the silicon content rendered the material hydrophobic,
which required rewetting agents to reduce hydrophobicity. In
addition to soft lenses, there are also hybrid rigid/soft contact
lenses, which are composed of a small rigid lens mounted onto
a soft lens that provides enhanced optical and comfort prop-
erties, particularly for visual defects such as irregular astig-
matism.**%] Soft materials have formed the foundation into
which sensing technologies have been ultimately integrated to
form contact lens sensors.

2. Contact Lenses as a Platform Technology

Contact lenses as minimally invasive sensors have been used
to measure IOP and concentrations of glucose, lactate, and
K* ions in tear fluid. This Section provides an overview of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the contact lens sensor materials, fabrication methodologies,
sensing mechanisms, powering techniques, and readout. Con-
tact lens sensors should have a number of desirable features.
First, they should not cause eye irritation, which alters the con-
centrations of metabolites and proteins within the tear fluid.
For example, higher concentrations of glucose are detected
when the test causes ocular irritation compared with minimally
invasive sampling methods.?® This is due to the release of glu-
cose from damaged cells and subsequent diffusion into the tear
fluid.® The alteration effect is opposite with urea, a result con-
sistent with leakage of urea through the damaged epithelial bar-
rier into the tissues surrounding the anterior chamber fluid.[®¥
The concentration of lactate and pyruvate does not change
upon irritation, suggesting that the epithelium is not a barrier
for lactate or pyruvate. Although contact lenses currently on the
market cause little or no irritation after an adjustment period,
irritation is a potential consequence to avoid when integrating
sensors into contact lenses.””l Secondly, contact lens sensors
should provide a stable, fully reversible, sensitive, and specific
response to the target analyte. The sensitivity of the contact
lens sensors may deteriorate over time if a sensing mechanism
exhibits hysteresis due to the degradation of sensor materials.
This can occur through denaturation of the protein sensing
units, photobleaching of organic dyes in fluorescence sensing,
or leaching of the materials of the sensor into the tear fluid.*®
A common technique employed to avoid leaching is to encapsu-
late the sensing material before embedding it into the polymer
matrix. However, this technique introduces additional variables
such as a reduction in the rate of diffusion.[®® Thirdly, the time
between detection and readout should be rapid. For example,
this is particularly important for glucose concentration to
ensure the user receives prompt warning of the onset of hypo/
hyperglycemia. The delay between changes in glucose concen-
trations in blood and the corresponding change in tear fluid is
=5 min;*! however, delay times between detection and readout
of up to 20 min have been recorded, indicating that minimizing
readout time is critical.l'%! Response time is mainly determined
by the sensing materials and the surrounding polymer matrix.
To minimize response time, a calibration curve can be obtained
for each patient to compensate partially for the delay in the case
of glucose measurements.l'!l The key to a rapid (and revers-
ible) response lies in the optimization of the binding kinetics
under normal physiological conditions in the eye to allow rapid
complexation and release of analyte/product molecules. The
sensing materials should release the analyte/product molecules
after binding to avoid any delays resulting from a local concen-
tration imbalance on the accuracy of the readout.” Additional
factors such as the shelf life, temperature stability, and sterility
of the sensing material should be balanced with the aforemen-
tioned requirements to achieve a reliable and clinically useful
readout for a contact lens sensor.

2.1. Contact Lens Design
2.1.1. Physical Parameters
In designing the dimensions and functionality of a contact lens,

four physical parameters need to be considered. The base curve

Adv. Healthcare Mater. 2015, 4, 792-810
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radius (BCR), ranging from 8-10 mm, is selected to provide a
comfortable fit between the cornea and the contact lens to facil-
itate tear exchange and allow sufficient oxygen transfer between
the corneal epithelial cells and the surrounding air.2"1%4 The
BCR is equal to the curvature of the back surface of the contact
lens, usually equivalent to the curvature of the anterior surface
of the cornea.'% The contact lens diameter, selected to provide
a fit onto the eye, can be determined from an eye examination,
typically carried out by an optician. The center thickness (CT),
=~0.1 mm, together with the oxygen permeability of the contact
lens material, determines oxygen flux to the cornea.l'®! CT is
the thickness between the inner and outer surfaces through
the central axis of the contact lens. Another parameter, the
optical power (OP) of the contact lens is paramount in vision
correction and is the refractive power of the lens, measured in
diopters. OP is optimized by testing visual acuity (the clarity or
sharpness of vision).'™ Hence, all physical parameters should
be established prior to selecting the substrate and fabricating
the lens.

2.1.2. Materials

The mechanical, chemical, and optical properties of the sub-
strate should combine certain characteristics in order to con-
struct contact lenses. Stresses in the lens imposed by repeated
use and eye movement can cause irreversible deformation
and fracture, which reduces optical performance and comfort.
Mechanical properties that should therefore be optimized are
tensile strength, elongation-at-break and Young’s modulus.!'*]
Water content, free-to-bound water ratio and biological inert-
ness are also important chemical properties that determine
in-eye performance.'%1%7] The important optical properties of
the substrate are transparency and a sufficiently high refractive
index. There are also production constraints on the materials
involving cost, compatibility with manufacturing processes,
and availability.[1%8!

Rigid and soft contact lenses are the two major lens types.
Rigid lenses are more durable and resistant to deposit buildup
than soft lenses. They tend to have a lower cost over their
lifetime than soft contact lenses, and they typically provide
clearer vision. Additionally, more time is needed for the user
to become accustomed to wearing rigid lenses than soft lenses;
the adjustment periods are of the order weeks for rigid lenses
compared to days for soft lenses.'® While PMMA-based
rigid contact lenses are presently obsolete, soft lens materials
include hydrogels such as pHEMA, polyvinyl alcohols (PVA),
polyacrylamides (pAAm), 2,3-dihydroxypropyl methacrylate,
polydimethylsiloxane (PDMS), poly(ethylene terephthalate)
(PET), silicones and mixtures of these materials.'® Hence,
a wide array of materials can be combined with the physical
parameters to construct a contact lens into which a sensor can
be incorporated.

2.2. Intraocular Pressure Contact Lens Sensors
An elevated intraocular pressure (IOP) is the main indication

of glaucoma. A change in the forces that act upon a contact

Adv. Healthcare Mater. 2015, 4, 792-810
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Figure 2. The five major forces acting on a contact lens: P,, atmospheric
pressure; Py, hydrostatic pressure of the postlens tear film; p, lens weight;
Fiiq the lid force during blinking; and Fo, the surface tension of the prelens
tear film.

lens can be correlated with IOP, and hence contact lens sen-
sors have utility in this application. Five different forces act
on a corneal contact lens: Atmospheric pressure (Py) acts over
its free surface, the hydrostatic pressure of the post-lens tear
film (P;) acts over the surface of the lens in contact with the
cornea, the force of gravity (p) (lens weight), the force exerted
on the contact lens by the eyelid during a blink (Fy), and the
surface tension of the prelens tear film (Fo). The effect of these
forces determines the position of the contact lens on the cornea
(Figure 2). There are four categories of contact lens sensors that
monitor IOP: i) Capacitative sensors, ii) piezo-resistive sensors,
iii) strain gauge sensors, and iv) microinductor sensors.

2.2.1. Capacitative Sensors

Capacitative contact lens sensors have been developed to
measure IOP from the curvature of the cornea, and are
suited to low-force applications. These sensors consist of two
independent layers: an outer reference layer and an inner
sensing layer. The sensing layer can detect changes in the
curvature of the lens (relative to the reference layer), which
is related to changes in IOP. As the curvature of the lens
changes, the resonance frequency of the inductor-capacitor
circuit also changes, which can be measured and correlated
to IOP.

A capacitative contact lens sensor was fabricated from med-
ical-grade silicone using transfer molding, and the electrodes
and inductive coil were etched from copper foil (Figure 3).121
To ensure biocompatibility, the electrodes of the capacitator
and inductive coil were coated with parylene-C. The circuitry
was separately cast inside the silicone layer and subsequently
cured. The sensing and reference layers were wire-bonded
together using a silicone adhesive, forming the sensing mate-
rial. This sensor was tested on silicone eyes and enucleated por-
cine eyes. With the silicone eyes the sensor had a linearity of
R?=0.99, and with enucleated porcine eyes the sensor was able
to quantify IOP with a sensitivity of 240 ppm/mmHg between
7.8 and 42.8 mmHg at constant pressure. Upon cycling IOP
in the enucleated porcine eyes from 6 to 28 mmHg in <100 s,

wileyonlinelibrary.com
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Figure 3. The sensing mechanism of the capacitative contact lens
sensor. a) Contact lens sensor configuration on eye with normal 10P,
and b) the contact lens sensor configuration with elevated IOP, which
reduces the distance between the capacitative electrodes. c) The
capacitative contact lens sensor that tracked IOP, made from med-
ical grade silicon. Reproduced with permission.l2l Copyright 2013,
Elsevier.

there was negligible delay between change in pressure and
detection. This was due to the time dependent shape response
of the viscoelastic cornea to IOP, and subsequent transmission
of this force, via surface tension, to the contact lens sensor.
Readout was achieved wirelessly up to 2.5 cm distant using a
conventional telemetry system. The receiver was taped to the
eye socket, which was impractical for real-life use. However, if
the readout circuit can be incorporated into more user-friendly
devices such as glass frames or facial patches, this contact lens
sensor may become a practical diagnostic device.?!l The effi-
cacy of the lenses in vivo should also be tested, as living sys-
tems have more complex parameters that must be accounted
for such as eye blinking.''% Overall, capacitative sensors are a
simple platform to measure IOP profiles for the diagnosis of
glaucoma as well as offering a long sensor lifetime.
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2.2.2. Piezo-Resistive Sensors

The discovery of flexible, conducting, all-organic bilayer films
with piezo-resistive properties allows IOP to be measured using
a contact lens sensor.'""112] The advantages of this technology
include transparent sensing materials, and a highly deforma-
tion-sensitive bilayer. The bilayers consist of a polycarbonate
film covered on one side by a layer of nanostructure crystals of
an organic molecular conductor. The resulting piezo resistance
is caused by the softness of the nanocrystals of the conducting
salt that are deformed under a small strain, which alters their
conducting properties.[112113]

