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a b s t r a c t

A contact lens (CL) biosensor for in situ monitoring of tear glucose was fabricated and tested. Biocom-
patible 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer and polydimethyl siloxane (PDMS)
were employed as the biosensor material. The biosensor consists of a flexible Pt working electrode and a
Ag/AgCl reference/counter electrode, which were formed by micro-electro-mechanical systems (MEMS)
technique. The electrode at the sensing region was modified with glucose oxidase (GOD). The CL biosen-
sor showed a good relationship between the output current and glucose concentration in a range of
iosensor
ear
lucose
on-invasive
ontinuous monitoring

0.03–5.0 mM, with a correlation coefficient of 0.999. The calibration range covered the reported tear glu-
cose concentrations in normal and diabetic patients. Also, the CL biosensor was applied to a rabbit for the
purpose of tear glucose monitoring. The basal tear glucose was estimated to 0.11 mM. Also, the change of
tear glucose induced by the change of blood sugar level was assessed by the oral glucose tolerance test.
As a result, tear glucose level increased with a delay of 10 min from blood sugar level. The result showed

pect
e and
ioinstrumentation that the CL biosensor is ex
dynamics of blood glucos

. Introduction

In the recent years, diabetes incidence is drastically increasing in
he developed countries [1]. The main characteristic of diabetes is
chronically raised blood glucose concentration (hyperglycaemia)

2], which is a major risk factor for microvascular complications
uch as atherosclerosis, coronary artery disease, stroke, and periph-
ral vascular disease. Self-monitoring of blood glucose is widely

sed for maintaining appropriate blood glucose levels. This is
sually performed by ‘finger prick’ test using a portable meter.
lthough the finger prick test is a nearly completed method, the
lucose meter provides only a temporal value, and cannot follow

∗ Corresponding author at: Department of Biomedical Devices and Instrumen-
ation, Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental
niversity, 2-3-10 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan.
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039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.10.055
ed to provide further detailed information about the relationship between
tear glucose.

© 2010 Elsevier B.V. All rights reserved.

reflect the rapid change of blood glucose level (2.25 mg/dL/min)
towards hypoglycaemic and hyperglycaemic events [3]. Therefore,
continuous glucose monitoring method which does not become
restriction of daily life is strongly requested.

A glucose sensor for continuous blood sugar monitoring is one
of the most approach and they are also expected to improve public
health and reduce total medical costs. Since the first glucose sensor
was constructed by Clark and Lyons in 1962 [4], numbers of glucose
sensors have been developed by many different approaches, such as
electrochemical [5–8], spectrophotometric [9,10] and fluorescence
methods [11,12]. With the purpose of continuous blood glucose
monitoring for automatic glucose control, numbers of implantable
biosensors used in subcutaneous tissue and vessel was reported
[13–21]. For instance, a miniaturized implantable needle-type glu-

cose sensor associated with an artificial endocrine pancreas system,
which consists of a microcomputer and a 2-syringe driving system
[19,20]. Although these sensors provide accurate blood sugar level,
the implant process requires a surgical operation even if that is a
minimal invasive surgery. It would bring some mental and physi-
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al sufferings to diabetic patients due to the obstructions in daily
ife.

On the other hand, several information and communication
echnologies suitable for constant use in biomonitoring purpose
ave been reported [22,23]. Particularly, short-range wireless
ommunication (including body-wired communication (BWC)) so-
alled body-area network (BAN) is a promising technique for this
urpose. BAN and related technologies enables to connect multiple

wearable’ biomonitoring sensors each other, and transmit the sig-
als to a portable control system like a mobile phone. The users can
enefit an appropriate feedback in real-time [24]. A non-invasive
nd continuous glucose monitor (CGM) suitable for such a BAN-
elated technologies are thus strongly requested. Generally, blood
lucose level can be estimated non-invasively by monitoring phys-
ological fluids that reflect blood glucose levels, such as urine, tear,

ucus, sweat, saliva, etc. Particularly, we focused on glucose in tear
uids. Increase of tear glucose in hyperglycemia was first reported

n 1930s [25] and a definite relationship between tear glucose and
lood glucose was also reported [26,27]. Recently, an advanced
tudy on tear glucose before and after administration of a carbohy-
rate load was carried out by Lane et al. Their result indicated that a
orrelation between tear glucose and blood glucose concentrations
an be found in both diabetic and normal subjects [28].

