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Abstract

An optical assay for glucose is described based on the luminescence decay time of a long wavelength dye (Cy5) which can be
excited with currently available red laser diodes. Concanavalin A was covalently labeled with Cy5 which served as the donor in
an assay based on fluorescence resonance energy transfer (FRET). The acceptor was Malachite Green which was covalently linked
to insulin which served as a carrier protein. To provide binding affinity for ConA Malachite Green insulin was also covalently
labeled with maltose (MIMG). Binding of Cy5ConA to MIMG resulted in a decreased intensity and decay time of Cy5 as
observed by time-correlated single photon counting. Glucose was detected by competitive displacement of MIMG from Cy5ConA,
resulting in increased intensity and decay time. This glucose assay has several features which can result in practical real world
assays for glucose. The long absorption wavelength of Cy5 allows excitation with red laser diodes, which can be readily pulsed
or amplitude-modulated for time-domain or frequency-domain decay time measurements. Additionally, decay times can be
measured through skin using long wavelength excitation and emission, suggesting the possibility of an implanted glucose sensor.
And finally, the assay affinity and reversibility can in principle be adjusted by controlling the extent and type of sugar labeling
of the carrier protein. © 1997 Published by Elsevier Science S.A.
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1. Introduction

Blood glucose measurements are performed fre-
quently in clinical labs, doctor’s offices and by diabetics
using home test kits. At present, most glucose test strips
rely on oxidation of glucose by glucose oxidase to yield
a colored product [1,2]. Such methods require freshly
drawn blood, which is unpleasant and precludes the use
of this method as a feedback loop for an insulin pump.
Hence, the development of non-invasive optical sensing
of glucose has been pursued in numerous laboratories.
Many methods have been suggested for optical mea-
surements of glucose. These methods include measure-
ment of oxygen consumption by glucose oxidase using
an oxygen optrode [3.,4], measurements of the changes
in pH which accompany glucose oxidation [5,6], use of
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the intrinsic flavin fluorescence of glucose oxidase [7],
and the use of optical activity [8—10]. Another ap-
proach to glucose sensing has been the use of near
infrared (NIR) spectroscopy [11,12], which in principle
could provide non-invasive optical sensing of tissue
glucose. While promising [13,14], NIR spectroscopy has
not successfully become available for use by diabetics.

We are presently attempting to develop glucose sens-
ing methods which will allow quasi non-invasive glu-
cose sensing using implantable sensors placed under the
skin. This approach was chosen over a completely
non-invasive method because of the difficulties encoun-
tered with such methods. Our goal is to develop a
glucose patch in which the decay time changes in
response to tissue glucose concentrations. Knowledge
of the tissue glucose concentration, as compared to
blood glucose, is likely to be adequate if not preferable
given the close correlation between these two glucose
levels [15]. The use of decay times, as opposed to
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Scheme 1. Donor-labeled ConA and sugar-acceptor labeled insulin and lysine.

intensities, is preferred because the decay times are
mostly independent of probe concentrations or the
intensity of the fluorescence signal. Importantly, life-
times can be measured in highly scattering media
[16,17], and have been successfully measured through
several layers of chicken skin [18]. In previous reports
we demonstrated that glucose could be measured using
lifetimes based on the phenomenon of fluorescence
resonance energy transfer [19,20]. Such assays are based
on the reversible binding of ConA with sugars, as first
used by Schultz and co-workers using dextrans as the
sugars [21-23], except that our glucose assays are based
on decay times rather than intensities. In our assay we
used both short [19] and long lifetime metal—ligand
complex [20] donors. However, to date, all available
glucose assays require ultraviolet (UV) or visible excita-
tion, and such wavelengths do not allow trans-dermal
sensing. In the present report we describe a glucose

assay based on the donor Cy5 (Scheme 1), which can be
excited at wavelengths up to 700 nm, and thus using
wavelengths which readily penetrate skin. Additionally,
we used an acceptor other than dextran, a Malachite
Green-labeled protein, which provided less aggregation
and improved reversibility of the assay.

2. Materials and methods

Concanavalin A (ConA), bovine insulin and maltose
were purchased from Sigma, Malachite Green isothio-
cyanate from Molecular Probes, and Cy5™ Monofunc-
tional dye from Amersham.