A device that uses this sensing technique has been tested
with enucleated pig eyes.''*] The device employed a polycar-
bonate layer of poly(bisphenol A carbonate) and a conducting
layer of Dis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)
(Figure 4). The sensing materials were incorporated into a
hard contact lens that was gas permeable. Biocompatibility of
the contact lens sensor was confirmed by in vivo guinea pig
eyes. Its physiological stability was demonstrated using artifi-
cial tear fluid, which had no influence on readout. The device
was subsequently tested ex vivo on 15 porcine eyes over a pres-
sure range of 20-50 mmHg, and the results showed linearity,
reproducibility with cyclic pressure loading, and a sensitivity
of 1.5 Q/mmHg. The device was powered through cable con-
nection and readout was achieved using a laptop with Blue-
tooth connectivity. Although the sensor tracked IOP over time,
at 10 mmHg the sensor had a slight resistance drift, which
became apparent after 5 min, of =2 Q after 20 min. The resist-
ance drift is independent of absolute IOP, but is dependent
on the duration of the measurement at constant IOP. This
was, however, smaller than changes in resistance experienced
by the conducing layer when there was a real change in IOP
(>2 mmHg). Piezo-resistive sensors offer a long sensor lifetime
and a high sensitivity. However, the sensing material can suffer
from temperature degradation and for practicality a wireless
powering system is desirable.

2.2.3. Mechanical Strain Gauge Sensors

These sensors use strain gauges to convert changes in the cur-
vature of the cornea into an electrical signal to measure IOP.
The advantages of mechanical strain gauge sensors are that a
wide range of materials is available for construction, and tem-
perature variability can be mitigated, unlike piezo-resistive sen-
sors. A contact lens sensor that incorporates mechanical strain
gauges has been developed and tested on enucleated porcine

(a) (b)
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Figure 4. a) Poly (bisphenol A carbonate), and b) bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF), that form the organic bilayer of the piezo-
resistive sensor.
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Figure 5. The polyimide P12611 (DuPont) sandwiching the strain gauge
sensors, forming an insulating and biocompatible layer.

eyes.'>] The sensor has four strain gauges embedded into a
silicone-based contact lens: two sensing resistive strain gauges
to measure the curvature of the cornea, and two compensation-
resistive strain gauges for thermal compensation. Two compen-
sation-resistive strain gauges doubles the sensitivity to corneal
curvature. A silicon-based material was selected due to its
insensitivity to hydration, therefore all changes in shape result
from changes in IOP. The strain gauges were fabricated from
Pt-Ti, sandwiched between two layers of polyimide (PI12611,
DuPont), which was electrically insulating and biocompatible
(Figure 5). Readout was achieved by embedding a telemetry
microprocessor and a gold antenna into the contact lens. The
microprocessor was attached to the contact lens using a flip-
chip technique, and interconnected with the sensing strain
gauges by conducting epoxy glue. The gold antenna was incor-
porated into the contact lens using electro-deposition. The
telemetry microprocessor permits both wireless powering from
a frame worn in close proximity to the eye, and data transfer
to a portable readout device.''! Ex vivo trials were carried
out using enucleated porcine eyes. The first trial simulated
ocular pulsation by dynamically changing IOP between 11 and
14 mmHg, demonstrating that the sensor can track changes
in IOP. The second trial varied IOP of an enucleated pig eye
from 20-30 mmHg in static steps of 1 mmHg, and meas-
ured a reproducibility, linearity and sensitivity of £0.2 mmHg
(p < 0.05), R* = 0.99, and 113 + 19 puV/mmHg respectively.'"’]
Mechanical strain gauge sensors offer the capability to measure
IOP with thermal compensation.

2.2.4. Microinductor Sensors

These sensors measure IOP by correlating changes in the
inductance value of the sensing material to changes of corneal
curvature resulting from IOP variations. The inductance value
is quantified by an inductor-capacitor (LC) circuit. A device
incorporating a microinductor sensor was fabricated by spin
coating a silicon substrate with a photoresistor (AZ4621) or
evaporated film aluminum to form a sacrificial layer.''l Par-
ylene-C was subsequently spin-coated and used as the substruc-
ture for the sensing material. After photolithography, a Ti and
Au biocompatible composite material was deposited, and the
remaining photoresist lifted off to define the metal alignment.
Anisotropic dry etching of the Parylene-C was performed to
define the film shape and open a contact window of the pad to
provide a connection with the integrated electrical circuit. The
sensing material was subsequently integrated onto a pHEMA-
based contact lens. The resultant swelling due to hydration

Adv. Healthcare Mater. 2015, 4, 792-810

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advhealthmat.de

of pHEMA matrix makes it difficult to embed the sensor into
the contact lens, but provides a greater user comfort. Prelimi-
nary trials showed that the microinductor radius variation and
oscillation frequency were linearly related, with a sensitivity of
167 ppm/mmHg. For practicality, it is desirable to incorporate
a wireless readout/powering system. The outlined fabrication
technique allows the incorporation of microinductor sensors
into soft contact lens materials to achieve user-comfort.

2.3. Sensing Analytes in Tear Fluid

Contact lens sensors that monitor analytes in tear fluid con-
vert compositional information into signals that can be read
optically by an observer or by an instrument. They may be
classified according to their sensing principle: i) fluorescence,
ii) holographic, iii) colloidal crystal array, and iv) electrochem-
ical sensing. These sensors have been used to detect concentra-
tions of glucose and lactate in tear fluid. This Section provides
an overview of devices that employ these sensing principles.

2.3.1. Fluorescence Sensing

An excitable synthetic molecule (a fluorophore) absorbs irra-
diant radiation of a specific wavelength and subsequently
emits a photon of lower energy (longer wavelength). The
emitted and background radiation can be distinguished using
filtering techniques, rendering this measurement highly sen-
sitive for single molecule detection.l''”! Fluorescence occurs
within microseconds and accompanies transitions from sin-
glet excited states to ground states. Excitation and emission
photon wavelengths are highly dependent on the chemical
composition and attributes of the target fluorophore, and
therefore fluorescence sensing is highly molecule-specific.
Once a fluorophore is excited, intermolecular interactions can
occur with the surrounding chemical environment. Therefore,
the surrounding environment has an influence on the proper-
ties of the emitted photon.P®1&11] FEgrster resonance energy
transfer (FRET) is the distance-dependent transfer of energy
from a donor fluorophore to an acceptor fluorophore.l'?! In
FRET, a donor fluorophore is excited by the incident light, and
if an acceptor is in close proximity, the excited state energy
from the donor is transferred. As a result, the fluorescence
intensity and excited state lifetime of the donor decreases
while the emission intensity of the acceptor increases. The rate
of this energy transfer can be related to the nanometer scale
distances and changes in distances, both in vitro and in vivo
between donor and acceptor molecules. This provides versa-
tile measurements since the fluorescence decay times can be
measured in addition to the intensity. FRET also allows in vivo
measurements without light scattering from tissue. FRET is
independent of the fluorophore concentration, which may pro-
duce photobleaching through diffusion or degradation. FRET
does not cause any damage to the biological host system due
to its non-invasive nature: Exciting photons typically occur in
the low-energy near-infrared spectrum. Therefore, the mol-
ecules can be excited and the corresponding emitted photons
analyzed optically.!'?!]
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Figure 6. The sensing materials: a) TRITC and b) FITC-dextran. The site

of attachment of FITC to the dextran is assumed to be randomly associ-
ated with any free hydroxyl group.
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Fluorescence sensing has received attention in contact lens
sensor design due to its versatility, sensitivity, and specificity.
One contact lens sensor using this principle that detects glu-
cose in tear fluid employed hydrogel-encapsulated nanospheres
containing tetramethylrhodamine isothiocyanate concanav-
alin A (TRITC-Con A) and fluorescein isothiocyanate dextran
(FITC-dextran).'??l Figure 6 shows the structures of tetrameth-
ylrhodamine isothiocyanate and fluorescein isothiocyanate dex-
tran (FITC-dextran).

The nanospheres were embedded within a PVA-based (Nelf-
ilcon A) matrix by first adding the nanospheres (=1000) to the
monomer solution and then inducing polymerization, within
a contact lens-shaped mold, using the UV initiator 2-hydroxy-
2-methylpropiophenone over 6 h. Polymerization immobilized
the nanospheres within the polymer matrix. As the concentra-
tion of glucose increases, FITC-dextran molecules are displaced
from their binding positions to TRITC-Con A molecules, by
glucose molecules that diffuse into the nanospheres, which
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decreases FRET, resulting in an increase in the intensity of
fluorescence; and vice versa. This contact lens sensor tracked
the concentration of blood glucose of five diabetic and one non-
diabetic human patients over 3 h. However, there was a delay
between the actual tear glucose concentration and that meas-
ured by the contact lens sensor.'??l This was due to both a
delay in glucose entering the tear film through the blood-tear
barrier and also its diffusion to the sensing material through
the polymer matrix (t = 500 pm). This delay can be mitigated
by deriving a polynomial (so called “delay algorithm”) for each
individual patient by establishing the quantitative relationship
between the concentrations of blood and tear glucose.l'!l In
vitro experiments have demonstrated that the delay detection
and readout is under 1.5 min,'?2 and is comparable to the
delay encountered in forearm glucose sampling.['®!l Readout
was achieved using a hand-held photofluorometer, which rested
on the orbital rim of the eye for =1 s in order to block out
ambient light. Blue light set to 2.6 MHz and signal locked from
a circular array of light emitting diodes (LEDs) in the photo-
fluorometer was focused onto the eye. The resultant green fluo-
rescence then passed through a collator lens and barrier filter,
which excluded the blue light, to a diode detector. The signal
was averaged and passed through integrated circuit amplifiers
to give a digital readout on the photofluorometer. Additionally,
a telemetry transmitter was attached to the photofluorometer
that could transmit the readout to an insulin pump fitted with a
telemetry receiver.[122123]

Other FRET-based contact lens sensors have been proposed,
where the main difference is the method employed to immo-
bilize the glucose-sensing unit to prevent leaching. One such
device employs silica nanoparticles, which encapsulates an
organic dye into the contact lens material which can be pHEMA
or PDMS.I'2 These sensing materials have been embedded,
forming mono or multilayers, into the polymer matrix using
photopolymerization and have detected glucose at a sensitivity
of 0.5-5.0 mwm with a 90% lag time from changes in the concen-
tration of blood glucose of 5 min. Encapsulating the organic dye
in silica-based nanoparticles has advantages over encapsulating
within a hydrogel polymer. These include polymer materials
that are prone to structural changes with variation in tempera-
ture and pH, which may cause leakage and erroneous results,
whereas silica nanoparticles maintain structural integrity. How-
ever, there are some structurally rigid polymer-based nanopar-
ticles which may be used for encapsulation.'”! In addition,
unlike hydrogels, many different organic dyes can be encapsu-
lated within a single silica nanoparticle so a single contact lens
can potentially be multiplexed to detect various metabolites and
metal ions. Hence, fluorescence sensing offers the potential to
produce sensitive glucose-responsive contact lenses, which can
be read by handheld readers.