Continuous blood sugar assessment with a BAN-friendly device
n mind, we have designed and fabricated a contact lens (CL) biosen-
or that measures tear glucose continuously. The final goal of our
evice includes integration of a power source, a BWC transmitter,
n electrical circuit and a sensing probe. The biosensor was fabri-
ated using micro-electro-mechanical systems (MEMS) technique
o form electrodes on the peripheral surface of a polydimethyl silox-
ne (PDMS) contact lens. In this paper, we report details of the
tructure and fabrication of the CL glucose sensor. And the basal
ear glucose concentration of the rabbit is estimated using the sen-
or. Also, dynamic change of tear glucose level is monitored and
ompared with change of blood glucose level.

. Experimental

.1. Materials

d(+)-Glucose (Wako Pure Chemical Industries Ltd., Japan) was
sed to prepare standard glucose solution. Physiological sodium
hloride solution (OTSUKA Pharmaceutical Co., Ltd., Japan) was
repared to clean the biosensor in animal experiment. Glucose
xidase (GOD: EC 1.1.3.4, 146,000 uints/g) was purchased from
igma–Aldrich Company of USA. Hydrophobic PDMS (Silpot 184,
ow Corning Toray Co., Ltd., Japan) was used as the substrate
aterial of the biosensor. PMEH was obtained by copolymerizing 2-
ethacryloyloxyethyl phosphorylcholine (MPC) with 2-ethylhexyl
ethacrylate (EHMA) (MPC:EHMA = 3:7) at 60 ◦C for 2 h. A phos-

hate buffer solution (PB: pH 7.4, 20 mM) was prepared for
valuation of the sensor characteristics.

.2. Design of CL glucose sensor

The CL biosensor was designed for in situ monitoring of tear
lucose level. PDMS was used as the body material of the sensor. The
iosensor has a flexible hydrogen peroxide electrode (Pt working
nd Ag/AgCl reference/counter electrodes), which was formed on
thin PDMS membrane (size of 3 mm × 45 mm, thickness: 70 �m).

or the purpose of application on eye site, the biosensor utilized
soft PDMS contact lens (base curve radius: 8.6) as a support of

he flexible electrode. The output signal of the CL biosensor was
entatively read using a wired line in the preclinical experiment
nd tested that the sensor works while it is worn on the eye.
3 (2011) 960–965 961

2.3. Fabrication and evaluation of the CL biosensor

Fig. 1I shows the fabrication process of the flexible electrode. At
first, a 70 �m thick PDMS membrane was formed onto a 525 �m
thick dummy silicon wafer by spin-coating system (1H-DX II,
Mikasa Corp., Tokyo, Japan) and cured at 80 ◦C for 30 min. A 200 nm
thick Pt film was sputtered onto the PDMS membrane by a sputter-
ing system (EIS-220, Elionix Co., Ltd., Japan) via a titanium stencil
(thickness: 40 �m), which is fabricated by a laser microfabrication
system (MD-V9610, KEYENCE Corp., Japan). The reference elec-
trode was formed as a bilayer of a 300 nm thick Ag film and a
200 nm Pt for the purpose of improving adhesion. Then, the PDMS
membrane with the electrode was released from the dummy wafer.
The electrodes were covered with a thin insulating PDMS mem-
brane except the sensing region and the electrode terminal region.
After that, the Ag/AgCl electrode at the sensing region was electro-
chemically chloridized with 1.0 mM hydrochloric acid solution by
applying a constant voltage of −60 mV. Thus, the flexible electrode
was obtained.

The CL biosensor was constructed by following steps. A soft
PDMS contact lens was formed by molding process. The PDMS resin
was degassed with a vacuum chamber for 30 min and cured at room
temperature for 24 h. As shown in Fig. 1IIa, the flexible electrode
was bonded onto the peripheral surface of the CL using PDMS as a
binder. Then, a 1.0 �L mixture of GOD (0.523 mg) and 10 wt% PMEH
solution was spread onto the sensing region of the sensor and cured
for 3 h at 4 ◦C (Fig. 1IIb) The CL biosensor thus was obtained using
biocompatible polymer.