Cy5-labeled ConA (Cy5ConA) was prepared by dis-
solving 1 mg of ConA and 1.5 mg «-methyl mannoside
in 1 ml of 0.1 M bicarbonate buffer, pH 9.0. This
solution was added to the vial containing the pre-mea-
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sured dye and mixed thoroughly. The mixture was
incubated for two hours at room temperature with
occasional stirring and the resulting conjugate was sep-
arated from the free dye by passing the reaction mix-
ture thru a Sephadex G-50 column equilibrated with
buffer containing 100 mM «-methyl mannoside and
10% dioxane. The product, Cy5ConA was freed of the
sugar by repeated dialysis.

Preparation of the maltose—insulin conjugate was
accomplished as reported by Jeong et al. [24]. The
degree of glycosylation was determined by the phenol—
sulfuric acid method [25], and was found to be 1
maltose per insulin molecule. The maltose—insulin—
Malachite Green conjugate (MIMG) preparation was
described in a previous paper [20]. Malachite Green
isothiocyanate (5.9 mg) in DMF was added to insulin—
maltose dissolved in 0.2 M bicarbonate buffer, pH 8.5.
The reaction was stirred for an hour at room tempera-
ture and then quenched by the addition of hydroxy-
lamine with incubation for an additional hour at room
temperature. The conjugate was purified by gel filtra-
tion on a Biogel P6 column. The purified protein con-
tained an average of 1.5 Malachite Green dyes per
insulin molecule. All measurements were done in pH
6.8 buffer containing 0.25 M NaCl, 0.005 M NaH,PO,,
0.2 mM CaCl,, 0. mM MnCl, and 0.02% sodium
azide.

Emission spectra were recorded on an Aminco SLM
AB2 spectrofluorometer using an excitation wavelength
of 580 nm. Polarizers were used to eliminate the effect
of Brownian rotation. Time-resolved measurements
were performed by time-correlated single photon count-
ing [26]. The light source was a cavity-dumped rho-
damine 6G dye laser at 580 nm with a repetition rate of
1 MHz. The detection was a Hamamatsu R2809 mi-
crochannel plate PMT. The emission was isolated using
a 620 nm cut off filter (Andover). The excitation was
ventrically polarized and the emission detected through
a polarizer at 54.7° from the vertical to eliminate the
effects of Brownian rotation on the observed decay
times.

The time-domain intensity data were fit to a multiex-
ponential decay law

I(t)=Yoe " (1)

where «; and 7, are the preexponential factors and decay
times, respectively. The parameters values (o, 7;) were
determined by least square analysis using software from
IBH. The values of «; and t; were used to calculate the
mean lifetime, 7

= Zoc,»r,?/Zcx,‘ci (2

The intensity decays of Cy5ConA were found to be
multi-exponential both in the absence and presence of

the MIMG acceptor. The mean decay time represent a
weighted average of the decay times (z;) displayed by
the sample.

3. Results

The absorption spectrum of Cy5ConA is shown in
Fig. 1. This spectrum shows the favorable properties of
the Cy5 as a luminescent probe for trans-dermal sens-
ing. Cy5 displays an absorption maximum near 650 nm,
with an absorption tail to 700 nm. Hence, it can be
readily excited with red laser diodes. It is well known
that the output of such diodes can be rapidly modu-
lated or pulsed on a sub-nanosecond timescale. Addi-
tionally, wavelengths above 620 nm are weakly
absorbed by skin and readily penetrate tissues. Hence,
the use of Cy5 or similar long wavelength dyes [27,28]
allow trans-dermal measurements, assuming a scheme
for coupling the glucose concentrations to the decay
time can be obtained.

To provide a lifetime change in the presence of
glucose we used the phenomenon of fluorescence reso-
nance energy transfer (FRET). For reasons described
previously [20] we use insulin which was doubly labeled
with maltose and the acceptor malachite green. The
maltose acts as the recognition site for ConA binding.
Upon binding to ConA the acceptor dye is in close
proximity with the donor thereby allowing energy
transfer to occur. In addition, it acts as the competitor
for glucose, thus providing the basis for measuring
glucose concentrations. We chose maltose for this pur-
pose because when conjugated to insulin, it was re-
ported to have comparable binding affinity for ConA as
glucose [29]. The absorption spectrum of the acceptor,
maltose—insulin—Malachite Green (MIMG), is shown
in Fig. 1. It has an extinction coefficient of 30 000 M —!
cm~! at 670 nm where it overlaps with the emission
spectrum of Cy5ConA. Based on the spectral properties
of Cy5ConA and Malachite Green, the estimated
Forster distance is about 35 A.
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Fig. 1. Absorption spectrum of the acceptor MIMG, and the absorp-
tion and emission spectrum of the donor Cy5ConA.
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Fig. 2. Emission spectrum of 2 pM Cy5ConA alone; in the presence
of 4 uM MIMG; and in the presence of 4 uM MIMG plus 150 mM
glucose.