2.3.2. Holographic Sensors

Photonic structures consisting of holographic gratings have
been developed to quantify the concentration of glucose in tear
fluid at physiological conditions (pH and ionic strength).[126:127]
This method allows the formation of a multilayered periodic

structure within a polymer matrix, which can be functionalized
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Figure 7. Optical characterization and principle of operation of the holographic sensor. The sensor composed of pAAm-based hydrogel (1) functional-
ized with 3-(acrylamido)phenylboronic acid (3-APB) (2) for sensing the target glucose (3). Reversible swelling of the photonic nanosensor by glucose
modulates both the nanoparticle distribution spacing and the refractive-index contrast, and systematically shifts the diffracted light from shorter to
longer wavelengths as the hydrogel expands in the direction normal to the underlying substrate. Reproduced with permission.l'3l Copyright 2014,

American Chemical Society.

with boronic acid derivatives that are able to bind to carbohy-
drates covalently and reversibly (Figure 7).3%128 Unlike fluores-
cence-based sensors, holographic sensors do not require dyes.
Hence, they are not subject to photobleaching, which allows
them to be used within contact lens sensors for a longer time.
Furthermore, holographic sensors can operate at near-infrared
range, which offers the possibility of readout by existing con-
sumer technologies (i.e., smartphone cameras).[12:130]
Prototype contact lenses incorporating holographic sen-
sors have been fabricated by photochemistry and photopoly-
merization. A hydrogel matrix was prepared by co-polymerizing
acrylamide (AAm), 3-(acrylamido)phenylboronic acid (3-APB)
and N, N'-methylenebisacrylamide in the presence of a photo-
initiator  (2,2-Dimethoxy-2-phenylacetophenone ~ (DMPA))
(Figure 8) over a silanized glass slide under UV light to form
a 10 pm thick film. The polymer matrix was impregnated with
silver nitrate solution and submerged into lithium bromide
solution containing photosensitizing dye to form photosensi-
tive silver bromide crystals. In “Denisyuk” reflection mode,
this film was subsequently exposed to a pulse of a laser beam
to record a holographic image of a mirror. The standing wave
formed as a result of the incident and the reflected waves cre-
ates alternating bright and dark fringe regions. In bright fringe
regions, the laser light is absorbed by the photosensitizing dye
and silver bromide; hence, this renders bright fringe regions
susceptible to a developing agent. These regions were subse-
quently developed, followed by a rinse in a stop bath. To incor-
porate the holographic film into a contact lens, it was removed
from its substrate by an alkaline solution. To ensure that the
film maintained a constant thickness, it was treated with PVA
contact lens formulation prior to film removal. After removal, a
small circular portion of the holographic film was cut out and
incorporated into a PVA contact lens formulation, cured and
autoclaved.P®1?”) When the holographic diffraction gratings are
illuminated with a white light source, they diffract narrow-band
(monochromatic) light as governed by Bragg’s law.
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When glucose binds to the cis-diol groups of 3-APB, the
polymer matrix swells due to an increase in Donnan osmotic
pressure, altering the lattice spacing of silver nanoparticles
in the polymer matrix.’%28] However, boronic acids can bind
with a range of cis-diols including a variety of carbohydrates
and hydroxy acids that are found in tear fluid, such as lactate
that can interfere with the glucose measurements.'3!l Due to
the comparable concentrations of lactate and glucose in tear
fluid, lactate is a significant interferent, which can lead to false
positives. However, besides glucose, other sugars are not found
in high concentrations in tear fluid. Some are present as gly-
coprotein macromolecules, but these do not interfere with the
measurements as they are unable to diffuse into the hologram
and bind to the cis-diol groups.’® An in vivo trial to test the
efficacy of a holographic sensor in detecting glucose in tear
fluid was carried out by anaesthetizing a rabbit and subcuta-
neously implanting the hologram below the subject’s eye. A
25 nm red Bragg shift was measured in =3 min and converted

(a) (b)

Figure 8. Boronic acid derivatives used with holographic contact lens
sensors for monitoring glucose concentrations in tear fluid. a) 3-(Acryla-
mido)phenylboronic acid (3-APB) and b) 2-acrylamidophenylboronic acid
(2-APB).
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to a concentration of glucose in tear fluid, which was correlated
with the glucose concentration in blood.!3%

In order to reduce lactate interference, the mole fraction of
3-APB was optimized at =20 mol%, which increased the sensi-
tivity to glucose compared to lactate. Increasing the fraction of
3-APB up to 20 mol% produced an improved Bragg shift as a
higher concentration of boronate anions will be formed in the
polymer matrix upon binding with glucose. However, increasing
the mole fraction of 3-APB over 20 mol% increases the hydro-
phobicity of the hydrogel, resulting in less swelling in aqueous
solutions and a weak Bragg shift.’% In addition, using 2-acryla-
midophenylboronic acid (2-APB) (Figure 8) co-polymerized
with co-monomers such as (3-acrylamidopropyl)trimethylam-
monium chloride instead of 3-APB leads to a lower dependency
on pH over the physiological range, and a negligible interfer-
ence from lactate.’33] Other analytes such as metal ions and
pH can be monitored using holographic sensors.'3*13¢ Holo-
graphic sensors offer a generic technique for the fabrication of
diffraction gratings in contact lenses. They may also be printed
onto polymer matrices.'”] Since laser light is used to record the
diffraction gratings, there is flexibility in producing these sen-
sors across a wide range of materials quickly, while also per-
mitting control over the angle of diffraction, the diffracted light
wavelength, and the characteristics of the image.

2.3.3. Colloidal Crystal Arrays

Self-assembly of polystyrene particles has been utilized to con-
struct photonic crystal arrays that are sensitive to variations
in glucose concentrations in tear fluid. Photonic crystal array-
based sensors consist of a colloidal system embedded within a
polymer matrix that diffracts light in the visible spectrum. As
with holographic sensors, this platform technology provides a
scalable solution for the fabrication of optical sensors for quan-
titative glucose measurements without the use of an organic
dye.

Fabrication of colloidal crystal arrays involves the self-
assembly of highly charged monodispersed polystyrene nano-
spheres within a crystalline colloidal suspension, which form
the photonic crystal templates.'3®¥ Asher et al. pioneered
boronic acid recognition chemistry with colloidal crystal arrays.
These arrays were embedded within a polyacrylamide-based
contact lens matrix, which was functionalized with boronic acid
derivatives such as 4-amino-3-fluorophenylboronic acid and
4-carboxy-3-fluorophenylboronic acid (Figure 9). These boronic
acid derivatives allowed sensing glucose at physiological pH
values. At 1 mol/L glucose, the 4-acetamido-3-fluorophenylbo-
ronic acid derivative and 3-fluoro-4-N-methylcarboxamidephe-
nylboronic acid derivative have apparent pK, values of 5.8 and
5.15, respectively. The boronic acid groups bind to glucose,
forming a “sandwich-like” complex, which results in additional
crosslinkages within the contact lens matrix. The measurement
mechanism utilizes this effect: as the cross-linkages form, the
acrylamide matrix shrinks, which alters the lattice spacing of
the colloidal array, and hence the diffraction of light from the
colloidal dispersion changes. This blue Bragg peak shift is pro-
portional to the concentration of glucose in synthetic tear fluid.
The sensitivity and response times of the device were optimized,
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Figure 9. Boronic acid derivatives used with colloidal crystal array con-
tact lens sensors for monitoring glucose concentrations in tear fluid.
a) 4-amino-3-fluorophenylboronic acid, and b) 4-carboxy-3-fluorophe-
nylboronic acid.
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which resulted in changes of concentrations of glucose at rates
comparable to those expected in blood, with a delay of 5 min
upon addition of glucose solution (0.15 mm) at pH 7.4 and
37 °C (=11 nm diffraction blue shift).'*’l The detection limit of
the device was =1 pu in synthetic tear fluid at pH 7.4, which
was formulated according to the Geigy formula.'*% For clin-
ical use, a readout system that involves the user looking into
a mirror and comparing the color of the diffracted light with a
calibration chart was envisioned. Self-assembly of photonic col-
loidal crystal arrays offers flexibility across many design param-
eters such as base materials and functional groups, as well as
having potential manufacture scalability.

2.3.4. Electrochemical Sensors

Fabrication techniques that are well established in the semicon-
ductor industry have been used to construct microsystem-based
sensors that can be incorporated into contact lenses. These
systems can exhibit a high selectivity by using enzymes that
can facilitate the reactions that are involved in electrochemical
sensing. These sensors employ standard 3-electrode systems to
quantify the concentration of glucose in tear fluid. Using glu-
cose oxidase (GOx), an electrical charge is created due to the
formation of an enzyme-substrate complex, and subsequent
product formation and release, via reactions (1) and (2). The
magnitude of the charge created is proportional to the concen-
tration of glucose oxidized.