In vitro characterization was carried out using a batch measure-
ment system. The sensing region of the biosensor was placed in
a 20 mL measuring cell filled with PB (pH 7.4, 20 mM). The elec-
trode terminal was connected to a potentiostat (MODEL 1112, Fuso
Inc., Japan). A constant voltage of +400 mV versus Ag/AgCl refer-
ence/counter electrode was applied to Pt working electrode. The
output current induced was recorded using a computer via 16 bit
A/D converter (ADC-16, pico Technology Ltd., UK).

In order to prevent enzyme leakage at the GOD-modified elec-
trode, the enzyme membrane was overcoated with a 1.0 �L PMEH
solution (Fig. 1IIc). An optimal concentration of PMEH was defined
by evaluating the characteristics of the biosensors with overcoating
with various concentration of PMEH (3, 5, 10 wt%).

2.4. Continuous monitoring of tear glucose using the CL biosensor

Preclinical ocular tear monitoring teat with the CL biosensor was
carried out on a rabbit (Japan white rabbit, age: 55 months, weight:
3.9 kg). As a first step, the basal tear glucose level was measured.
The rabbit was fixed using a cylindrical fixation device without
any anesthetic. The CL biosensor was cleaned with physiological
sodium chloride solution and then attached on the eyeball of the
rabbit. After that, the biosensor was connected to a potentiostat,
and a constant potential of +400 mV (vs. Ag/AgCl) was applied to
the Pt electrode.

The dynamics of tear content due to tear secretion was also mon-
itored with the CL biosensor. After a stable period as well as the
above mentioned experiment, 0.5 mM glucose (50 �l) was dropped
into the eye of the rabbit. The change of the output current was
recorded and analyzed by the computer.

Finally, the change of tear glucose level induced by the change
of blood glucose level was monitored. As shown in Fig. 2, the CL
biosensor was worn on the eyeball of the rabbit for continuous

monitoring of tear glucose, and glucose solution was then orally
administrated to the rabbit (1 g of glucose per 1 kg of weight).
At the same time, the blood glucose level was measured using a
self glucose monitoring kit (MEDISAFE, TERUMO Co., Japan). The
blood sample was collected from the helix vein of the rabbit with
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Fig. 1. Fabrication method of the CL biosensor. (I) The flexible electrodes (a 200 nm thick P
formed onto a 70 �m thick PDMS membrane; (II) the flexible electrodes were bonded ont
using PMEH onto the sensing region of the electrodes, Finally, the enzyme membrane wa

Fig. 2. Measurement method of tear glucose concentration with the CL biosensor.
Blood glucose level was measured by a commercially blood glucose monitoring kit,
simultaneously.
t working electrode and a 300 nm thick Ag/AgCl counter/reference electrode) were
o the surface of the PDMS contact lens using PDMS and then GOD was immobilized
s overcoated by PMEH.

a syringe needle at before glucose administration, 0, 15, 30, 45,
60 min, respectively. (The animal experiment is approval number:
0110211B, Tokyo Medical and Dental University Animal Experi-
ment Committee.)

3. Results and discussions

3.1. Characteristics of CL biosensor

Fig. 3 shows the appearance of the soft CL biosensor. Using PDMS
of form the soft CL, the sensor had a suitable flexibility for wear-
ing applications. The film electrode showed high adhesion to the
PDMS substrate and did not crack or peel off after bending. Also, no
strain of deformation due to the stress of electrode deposition was
confirmed.