D-glucose + 0, —%— H,0, + D-gluconolactone (1)
H,0, — 2H" + 0, + 2¢~ 2)

An electrochemical contact lens sensor comprising an
amperometric unit monitored the concentration of glucose in
artificial tear fluid.'**! The circuitry was fabricated using photo-
resist and thin metal deposition onto a poly(ethylene terephtha-
late) (PET) film, and subsequently heat molded into a contact
lens shape (Figure 10). The sensing material was GOx immo-
bilized onto a titania sol/gel membrane covered by a layer of
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Figure 10. The fabrication of an electrochemical contact lens sensor.
a) Cutting a PET film into 100 mm wafers using a CO, laser, and then
cleaning the wafers with acetone, IPA, and DI water soaks which where
subsequently spin dried, followed by an O, plasma treatment. b) The
wafers were lithographically patterned using AZ 4620 positive resist by
spin coating at 4500 rpm for 30 s. c) The metal electrodes were formed,
by e-beam evaporation of a 10 nm Ti/20 nm Pd/100 nm Pt stack under
high vacuum conditions. d) Lift-off, in acetone, and subsequent cleaning
in acetone, IPA, and DI water. e) Release by laser cutting of the PET cir-
cles and heat molded into a contact lens. f) The L-lactate contact lens
sensor’s (below) flat substrate with sensing structure, interconnects, and
electrode pads (counter electrode (CE), working electrode (WE), and ref-
erence electrode (RE)) for connection to the external potentiostat. g) The
completed L-lactate contact lens sensor. Reproduced with permission.l*]
Copyright 2012, Elsevier.

Nafion. A computer chip was developed for wireless (2.4 GHz)
readout, and was powered with far-field electromagnetic radia-
tion using a wireless device that supplied energy (3 pW) to the
sensor at 15 cm. The prospect of powering the sensor using
near-field inductive coupling was also investigated.'*”l This
approach required a large inductance/transformer, which was
difficult to incorporate into a contact lens as all components are
constrained by size. The readout delay was 20 s and the method
had repeatability over three trials and a sensitivity of 10 pm over
0.1-0.6 mm glucose concentrations was measured. The sensor
had low interference from urea, ascorbic acid and lactate; how-
ever, at low glucose concentrations (0.3 mw), the current pro-
duced by interferents had comparable magnitude (=38 nA) to
that produced by glucose.

Photovoltaic (PV) cells have also been used to power electro-
chemical contact lens sensors.'**# The PV cells were fabri-
cated using highly doped silicon-on-insulator wafers and photo-
lithography, and were bound to biocompatible PET contact
lenses. A maximum power conversion efficiency of 1.24% and
a mean short circuit current of 11.5 pA was produced by the PV
cells, which was sufficient to power the contact lens sensors.
These contact lens sensors were tested in vivo on live rabbits
and no adverse effects were observed.

Another electrochemical contact lens sensor for monitoring
tear fluid has been tested in vivo with rabbits.'**] The sensor
incorporated a flexible microelectrode system, bound onto a
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PDMS layer. GOx was employed as the sensing material and
immobilized onto the electrode by a coating of the co-polymer
mixture 2-methacryloyloxyethyl phosphorylcholine and 2-eth-
ylhexyl methacrylate to prevent leakage (Figure 11,12).'* The
sensor tracked blood glucose concentration with a 10 min delay.
The device also underwent trials with synthetic tear fluid, and
could detect glucose over the range 0.03-5.00 mm. An improve-
ment on this device used 3D architectures with gold electrodes,
microfabricated onto a PDMS film. The 3D pillar-like geome-
tries provided an enhanced electrode surface area up to 300%
greater than the 2D analogues. This sensor had a sensitivity of
0.04 mm for in vitro glucose measurements.!#¢!

In addition to glucose detection, lactate sensors have also
been developed using the same principles with lactate oxidase
(LOx) via reactions (3) and (2). With a sufficient potential dif-
ference, the hydrogen peroxide produced can be oxidized at a
platinum electrode.

L-lactate + O, —2 pyruvate + H,0, 3)

An amperometric r-lactate sensor was incorporated into
a PET contact lens. The contact lens was lithographically pat-
terned using a positive resist (AZ 4620) to incorporate cir-
cuitry.®® The LOx was immobilized throughout the sensing
area by covalent bonds between the enzyme and bovine serum
albumin (BSA) using glutaraldehyde. The sensors were con-
nected to external circuitry with wires, and tested using artificial
tear fluid; however, the sensor can potentially be powered wire-
lessly. The sensor had a response time of 35 s with a resolution
of 53 pA/mm cm? to lactate concentrations in tear fluid at physi-
ological conditions.**! There was no interference from glucose
or urea; however, ascorbic acid, which is present in tear fluid,
interfered with measurements at 50 pm. Ascorbic acid interfer-
ence was prevented by designing a dual sensor. The dual sensor
was fabricated from Ti/Pd/Pt stack as electrode material, and
it was functionalized with PBS with LOx, BSA and glutaral-
dehyde, for recognition of both r-lactate and ascorbic acid. As
a control, the second sensor was treated with PBS containing
BSA and glutaraldehyde for exclusive detection of ascorbic acid,
hence it allowed compensatation for the interference signal.
Sensor stability is important and this may be compromised by
the temperature-dependent activity of LOx. However, over the
range of physiological and storage temperatures, LOx main-
tained its activity over 24 h. Electrochemical contact lens sen-
sors are amenable to high-volume manufacture. In conjunction
with high selectivity and rapid readout, the electrochemical
sensing system is well suited to potential contact lens sensor
diagnostics.

3. High-Volume Manufacturing

Prior to designing a contact lens sensor it is advantageous to
consider the existing manufacturing techniques to achieve
a degree of compatibility. Hence, understanding the manu-
facturing techniques optimizes the design requirements and
reduces time to market. The early contact lenses were manu-
factured from blown glass, and later by grinding and polishing
glass into the desired configuration.'”] After the development
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Figure 11. Fabrication method of the glucose contact lens sensor. a) The electrodes (a 200 nm thick Pt working electrode and a 300 nm thick Ag/AgCl
counter/reference electrode) were formed onto a 70 pm thick PDMS membrane. b) The flexible electrodes were bonded onto the surface of the contact
lens using PDMS and then GOx was immobilized with PMEH. Reproduced with permission.[*] Copyright 2011, Elsevier.

of modern contact lens materials, three main manufacturing
techniques have emerged: i) lathing, ii) spin coating, and
iii) cast molding.[148]

Lathing involves cutting out and polishing the contact lens
from a cylindrical disk of dehydrated polymerized soft contact
lens material. The cylindrical polymer disk is spun at up to
10 000 RPM and the desired amount of material is removed
to form the contact lens.*! The product is then polished
with fine abrasive paste, oil, and a small cotton ball rotating
at high speed. The method can also be used to manufacture
rigid lenses by using the appropriate non-hydrated polymerized
cylindrical disk. This method is applied when a wide variety
of optical lens powers is required with different shapes, and a
small batch size, that is, toric lens manufacture.[148]

Spin casting employs a single concave mold piece to facili-
tate the formation of the front lens surface and allows the con-
tact lenses to be manufactured, hydrated and packaged in a
single automated process. There are three main stages: i) mold
wetting, ii) lens spinning and curing, and iii) lens hydration

(a) (b)
o) (6]

/ \ Il \\
o oO-P N*— O
‘<L 6'_\_/ Mo

Figure 12. The polymer matrices used in the immobilization of GOx in
electrochemical sensing. The copolymers a) 2-methacryloyloxyethyl phos-
phorylcholine and b) 2-ethylhexyl methacrylate prevented GOx leakage.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and release. In the first stage, the mold is dosed with a mon-
omer mixture, wetting the entire surface to prevent voids. The
monomer mixture is spun about the mold’s central axis, under
an inert atmosphere, at a controlled rate of >600 rpm during
the second phase.'%! The centripetal forces acting on the mon-
omer mixture generate the back surface of the contact lens.
The monomer mixture is then cured by UV or heat to form
the contact lens. For lens hydration, the product is immersed
in an aqueous solution, which causes it to expand and release
from the mold.'%! Due to the generation of the open surface by
the centripetal force, it is parabolic in shape, which is a com-
promised profile relative to the spherical cornea. This method
optimizes the balance of manufacturing cost with high product
quality, for both user comfort and function, and is appropriate
when a large batch size is required.

Cast molding uses both concave and convex mold pieces to
form the front and back surfaces of the contact lens. The first
step is to dose the concave plastic mold with a monomer solu-
tion, forming the front surface of the lens. The second convex
mold is then placed on top of the first, forming the back surface
of the lens. The monomers are cured by UV or heat to form
the contact lens. This method is suitable for the largest batches,
and when precise profiling of the contact lens is required for
both front and back surfaces.[198148]

Spin casting and cast molding have similar complica-
tions due to the use of a monomer mixture. Any O, present
manifests itself as an induction period during which poly-
merization does not occur due to the preferential reaction of
the initiator with O,. The O, can be removed by sparging with
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Figure 13. The SENSIMED Triggerfish holds Class Ila CE approval.
a) The contact lens sensor transmits IOP measurements wirelessly to the
antenna unit, which transmits the data to the data recording unit device.
Data from the recording device is sent to a practitioner's computer for
analysis. 1) The sensor; 2) wireless telemetry system; 3) cable that trans-
mits data from the wireless telemetry system to the recorder unit; and
4) the data recording unit. b) The contact lens sensor worn in a human
eye. Reproduced with permission.l6157] Copyright 2013, Sensimed AG.