As a result of in vitro characterization, the biosensor showed a
rapid response to glucose (Fig. 4). According to the result, the out-
put current was related to the glucose concentration from 0.03 to
5.0 mM and the calibration range included normal tear glucose level
of humans (0.14 mM). The senor was thus expected to be useful
for in situ monitoring of tear glucose. However, the characteristics
of the biosensor (no PMEH-coating at the sensing region) signifi-

cantly degraded after application on the rabbit (Fig. 5). In order to
solve this problem, the enzyme membrane was coated with addi-
tional PMEH membrane to prevent enzyme leakage. The effect of in
the additional PMEH is shown in Fig. 6. As the figure indicates, the
output current decreased as the concentration of the PMEH solu-
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sufficient wearability and durability for ocular biomonitoring was
successfully obtained.
ig. 3. Photograph of the CL biosensor constructed by biocompatible materials
PDMS and hydrophilic PMEH) and the flexible electrodes (Pt working and Ag/AgCl
ounter/reference film electrodes formed onto the PMDS membrane).

ion increased. This is because the additional membrane decreased
ot only the mobility of entrapped enzyme, but also decreased the
ermeability of the other chemicals to be measured. However, the
epeatability of the biosensors with PMEH-coating increased by this
mprovement. Particularly, coating with 3% PMEH showed opti-

al trade-off in the sensitivity and the reproducibility. Based on
bove results, 3% of PMEH was defined as optimal concentration.
he small box of Fig. 6 shows the calibration curves of the biosen-
or with 3% PMEH-coating before and after application. The output
urrents are represented by the following equations:

before application:
utput current (�A) = 0.245 × [glucose (mmol L−1)]
0.831

coefficient of correlation of 0.999) (1)

ig. 4. Typical response of the CL biosensor with no PMEH-coating to glucose
oncentration in vitro (constant voltage of +400 mV vs. Ag/AgCl, pH 7.4, 20 mM phos-
hate buffer solution). The output current increased immediately after the glucose
olution was dropped into PBS.
Fig. 5. Comparison of the calibration curves before and after application to the
rabbit’s eye. (�) Before application; (�) after application.

after application:

output current (�A) = 0.239 × [glucose(mmol L−1)]
0.818

(coefficient of correlation of 0.999) (2)

In both cases, the calibration ranges were 0.03–5.0 mM as well
as the older version without additional coating. The characteris-
tics of the improved sensor did not change after application on
the eye of the rabbit. From this result, the soft CL biosensor with
Fig. 6. Output current variation caused by a coating concentration of PMEH (no
PMEH, 3%, 5%, 10%) 1.0 and 3.0 mM glucose. The largest current was shown in case of
no PMEH-coating. The current decreased with the increasing of PMEH concentration.
Inset box is calibration curves of the biosensor before and after application. (�)
Before application; (�) after application.
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Fig. 7. Tear glucose monitoring using the CL biosensor on eye site. A stable output
current was observed and the mean output current value was 0.042 �A (The basal
t
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dynamics of tear glucose on eye site.
Based on above results, change of tear glucose induced by

change of blood glucose was also monitored using the CL biosensor.
Fig. 9 shows a typical tear dynamics related to elevation of blood
ear glucose concentration of the rabbit was estimated to 0.11 mM.).

.2. Tear glucose monitoring with CL biosensor

In situ ocular biomonitoring of tear glucose was finally taken
lace. Fig. 7 shows a typical response of the CL biosensor worn
o the eye of the rabbit. As shown in the figure, stable current
as observed and the mean value was 0.042 �A. According to Eq.

1), the basal tear glucose level of the rabbit was estimated to
e 0.11 mM, which was almost consistent with previous reports
f humans [29–36,28,37,38]. Generally, tear glucose level can be
ffected by mechanical and chemical irritations. Considering the
table current found in this experiment, irritation was considered
o be minimized due to the CL-like body as well as the previ-
us report by Asher et al. [39,40]. The result indicated that the
iosensor well worked at the steady and settled state. In the
resent stage, biochemical components in tear fluids such as ascor-
ic acid and the other proteins could influence output current of
he biosensor. This can be improved by applying some selective

embranes. On the other hand, the biosensor measures glucose
oncentrations as changes of hydrogen peroxide concentrations
nduced by enzymatic reactions. The impact of peroxide forma-
ion on eye irritation has to be considered. Peroxide formation
s one of reactive oxygen radicals, as well as superoxide anion
nd the hydroxyl radical presents in human tears [41]. In order
o inhibit the activities of those oxygen radicals and protect ocular
issues, tears also include several enzymes and antioxidants such
s superoxide dismutase, catalase, glutathione, glutathione perox-
dase, tocopherol and ascorbic acid. They catalyze or directly join
hose reductions of the oxygen radicals. Wilson et al. also reported
hat H2O2 is rapidly eliminated on the ocular surface, chiefly by
nzyme activity of the conjunctiva and cornea [42]. Thus, these evi-
ences demonstrate that there is no affect of peroxide formation
n eye irritation.