N,, applying a vacuum, or adding an excess of initiator species
to scavenge the O,. However, small quantities of O, can dif-
fuse out of the molds and into the monomer mixture, which
can affect the lens surface characteristics such as its sticki-
ness.l'%! This issue makes the contact lens prone to contami-
nation and results in poor handling. Due to using two mold
surfaces as opposed to one, cast molding is more susceptible
to this manufacturing defect than spin casting. Other potential
defects are the formation of voids due to incomplete wetting
of mold surfaces, which results in reduced yields. Shrinkage
can occur during polymerization, which effects the fit and
optical focus of the contact lens,['%l and is typically 10-20% of
the lens volume. 48]

Adv. Healthcare Mater. 2015, 4, 792-810
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4. A Case Study in Intraocular Pressure Sensing

Sensimed AG (Switzerland) produces the SENSIMED Trig-
gerfish, which is a single-use, soft contact lens that measures
ocular dimensional changes that are related to IOP and cur-
rently holds Class IIa CE approval (Figure 13). This device is
used in select centers for clinical management of glaucoma
patients, but is not on sale in the US.I"*" The sensing material
consists of two Pt-Ti sensing-resistive strain gauges capable of
recording dimensional changes in the area of the corneoscleral
junction, which are correlated with IOP. A microprocessor
in the contact lens sends a signal proportional to changes
in the strain gauges to a wireless readout device attached to
the user’s waist, which also wirelessly powers the contact
lens. The sensor records IOP-related dimensional changes
for up to 24 h, with a maximum of 288 measurements. The
sensor remains active when the patient is sleeping, which is
an advantage as peak IOP may occur during sleep. However,
a complication is that during sleep corneal swelling occurs
due to decreased O, flux to the cornea because the eyelids
are closed. The contribution of wearing soft contact lenses to
corneal swelling, which is the ratio of the measured to base-
line corneal thickness, is well established. This swelling with
ordinary lenses is measured up to 3.2% greater during lens
wear than without.'"! Wearing the SENSIMED Triggerfish
overnight does not cause statistically significant differences
in corneal swelling than when not wearing the device.'>!l
However, the SENSIMED Triggerfish® causes greater corneal
curvature irregularities that are due to a center thickness of
585 pm, which is greater than most soft silicon-based contact
lenses (<200 pm) resulting in a lower oxygen transmissibility
to the cornea.l’?1>3 The effect of these corneal curvature
irregularities may modify the IOP signal recorded.l’>* Readout
is given as an arbitrary unit (not in mmHg), so clinical inter-
pretation of the result is difficult and it cannot be worn in
both eyes simultaneously.> The contact lens sensor is safe
and comfortable.'>] However, further investigations into the
other variables that may affect the readings of the SENSIMED
Triggerfish, including corneal and scleral rigidity, should be
undertaken before general sale.

5. The Market and Regulations

An effective sensing technology should be combined with an
understanding of physiology and visual performance of the eye,
clinical development and regulations, as well as commerciali-
zation of contact lenses to develop a successful product. The
contact lens market has already established norms and stand-
ards, and therefore this expertise can be leveraged and applied
to contact lens sensors. Table 4 shows the major players in the
contact lens market and Figure 14 shows their market share.
Recently, Novartis announced that its eye care division Alcon
has partnered with Google Inc. to in-license its electrochemical
glucose sensor technology for ocular diagnostics.'?l Google’s
expertise in the miniaturization of electronics complements
Novartis’ pharmaceuticals and medical technologies to develop
a glucose contact lens sensor and accommodative vision cor-
rection device for presbyopia. Hence, it is expected that such
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Table 4. The major players in the contact lens market, their acquisitions
and year of entry.

Contact lens manufacturer (year of entry) Acquisitions

Bausch & Lomb (1971) Polymer Technology
Custom Tint Labs
Unilens

Novartis (CIBA Vision) (1980) Technolas Perfect Vision

Alcon (merger completed in 2011) [158]
Wesley Jesson
Barnes Hind/Hydrocurve
Syntex
Precision Cosmet

American optical lenses and solutions

Burton Parsons

LenSx
Johnson & Johnson (Vistakon) (1981) Frontier
Danalens
X-Cel (1994) 19 Flexlens
CooperVision (1980) Union
Coast vision

Biocompatibles

Ocular Sciences

*Acquisitions pre 2005 taken from Barr 20050'%0 unless given otherwise
** Year of entry taken from Schifrin and William 19841¢" unless given otherwise

collaborations will continue across the market to accelerate the
entry of contact lens sensors to consumer products.

To gain marketing approval for contact lens sensors, it is
important to understand the governing regulations. Incor-
poration of regulatory requirements into the product design
can accelerate the commercialization of contact lens sensors.
Device regulations are generally in place to guarantee that there
are no negative health effects for the patients, and to limit the
frequency of Type 1/I1 errors.'®3l The marketing approval also
specifies the manufacturer’s claims that effectively define the
potential patient population. There are three regulatory classes
for medical devices, Class I being the lowest risk and least regu-
lated, to Class III that are the highest risk and are subject to
the most stringent regulations.[1*#1%] Figure 15 illustrates the
process of gaining an FDA approval, which can take up to a
year after clinical trials. Device classification depends on the
performance of the sensor and its materials. Notably, the FDA
has classified diagnostic contact lens sensors made of PMMA
as Class II.

6. Future Prospects

Having a sensor performance that meets clinical require-
ments is not always sufficient to guarantee consumer
acceptance. A vital factor for consumer acceptance is usa-
bility, which in this context encompasses aesthetics, ease
and convenience of powering/readout, shelf life, wear

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. The market shares of the major players in the soft contact lens
market (2014). Data taken from the literature.['6?

schedule, and cleaning. It is widely accepted that contact
lenses are aesthetically pleasing in comparison to alterna-
tive wearable technologies due to their minimalistic nature.
Wireless powering/readout is paramount in ease and con-
venience of use. Powering the contact lens sensors wire-
lessly has so far only been achieved using electromagnetic
radiation with a high frequency, which may have negative
health effects. Therefore, the prospect of using near-field
inductive coupling at lower frequencies to power the sensor
appears attractive. However, miniaturization of the com-
ponents is necessary before they can be integrated into a
contact lens.”/3142.166.1671 Biglogical fuel cells are an alter-
native power source for electronic contact lenses that are
convenient as they power the sensor in situ, negating the
need for an external powering device.l'%®l A direct electron
transfer and cofactor-free, non-toxic enzymatic fuel cell
operating with basal tears was fabricated. At the anode,
glucose was oxidized to gluconolactone by homogeneous
Corynascus thermophilus cellobiose dehydrogenase, with the
transfer of 4 electrons to the anode. At the cathode the bio-
electroreduction of oxygen to water occurred, transferring
4 electrons to Myrothecium verrucaria bilirubin oxidase.
This cell produced 0.57 V and =1 pW/cm? maximum power
density, which is sufficient to power low-power electronic
devices by utilizing the glucose and oxygen in tear fluid.['%®!
Alternative powering mechanisms for contact lens sensors
can be found elsewhere.[1%]

Bluetooth connectivity, which is a well-established tech-
nology, is a convenient method through which to transmit read-
outs wirelessly because many common devices including smart-
phones, tablet computers and laptops, are equipped with this
capability.'”?! However, security and health concerns are poten-
tial drawbacks of this technology. The security vulnerabilities of
Bluetooth systems have been examined, and the manipulation
of the readout to the consumer could prove harmful.l'’! The
health effects have been investigated, and although Bluetooth
has a weak transmitting power, there remains open controversy
in both science and the public on the implications of Bluetooth
on human health.'”2 LEDs have been incorporated into con-
tact lenses, and may serve as an alternative readout method.!'*3!
The light is directed away from the user’s eye, and is powered
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Obtain IDE & IRB approval
depending on device classification

Undertake clinical trials

ll\

HDE 510(k)

* Exempt from * Primarily for Class Il

requirement to devices

prove effectiveness * Substantial

* Probable benefits equivalence to a

must outweigh risks  legally marketed

* Diagnosing device must be

diseases/conditions demonstrated

that affect <4,000 * Review time

ppl/yr in the US between 90 and 120
days

Figure 15. The FDA process to gain a marketing approval. The Investigations Device Exemp-
tion (IDE) is required to conduct clinical trials. If the device poses a significant risk, approval
from the Institutional Review Board (IRB) is also required prior to conducting clinical trials.
The Humanitarian Device Exemption (HDE) is irrelevant for the diseases and conditions listed

in Table 3. PMA is the premarket approval.

in situ. Due to the optical readout, a secondary computational
device is unnecessary, as using a mirror or third party can alert
the user, which increases convenience.

The shelf-life of the contact lens sensor is limited by the
sensing material. When enzymes are used, degradation of
enzyme activity can occur due to light exposure and tempera-
ture effects. This instability has partly been overcome by encap-
sulating the enzymes. Due to the infancy of this field, existing
contact lens sensors have only been tested over 24 h, which
necessitates a daily wear schedule that may not suit everybody’s
needs. In addition, emerging technologies may increase the
probability of user acceptance by providing additional benefits.
For example, materials such as graphene and other nanostruc-
tures can provide miniaturized and thinner circuitry, opening
up the possibility of multiplexed sensors with reduced power
consumption.[73174

7. Conclusions

Contact lenses have seen widespread use in vision correction,
therapeutics, and cosmetics. Advances over the last decade have
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opened up the new field of contact lens sen-
sors, which are one of the most promising
emerging sensor platforms as they are mini-
mally invasive and can monitor biomarkers
continuously. This has led to applications in
diabetes management by measuring the glu-
cose concentrations in tear fluid, and glau-
coma diagnosis by monitoring intraocular
pressure, but the scope of use of contact lens
sensors is wider due to the high number of
biomarkers in tear fluid and the eye. Capaci-
tative, piezo-resistive, mechanical strain
gauge, and microinductor intraocular pres-
sure sensors have been used to diagnose
glaucoma. For example, the SENSIMED
Triggerfish, which uses mechanical strain
gauges, has gained regulatory approval
and entered the market. Fluorescent, holo-
graphic, colloidal crystal array, and electro-
chemical sensors have been used to measure
the glucose concentration in tear fluid in vivo
with high reproducibility.