Dynamics of the tear content by tear secretion was also mea-
ured. Fig. 8 shows the response of the CL biosensor to instillation
f standard glucose solution. The output current immediately
ncreased when the standard glucose solution was dropped and
ecreased gradually to the initial value. The curve of the current
own to initial state indicates the process of replacement of

tandard glucose with the fresh tear fluids secreted from lacrimal
land. The small box of Fig. 8 shows a semi-log plot of the current
nd the regression curve derived from the following equation as a
Fig. 8. Temporal change of the output current by eye drop of 0.5 mM glucose solu-
tion. The current rapidly increased until a signal peak following instillation of glucose
solution, and then returned to the initial level, gradually.

function of time.

output current (�A) = 0.026 + 0.080 × 0.764time (min)

(coefficient of correlation of 0.974) (3)

The estimated glucose concentration was 0.49 mM by Eq. (3).
The estimated concentration (0.49 mM) is nearly equal to the
concentration of the dropped glucose (0.5 mM). Considering the
presence of basal tear, this value stands to reason. The results
indicated that the CL biosensor was also useful in monitoring of
Fig. 9. Chronological change both in tear glucose level and blood glucose level. The
tear glucose level increased with a delay of 15–20 min from blood glucose level.
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[40] S.A. Asher, J.T. Baca, Handbook of Optical Sensing of Glucose in Biological Fluids
and Tissues by Valery V. Tuchin, (Editor) Taylor & Francis, Pub., New York, Chap.
13 (2009) 387–417.
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ugar level induced by oral administration of glucose. The initial
ear glucose level was estimated to be approximately 0.116 mM,
hich was almost similar to the previous result. After oral admin-

stration of glucose, the blood glucose level increased immediately,
nd reached a peak after 45 min. The tear glucose level followed it
ith a delay of approximately 10 min from the blood sugar level

nd reached to the peak after 55 min. After that, the tear glucose
evel decreased gradually. The highest tear glucose concentration

as estimated to 0.61 mM by Eq. (3). The tear glucose increased
y approximately six folds (0.116–0.61 mM) while the blood sugar

evel increased by two folds. This result is consistent with the pre-
ious reports of humans [28]. Since the deference of metabolic
apacities between humans and rabbits, it is possible that variation
f the increasing rate differs from that of rabbits. However, the tear
lucose level was successfully monitored ‘continuously’ with the
L biosensor in real-time. Tear glucose also changes by individual
ariation and daily fluctuation (including physiological condition)
28,40]. In the previous studies, these fluctuations were measured
y analytical method including tear sampling or discrete method.
he in situ monitoring by the CL biosensor is expected to pro-
ide further detailed information about the relationship between
ynamics of blood glucose and tear glucose.

Abnormal findings such as inflammation were not observed
fter the test. Despite presence of the read-out wiring, the rab-
it was settled through the experiment. Tear content can be thus
easured non-invasively and non-restrained. These are the essen-

ial characteristics for next generation bioinstrumentation systems
uch as BAN-based healthcare sensors. Since the sensor body was
ormed with PDMS, some kinds of microchips can be implanted in
he CL body. The other components like transmitters can be thus
ntegrated by miniaturization of each component. Moreover, the
iosensor is useful for other chemical substances by choosing an
dequate enzyme. Also, the biosensor is not only useful in ocular
iomonitoring, but also useful in chemical sensing on any surface
f the human body because of the soft and flexible structure.