In addition to a sufficient selectivity, sen-
sitivity, and reproducibility, contact lens sen-
sors must also be practical devices to ensure
patient compliance. Synthetic sensing mate-
rials, such as boronic acid derivatives, require
improvements in selectivity, and biological
sensing materials, such as enzymes, require
modifications to enhance reproducibility due
to degradation and drift. Hence, there is a
need for the development of sensing mate-
rials with high selectivity and sensitivity as
well as reversibility with no hysteresis. In
addition to improvements on existing sen-
sors, we expect the use of novel materials
such as graphene, quantum dots, plasmonic
nanoparticles, liquid crystals and bioinspired photonic struc-
tures. In addition to advances in current fabrication techniques,
we expect the investigation of alternatives such as layer-by-layer
stacking, inverse opals, block copolymers and nanocomposites,
and incorporation of 3D printing for prototyping. Readout time
should be minimized in cases where a delay could be harmful
such as in diabetes. Attempts to reduce this delay have so far
included developing materials to mitigate time dependent pro-
cesses such as diffusion, and deriving compensating math-
ematical algorithms. The development of powering and readout
mechanisms is essential for a practical contact lens sensor.
They should be wireless and utilize existing consumer devices
such as smartphones, tablet computers and laptops. Recent
efforts have included using far-field electromagnetic radiation,
biological fuel cells, photovoltaic cells, contact lens-integrated
LEDs, and Bluetooth connectivity. Many of these techniques
are limited by the size of the circuitry required, and therefore
the potential to miniaturize the electronic components, for
example, through graphene-based circuitry, may be explored.

For contact lens sensors to fulfill their potential, the rela-
tionship between ocular biomarkers and disease, particu-
larly the relationship between tear and blood concentration,
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should be established. Additional complications which should
be accounted for are the movement of the contact lens across
the eye, particularly for intraocular pressure measurement,
blinking, and interpersonal eye features.

Contact lenses are widely used for vision correction. Hence,
leveraging this platform to treat other diseases and conditions
is advantageous. Contact lens sensors can diagnose diseases
and conditions ranging from diabetes to glaucoma, where
minimal invasiveness and continuous monitoring are required.
The ability to pair the sensor with mobile medical applications
may allow real-time data logging and transfer to clinicians for
efficient diagnosis. This platform is not limited solely to diag-
nostics, and in the future, we expect this platform to integrate
treatment capabilities such as drug delivery.

Acknowledgements

N.M.F. and A.K.Y. wrote the manuscript. C.R.L. and M.].M. edited the
manuscript. N.M.F. and A.K.Y. contributed equally to this work.

Received: August 14, 2014
Revised: September 23, 2014
Published online: November 17, 2014

[1] Environmental Protection Agency (EPA), “Do you wear contact
lenses?,” http://water.epa.gov (accessed: September 2014).

[2] Euromonitor International, “Contact lenses market research”
http://www.euromonitor.com (accessed: September 2014).

[3] H. Arita, K. Tsuji, D. Tamura, A. Kiyomiya, T. Matsumoto, (Rohto
Pharmaceutical), WO 2013129706 A1, 2013.

[4] M. L. Mcdermott, J. W. Chandler, 1989, 33, 381.

[5] M. S. Akram, R. Daly, F. C. Vasconcellos, A. K. Yetisen,
I. Hutchings, E. A. H. Hall, in Applications of Paper-Based Diag-
nostics 161-195 Lab-on-a-Chip Devices and Micro-Total Analysis
Systems (Eds.: J. Castillo-Leon, W. E. Svendsen), Springer, Berlin
Heidelberg 2015.

[6] A. K. Yetisen, M. S. Akram, C. R. Lowe, Lab Chip 2013, 13, 2210.

[7] L. R. Volpatti, A. K. Yetisen, Trends Biotechnol. 2014, 32, 347.

[8] A. K. Yetisen, L. R. Volpatti, Lab Chip 2014, 14, 2217.

[9] M. R. Burge, Diabetes Care 2001, 24, 1502.

[10] B. P. Otis, B. A. Parviz, “Introducing our smart contact lens pro-
ject,” http://googleblog.blogspot.co.uk (accessed: September
2014).

[11] Microsoft Research Connections, “Functional Contact Lens Moni-
tors Blood Sugar Without Needles,” http://research.microsoft.
com (accessed: September 2014).

[12] Novartis International AG Press Release, “Novartis to license
Google “smart lens” technology” 2014, 1.

[13] Google Press Release, “What is Google doing with a smart contact
lens?” 2014.

[14] A. Garas, P. Vargha, G. Hollo, Eye 2011, 25, 57.

[15] A. Ladas, C. Frantzidis, P. Bamidis, A. B. Vivas, Int. J. Psycho-
physiol. 2013, 93, 12.

[16] B. Frauscher, L. Ehrmann, B. Hogl, Sleep Med. 2013, 14, 729.

[17] A. K. Lam, W. A. Douthwaite, Ophthalmic Physiol. Opt. 1997, 17,
18.

[18] A. Flatau, WO 2073052031, 2013.

[19] J. Yan, Conf. Proc. IEEE Eng. Med. Biol. Soc. Boston, MA 2011.

[20] P. Brusini, in Atlas of Glaucoma, 3 Edition (Eds: N. T. Choplin,
D. C. Lundy), CRC Press, Boca Raton, FL, USA 2014, Ch. 4.

[21] G.-Z. Chen, I.-S. Chan, D. C. C. Lam, Sens. Actuators, A. 2013, 203,
112.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

'A\}
Mo \iewS
www.MaterialsViews.com

[22] R. ). Casson, G. Chidlow, J. P. M. Wood, J. G. Crowston,
I. Goldberg, Clin. Experiment. Ophthalmol. 2012, 40, 341.

[23] D. A. Infeld, ). G. O. Shea, Postgrad. Med. J. 1998, 74, 709.

[24] E. Hughes, P. Spry, J. Diamond, J. Glaucoma 2003, 12, 232.

[25] ). L. Van Delft, F. Meijer, J. A. Van Best, N. J. Van Haeringen, Medi-
ators Inflamm. 1997, 6, 381.

[26] D. Harvey, N. W. Hayes, B. Tighe, Contact Lens Anterior Eye 2012,
35, 137.

[27] ). H. Thaysen, N. A. Thorn, Am. J. Physiol 1954, 178, 160.

[28] J. T. Baca, D. N. Finegold, S. A. Asher, Ocul. Surf. 2007, 5, 280.

[29] R. N. Khuri, US 5352411, 1994.

[30] A. Domschke, W. F. March, S. Kabilan, C. Lowe, Diabetes Technol.
Ther. 2006, 8, 89.

[31] L. Zhou, R. W. Beuerman, Prog. Retin. Eye Res. 2012, 37, 527.

[32] A. ). Bron, J. M. Tiffany, S. M. Gouveia, N. Yokoi, L. W. Voon, Exp.
Eye Res. 2004, 78, 347.

[33] M. G. Friedman, Surv. Ophthalmol. 1990, 35, 151.

[34] C. R. Taormina, J. T. Baca, D. N. Finegold, S. A. Asher,
J. ). Grabowski, J. Am. Soc. Mass Spectrom. 2007, 18, 332.

[35] N. Thomas, I. Lahdesmiki, B. A. Parviz, Sens. Actuators, B 2012,
162, 128.

[36] G. L. Ackerman, in Clinical Methods: The History, Physical, and
Laboratory Examinations, 3" Edition (Eds: H. K. Walker, W. D. Hall,
J. W. Hurst), Butterworth Publishers, Boston, MA, USA 1990,
Ch. 194.

[37] D. A. Goldstein, in Clinical Methods: The History, Physical, and Labora-
tory Examinations, 3rd Ed., (Eds: H. K. Walker, W. D. Hall, ). W. Hurst),
Butterworth Publishers, Boston, MA, USA 1990, Ch. 143.

[38] W. B. Weglicki, Annu. Rev. Nutr. 2012, 32, 55.

[39] H. Autran de Morais, A. W. Biondo, in Fluid, Electrolyte, and
Acid-Base Disorders in Small Animal Practice, 4" Ed., (Ed:
S. P. DiBartola), Elsevier Saunders, Columbus, OH, USA, 2012,
Ch. 4.

[40] M. Mochizuki, Yamagata Med. J. 2004, 22, 9.

[41] A. Farkas, R. Vamos, T. Bajor, N. Miillner, A. Lazar, A. Hraba, Exp.
Eye Res. 2003, 76, 183.

[42] W.-M. Zhang, M. R. Natowicz, Clin. Biochem. 2013, 46, 694.

[43] L. Stankova, M. Riddle, ). Larned, K. Burry, D. Menashe, |. Hart,
R. Bigley, Metabolism. 1984, 33, 347.

[44] C. A. Paterson, M. C. O’Rourke, Arch. Ophthalmol. 1987, 105,
376.

[45] Y. Ohashi, M. Dogru, K. Tsubota, Clin. Chim. Acta. 2006,
369, 17.

[46] G. Runstrém, A. Mann, B. Tighe, Ocul. Surf. 2013, 11, 165.

[47] V. Andoralov, S. Shleev, T. Arnebrant, T. Ruzgas, Anal. Bioanal.
Chem. 2013, 405, 3871.

[48] A. Kratz, M. Ferraro, P. Sluss, K. B. Lewandrowski, N. Engl. J. Med.
2004, 3517, 1548.

[49] E. R. Berman, Biochemistry of the Eye, Plenum Press, New York,
NY, USA 1991.

[50] S. Kabilan, A. ). Marshall, F. K. Sartain, M.-C. Lee, A. Hussain,
X. Yang, J. Blyth, N. Karangu, K. James, J. Zeng, D. Smith,
A. Domschke, C. R. Lowe, Biosens. Bioelectron. 2005, 20, 1602.

[51] K. M. Daum, R. M. Hill, Invest. Ophthalmol. Vis. Sci. 1982, 22,
509.

[52] F. H. Grus, S. C. Joachim, N. Pfeiffer, Proteomics. Clin. Appl. 2007,
1, 876.

[53] S. Hu, ). A. Loo, D. T. Wong, Proteomics 2006, 6, 6326.