. Conclusions

In this work, the CL biosensor for continuous monitoring of tear
lucose was fabricated and tested. GOD modified electrode was
ormed on a PDMS contact lens using MEMS techniques. Owing
o the wearable structure of the biosensor like a contact lens,
on-invasive ocular biomonitoring was established with minimum

rritations. As a result of in vitro characterization, the biosensor
ad a rapid response to glucose and appropriate calibration range
0.03–5.0 mM), which included the reported tear glucose levels. In
he preclinical animal test, the biosensor successfully worked both
n temporal measurement of tear glucose and continuous monitor-
ng of tear dynamics. According to the oral glucose tolerance test,
he tear glucose changed with a delay of 10 min from the blood
ugar level. The rabbit was sufficiently settled during the experi-
ent because of the wearable structure. Thus, non-invasive ocular

iomonitoring was successfully established using the CL biosensor.
lthough there are still several struggle points, an advanced blood
ugar assessment can be thus expected.
cknowledgements

This work was partly supported by Japan Society for the Promo-
ion of Science (JSPS) Grant-in-Aid for Scientific Research System

[

[

3 (2011) 960–965 965

and by MEXT (Ministry of Education, Culture, Sports, Science and
Technology) Special Funds for Education and Research “Advanced
Research Program in Sensing Biology”. The authors also thank
Tokyo Metropolitan Industrial Technology Research Institute for
their contribution in MEMS techniques and equipments.

References

[1] S. Wild, G. Roglic, A. Green, R. Sicree, H. King, Diabetes Care 27 (2004)
1047–1053.

[2] A. Pasic, H. Koehler, I. Klimant, L. Schaupp, Sens. Actuators B 122 (2007) 60–68.
[3] S. Zimmermann, D. Fienbork, B. Stoeber, A.W. Flounders, D. Liepmann, The 12th

International Conference on Solid State Sensors, Actuators and Microsystems,
vol. 1, Boston, 2003, pp. 8–12.

[4] L. Clark Jr., C. Lyons, Ann. N.Y. Acad. Sci. 102 (1962) 29–45.
[5] J.J. Yu, D.L. Yu, T. Zhao, B.Z. Zeng, Talanta 74 (2008) 1586–1591.
[6] J. Wang, A. Ibanez, M.P. Chatrathi, J. Am. Chem. Soc. 125 (2003) 8444–8445.
[7] R.K. Shervedani, A.H. Mehrjardi, N. Zamiri, Bioelectrochemistry 69 (2006)

201–208.
[8] C.C. Li, Y.L. Liu, L.M. Li, Z.F. Du, S.J. Xu, M. Zhang, X.M. Yin, T.H. Wang, Talanta

77 (2008) 455–459.
[9] V. Sanz, S. de Marcos, J. Galban, Talanta 78 (2009) 846–851.
10] S.M. Talary, F. Dewarrat, D. Huber, A. Caduff, J. Non-Cryst. Solids 353 (2007)

4515–4517.
11] J.C. Pickup, F. Hussain, N.D. Evans, O.J. Rolinski, D.J.S. Birch, Biosens. Bioelectron.

20 (2005) 2555–2565.
12] F. Khan, L. Gnudi, J.C. Pickup, Biochem. Biophys. Res. Commun. 365 (2008)

102–106.
13] J. Janata, Diabetes Care 5 (1982) 271.
14] E. Wilkins, M.G. Wilkins, J. Biomed. Eng. 5 (1983) 309–315.
15] P. Abel, A. Muller, U. Fischer, Biomed. Biochim. Acta 43 (1984) 577–584.
16] J.C. Pickup, G.W. Shaw, D.J. Claremont, Diabetologia 32 (1989) 213–217.
17] M. Shichiri, R. Kawamori, N. Asakawa, Y. Yamasaki, H. Abe, Biomed. Biochim.

Acta 43 (1984) 561–568.
18] M. Shichiri, R. Kawamori, N. Hakui, Y. Yamasaki, H. Abe, Diabetes 33 (1984)

1200–1202.
19] D.A. Gough, J.C. Armour, Diabetes 44 (1995) 1005–1009.
20] I. Galeska, T. Hickey, F. Moussy, D. Kreutzer, F. Papadimitrakopoulos, Biomacro-

molecules 2 (2001) 1249–1255.
21] Y. Zhang, Y. Hu, G.S. Wilson, D. Moatti-Sirat, V. Poitout, G. Reach, Anal. Chem.

66 (1994) 1183–1188.
22] E. Javanov, A. Lorad, D. Raskovic, P. Cox, R. Adhami, F. Andrasik, IEEE Eng. Med.

Biol. Mag. 22 (2003) 49–55.
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