[54] N. von Thun Und Hohenstein-Blaul, S. Funke, F. H. Grus, Exp. Eye
Res. 2013, 117, 126.

[55] K. B. Green-Church, K. K. Nichols, N. M.
L. Zhang, ). ). Nichols, Mol. Vis. 2008, 14, 456.

[56] P. S. Tsai, J. E. Evans, K. M. Green, R. M. Sullivan,
D. A. Schaumberg, S. M. Richards, M. R. Dana, D. A. Sullivan,
Br. J. Ophthalmol. 2006, 90, 372.

Kleinholz,

Adv. Healthcare Mater. 2015, 4, 792-810



MakieS

ADVANCED
HEALTHCARE
MATERIALS

www.MatenaIsVlews.com

[57] G. Renom, ). C. Bouquety, C. Lanckriet, A. ). Georges,
M. R. Siopathis, P. M. V Martin, Res. Virol. 1990, 141, 355.

[58] E.-M. Haller, P. Auer-Grumbach, D. Stuenzner, H. H. Kessler,
K. Pierer, K. Muellner, H. Zenz, Ophthalmology 1997, 104, 125.

[59] R. Okrojek, F. H. Grus, N. Matheis, G. J. Kahaly, Horm. Metab.
Res. 2009, 41, 465.

[60] L. Zhou, R. W. Beuerman, L. P. K. Ang, C. M. Chan, S. F. Y. Li,
F. T. Chew, D. T. H. Tan, Invest. Ophthalmol. Vis. Sci. 2009, 50,
2077.

[61] S. A. Balasubramanian, D. C. Pye, M. D. P. Willcox, Exp. Eye Res.
2012, 96, 132.

[62] M. Maitts, O. Kari, T. Tervahartiala, S. Peltonen, M. Kari, M. Saari,
T. Sorsa, Graefes Arch. Clin. Exp. Opthalmol. 2006, 244, 957.

[63] ). T. Jacob, B. Ham, Ocul. Surf- 2008, 6, 175.

[64] B. Koo, D. Lee, H. Ha, J. Kim, C. Kim, J. Proteome Res. 2005, 719.

[65] K. Li, X. Liu, Z. Chen, Q. Huang, K. Wu, Mol. Vis. 2010, 16, 2084.

[66] S. Herber, F. H. Grus, P. Sabuncuo, A. ). Augustin, Adv. Exp. Med.
Biol. 2002, 506, 623.

[67] S. Herber, F. H. Grus, P. Sabuncuo, A. J. Augustin, Electrophoresis
2001, 22, 1838.

[68] N. Boehm, S. Funke, M. Wiegand, N. Wehrwein,
F. H. Grus, Invest. Ophthalmol. Vis. Sci. 2013, 54, 2385.

[69] A. Solomon, D. Dursun, Z. Liu, Y. Xie, A. Macri, S. C. Pflugfelder,
Invest. Ophthalmol. Vis. Sci. 2001, 42, 2283.

[70] M. J. Benito, M. ). Gonzalez-Garcia, M. Teson, N. Garcia,
|. Fernandez, M. Calonge, A. Enriquez-de-Salamanca, Exp. Eye Res.
2014, 120, 43.

[71] S. C. Pflugfelder, D. Jones, Z. Ji, A. Afonso, D. Monroy, Curr. Eye
Res. 1999, 19, 201.

[72] S. C. Joachim, F. H. Grus, D. Kraft, K. White-Farrar, G. Barnes,
M. Barbeck, S. Ghanaati, S. Cao, B. Li, M. B. Wax, Invest. Oph-
thalmol. Vis. Sci. 2009, 50, 4734.

[73] A. Acera, T. Suarez, |. Rodriguez-Agirretxe, E. Vecino, J. A. Dura,
Cornea 2011, 30, 42.

[74] A. Acera, G. Rocha, E. Vecino, I. Lema, ). A. Duran, Ophthalmic
Res. 2008, 40, 315.

[75] F. H. Grus, P. Sabuncuo, H. B. Dick, A. J. Augustin, N. Pfeiffer,
BMC Ophthalmol. 2002, 6, 2.

[76] F. Tsuji, K. Kawazu, Metabolomics 2012, 2, 1.

[77] C. de Freitas Campos, N. Cole, D. Van Dyk, B. . Walsh, P. Diakos,
D. Almeida, A. Torrecilhas, J. L. Laus, M. D. P. Willcox, Res. Vet.
Sci. 2008, 85, 349.

[78] V. Evans, C. Vockler, M. Friedlander, B. Walsh, M. D. P. Willcox,
Clin. Exp. Ophthalmol. 2001, 29, 161.

[79] ). M. Reyes-Goddard, H. Barr, N. Stone, Photodiagn. Photodyn.
Ther. 2008, 5, 42.

[80] D. K. Sen, G. S. Sarin, Br. J. Ophthalmol. 1979, 63, 297.

[81] Z. Pan, ). E. Capo-Aponte, P. S. Reinach, in Advances in Ophthal-
mology (Ed: S. Rumelt), Intech, Rejeka, Croatia 2012, Ch. 3.

[82] W. K. McEwen, |. K. Goodner, Eye 1969, 3, 34.

[83] R. Chen, Z. Jin, A. L. Colon, J. Capillary Electrophor. 1996, 3, 243.

[84] N. J. Van Haeringen, E. Glasius, Albrecht von Graefes Arch. Klin.
Exp. Ophthalmol. 1977, 202, 1.

[85] R. N. Sfuchell, ). ). Feldmon, R. L. Forris, I. D. Mandel, Invest. Oph-
thalmol. Vis. Sci. 1984, 25, 374.

[86] R. ). Fullard, C. Snyder, Invest. Ophthalmol. Vis. Sci. 1990, 37, 1119.

[87] F. H. Grus, P. Sabuncuo, A. ). Augustin, Klein. Monbl. Augenheilkd.
2001, 2178, 239.

[88] A. Mann, B. Tighe, Exp. Eye Res. 2013, 117, 88.

[89] L. Malvitte, T. Montange, A. Vejux, C. Baudouin, A. M. Bron,
C. Creuzot-Garcher, C. Lizard, Br. J. Ophthalmol. 2007, 91, 29.

[90] J. ). Hornstein, (Dr. Ritholz & Sons), US 2809556, 1957.

[97] G. H. Butterfield, US 2544246, 1951.

[92] E. Goodlaw, Int. Contact Lens Clin. 2000, 27, 139.

N. Pfeiffer,

Adv. Healthcare Mater. 2015, 4, 792-810

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advhealthmat.de

[93] O. Wichterle, D. Lim, US 2976576, 1961.

[94] ). B. Pasternak, V. Sherman, US 0113384, 2012.

[95] E. Veillard, P. Renault, ). Lebailly (Lentiles), US 0307201 A1, 2012.

[96] A. Domschke, in Nanomedical Device and Systems Design: Chal-
lenges, Possibilities, Visions (Ed: F. J. Boehm), CRC Press, Boca
Raton, FL, USA 2013, Ch. 10.

[97] S. A. Asher, |. T. Baca, in Handbook of Optical Sensing of Glucose
in Biological Fluids and Tissues (Ed: V. V. Tuchin), Taylor & Francis,
New York, NY, USA 2009, Ch. 13.

[98] M. Mathew, N. Sandhyarani, Electrochim. Acta 2013, 108, 274.

[99] B. H. Malik, G. L. Cote, J. Biomed. Opt. 2010, 15, 037012.

[100] C. D. Geddes, J. R. Lakowicz, Topics in Fluoresence Spectroscopy:
Glucose Sensing, Vol. 11, Plenum Press, New York, NY, USA 2006.

[101] W. F. March, Diabetes Technol. Ther. 2002, 4, 49.

[102] E. S. Bennett, in Clinical Contact Lens Practice (Eds: E. S. Bennett,
B. A. Weissman), Lippincott Williams & Wilkins, Philadelphia, PA,
USA 2005, Ch. 12.

[103] B. A. Fink, G. L. Mitchell,
83, 740.

[104] W. A. Douthwaite, Contact Lens Optics and Lens Design, Elsevier,
Amsterdam, The Netherlands 2006, Ch. 3.

[105] I. Tranoudis, N. Efron, Contact Lens Anterior Eye 2004, 27, 177.

[106] I. Tranoudis, N. Efron, Contact Lens Anterior Eye 2004, 27, 193.

[107] I. Tranoudis, N. Efron, Contact Lens Anterior Eye 2004, 27, 133.

[108] T. O. Glasbey, J. ). Newman, S. D. Newman, H. S. Sutton,
W. M. Tipton, WO 037400 A2, 2005.

[109] Food and Drug Administration, “Types of contact lenses,” http://
www.fda.gov (accessed: September 2014).

[170] P. Auvray, L. Rousseau, G. Lissorgues, F. Soulier, O. Potin,
S. Bernard, F. Dieuleveult, E. Scorsone, P. Bergonzo, L. Chicaud,
S. Picaud, ). A. Sahel, IRBM 2012, 33, 117.

[111] E. Laukhina, R. Pfattner, L. R. Ferreras, S. Galli, M. Mas-Torrent,
N. Masciocchi, V. Laukhin, C. Rovira, ). Veciana, Adv. Mater. 2010,
22,977.

[112] E. Laukhina, M. Mas-Torrent, C. Rovira, ). Veciana, V. Laukhin,
WO 059095 A1, 2008.

[113] V. Laukhin, C. Rovira, E. Laukhina, J. Veciana, M. Mas-Torrent,
S. Rosa Villa, J. Aguilé Llobet, R. Villa Sanz, J. C. Pastor, F. Ussa,
WO 147277 A1, 2009.

[114] V. Laukhin, 1. Sdnchez, A. Moya, E. Laukhina, R. Martin, F. Ussa,
C. Rovira, A. Guimera, R. Villa, J. Aguilo, J.-C. Pastor, ). Veciana,
Sens. Actuators, A 2011, 170, 36.

[115] M. Leonardi, E. M. Pitchon, A. Bertsch, P. Renaud, A. Mermoud,
Acta Ophthalmol. 2009, 87, 433.

[116] C.-K. Tseng, Y.-C. Huang, S.-W. Tsai, G.-T. Yeh, C.-H. Chang,
J.-C. Chiou, 2072 IEEE Sensors, Taipei, Taiwan 2012.

[117] S. Weiss, Science 1999, 283, 1676.

[118] O. L. F. Barros, H. C. X. Bittner, EP 2588854 A1, 2013.

[119] M. Fehr, S. Lalonde, I. Lager, M. W. Wolff, W. B. Frommer, J. Biol.
Chem. 2003, 278, 19127.

[120] P. R. Selvin, Nat. Struct. Biol. 2000, 7, 730.

[121] ). C. Pickup, F. Hussain, N. D. Evans, O. J. Rolinski, D. J. S. Birch,
Biosens. Bioelectron. 2005, 20, 2555.

[122] W. March, D. Lazzaro, S. Rastogi, Diabetes Technol. Ther. 2006, 8,
312.

[123] W. F. March, A. Mueller, P. Herbrechtsmeier, Diabetes Technol.
Ther. 2004, 6, 782.

[124] W. G. Hodge, ). Zhang, US 8385998 B2, 2013.

[125] R. J. Russell, M. V Pishko, C. C. Gefrides,
G. L. Cote, Anal. Chem. 1999, 71, 3126.

[126] A. K. Yetisen, I. Naydenova, F. da Cruz Vasconcellos, J. Blyth,
C. R. Lowe, Chem. Rev. 2014, 114, 10654.

[127] A. Domschke, S. Kabilan, R. Anand, M. Caines, D. Fetter,
P. Griffith, K. James, N. Karangu, D. Smith, M. Vargas, . Zeng,

R. M. Hill, Optom. Vis. Sci. 2006,

M. J. McShane,

wileyonlinelibrary.com

809




810  wileyonlinelibrary.com

ADVANCED
HEALTHCARE
MATERIALS

A

www.advhealthmat.de

A. Hussain, ). Blyth, A. Mueller, P. Herbrechtsmeier, C. R. Lowe,
Proc. IEEE Sensors 2004, Vienna, Austria 2004.

[128] S. Kabilan, ). Blyth, M. C. Lee, A. ]J. Marshall, A. Hussain,
X.-P. Yang, C. R. Lowe, J. Mol. Recognit. 2004, 17, 162.

[129] A. K. Yetisen, J. L. Martinez-Hurtado, A. Garcia-Melendrez,
F. da Cruz Vasconcellos, C. R. Lowe, Sens. Actuators, B 2014, 196,
156.

[130] A. K. Yetisen, ). L. Martinez-Hurtado, F. da Cruz Vasconcellos,
M. C. E. Simsekler, M. S. Akram, C. R. Lowe, Lab Chip 2014, 14, 833.

[131] A. K. Yetisen, Y. Montelongo, F. da Cruz Vasconcellos, S. Neupane,
H. Butt, M. M. Qasim, K. Burling, J. B. Carmody, M. Evans,
T. D. Wilkinson, L. T. Kubota, M. J. Monteiro, C. R. Lowe, Nano
Lett. 2014, 14, 3587.

[132] C. R. Lowe, S. Kabilan, ). Blyth, A. Domschke, D. Smith,
N. Karangu, WO 031442 A1, 2005.

[133] X. Yang, X. Pan, ). Blyth, C. R. Lowe, Biosens. Bioelectron. 2008, 23,
899.

[134] A. K. Yetisen, H. Butt, F. da Cruz Vasconcellos, Y. Montelongo,
C. A. B. Davidson, ). Blyth, L. Chan, J. B. Carmody, S. Vignolini,
U. Steiner, ). ]. Baumberg, T. D. Wilkinson, C. R. Lowe, Adv. Opt.
Mater. 2014, 2, 250.

[135] C. P. Tsangarides, A. K. Yetisen, F. da Cruz Vasconcellos,
Y. Montelongo, M. M. Qasim, T. D. Wilkinson, C. R. Lowe, H. Butt,
RSC Adv. 2014, 4, 10454.

[136] A. K. Yetisen, M. M. Qasim, S. Nosheen, T. D. Wilkinson,
C. R. Lowe, J. Mater. Chem. C 2014, 2, 3569.

[137] F. da Cruz Vasconcellos, A. K. Yetisen, Y. Montelongo, H. Butt,
A. Grigore, C. A. B. Davidson, J. Blyth, M. J. Monteiro,
T. D. Wilkinson, C. R. Lowe, ACS Photonics 2014, 1, 489.

[138] V. L. Alexeey, S. Das, D. N. Finegold, S. A. Asher, Clin. Chem. 2004,
50, 2353.

[139] M. Ben-Moshe, V. L. Alexeev, S. A Asher, Anal. Chem. 2006, 78, 5149.

[140] C. Lentner, Geigy Scientific Tables, 8" ed., Ciba Pharmaceutical Co.,
West Caldwell, NJ, USA 1981.

[141] H. Yao, A. ). Shum, M. Cowan, |. Lahdesmaki, B. A. Parviz, Biosens.
Bioelectron. 2011, 26, 3290.

[142] Y. Liao, H. Yao, B. Parviz, B. Otis, International Solid-State Circuits
Conference, San Francisco, CA, USA 2011.

[143] B. Amirparviz, T. T. Shen, A. Lingley, (University of Washington),
US 8446341 B2, 2013.

[144] B. Otis, Y. Liao, B. Amirparviz, H. Yao, US 8608310 B2, 2013.

[145] M. X. Chu, K. Miyajima, D. Takahashi, T. Arakawa, K. Sano,
S. Sawada, H. Kudo, Y. lwasaki, K. Akiyoshi, M. Mochizuki,
K. Mitsubayashi, Talanta 2011, 83, 960.

[146] ). N. Patel, B. L. Gray, B. Kaminska, B. D. Gates, J. Diabetes Sci.
Technol. 2011, 5, 1036.

[147] D. Newlove, Journal of the British Contact Lens Association, London,
UK 1981.

[148] R. Hamilton (Daysoft), EP 2643152 A1, 2013.

[149] DAC International, “DAC ALM Lens Lathe,” http://www.dac-intl.
com (accessed: September 2014).

M
Vier'S
www.MaterialsViews.com

[150] AG Sensimed, “Products: Sensimed Triggerfish” http://www.sen-
simed.ch (accessed: September 2014).

[151] F. ). Freiberg, J. Lindell, A. A.-L. Thederan, S. Leippi, Y. Shen,
T. Klink, Acta Opthalmol. 2012, 90, e534.

[152] A. M. Moezzi, D. Fonn, ). Varikooty, T. L. Simpson, J. Optom.
2014, 1.

[153] R. Hubanova, F. Aptel, C. Chiquet, B. Mottet, |.-P. Romanet, Acta
Ophthalmol. 2014, 92, e119.

[154] B. Mottet, F. Aptel, J.-P. Romanet, R. Hubanova, ].-L. Pepin,
C. Chiquet, JAMA Ophthalmol. 2013, 131, 1507.

[155] K. Lorenz, C. Korb, N. Herzog, ). M. Vetter,
M. M. Keilani, N. Pfeiffer, J. Glaucoma 2013, 22, 311.

[156] SensimedAG, “Sensimed Triggerfish Flyer,” 2013.

[157] Sensimed, AG, “White paper,” 2013.

[158] Alcon, “Improving innovation since 1945,” http://www.alcon.com
(accessed: September 2014).

[159] X-Cel, “How it all began,” http://xcelcontacts.com (accessed:
September 2014).

[160] J. T. Barr, in Clinical Contact Lens Practice (Eds: E. S. Bennett,
B. A. Weissman), Lippincott Williams & Wilkins, Philadelphia, PA,
USA 2005, Ch. 1.

[161] L. G. Schifrin, R. ). William, The Contact Lens Industry: Structure,
Competition and Public Policy (Health Technology Case Study 37),
US Government Printing Office, Washington DC 1984.

[162] CooperVision, Investor Presentation March 6th, 2014.

[163] S.-C. Chow, ).-P. Liu, Design and Analysis of Clinical Trials: Concepts
and Methodologies, John Wiley & Sons Inc., Hoboken, New Jersey,
NJ, USA 2014.

[164] FDA, “Pre-market evaluation of diagnostic devices,” http://www.
fda.gov (accessed: September 2014).

[165] Medicines and Healthcare Products Regulatory Agency, “Med-
ical Devices Classification,” http://www.mhra.gov.uk (accessed:
September 2014).

[166] E. K. Sackmann, A. L. Fulton, D. J.
507,181.

[167] A. K. Yetisen, L. Jiang, J. R. Cooper, Y. Qin, R. Palanivelu, Y. Zohar,
J- Micromech. Microeng. 2011, 27, 054018.

[168] M. Falk, V. Andoralov, Z. Blum, ]. Sotres, D. B. Suyatin, T. Ruzgas,
T. Arnebrant, S. Shleev, Biosens. Bioelectron. 2012, 37, 38.

[169] Z. Blum, D. Pankratov, S. Shleev, Expert Rev. Ophthalmol. 2014, 9,
269.

[170] D. Lou, X. Chen, Z. Zhao, Y. Xuan, Z. Xu, H. Jin, X. Guo, Z. Fang,
IERI Procedia 2013, 4, 208.

[171] National Security Agency, “Bluetooth Security,” http://www.nsa.
gov (accessed: September 2014).

[172] M. Otto, K. E. von Muhlendahl, Int. J. Hyg. Environ. Health 2007,
210, 635.

[173] S. Deng, A. K. Yetisen, K. Jiang, H. Butt, RSC Adv. 2014, 4, 30050.

[174] X-T. Kong, H. Butt, A. K. Yetisen, C. Kangwanwatana,
Y. Montelongo, S. Deng, F. Da Cruz Vasconcellos, M. M. Qasim,
T. D. Wilkinson, Q. Dai, Appl. Phys. Lett. 2014, 105, 053108.

H. Elflein,

Beebe, Nature 2014,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Healthcare Mater. 2015, 4, 792-810