The emission spectrum of Cy5ConA in the presence
of MIMG is shown in Fig. 2. Decreased intensity of
Cy5ConA with increased concentration of MIMG is
due to both energy transfer and inner filter effects. In
order to confirm that a significant fraction of the
quenching is due to energy transfer, intensity decay
measurements were performed. Time-resolved data are
unaffected by inner filter effects and can be used to
estimate energy transfer parameters for a D—A system
using appropriate models.

Time-domain intensity decays of Cy5ConA in the
presence of increasing concentrations of MIMG are
shown in Fig. 3. Close examination of the data reveals
a short lifetime component whose amplitude increases
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Fig. 3. Excited state decay data of Cy5ConA (2 pM) with increasing
concentrations of MIMG.

Table 1
Excited state lifetimes of 2 pM Cy5ConA at various concentrations of
MIMG

7; (ns) fi 1R
2 uM Cy5ConA 0.66 0.221 1.12
1.48 0.779
2 uM Cy5ConA + 0.39 0.223 1.05
4 uM MIMG 1.371 0.777
2 uM Cy5ConA + 0.288 0.295 1.12
8 uM MIMG 1.313 0.705
2 uM Cy5ConA + 0.281 0.326 1.28
12 pum MIMG 1.300 0.674

with increasing concentrations of MIGM. Least squares
analysis of the time-resolved data confirm this visual
impression (Table 1). The intensity decay of Cy5ConA
is at least double exponential in the absence or presence
of MIMG. As the concentration of MIMG is increased,
the fractional amplitude of the shorter decay time de-
creases. These effects are consistent with FRET from
Cy5ConA to MIMG. The extent of energy transfer
and/or MIMG binding can also be seen from the
decrease in the mean lifetime of Cy5ConA (Fig. 5, left).
In previous studies [20] we showed that there was no
interaction of labeled ConA with non-glycosylated in-
sulin-MG@G, showing that the maltose moiety was re-
sponsible for binding.

The steady-state fluorescence spectra of 2 pM
Cy5ConA in the presence of 4 uM MIMG and 150 mM
glucose is shown in Fig. 2. This figure shows that the
emission intensity of Cy5ConA is increased by the
addition of glucose, suggesting competitive displace-
ment of MIMG by glucose. We confirmed the de-
creased binding of Cy5ConA to MIMG in the presence
of glucose by time-resolved measurements. Addition of
glucose results in elimination of the shorter component
due to MIMG (Fig. 4). In fact, visual inspection of the
Cy5ConA intensity decays suggests that FRET is com-
pletely eliminated in the presence of 60 mM glucose.
This impression is confirmed by the average lifetimes,
which return to the unquenched value at 60 or 100 mM
glucose (Fig. 5, right). Hence, in the present case the
sensor appears to be completely reversible, which is an
improvement over our previous glucose sensor [19,28].
The complete reversibility of this sensor is also seen by
the multi-exponential analysis. The amplitude of the
short component decreases with increasing concentra-
tions of glucose (Table 2). Importantly, for 60 and 100
mM glucose the multi-exponential decay parameters are
essentially identical to that seen in the absence of
MIMG (Table 1).

All the data presented here were collected immedi-
ately upon addition of small aliquots of acceptor to the
donor. The same is true to the titration of the donor—
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Fig. 4. Average lifetime of Cy5ConA (2 pM) at various concentra-
tions of MIMG (left), and in the presence of 12 uM MIMG with
increasing concentrations of glucose (right).

acceptor mixture with glucose. Aggregation of the
donor and acceptor was observed with the appearance
of a blue precipitate after about 3 h, although no
time-resolved measurements were done at this time. In
the presence of glucose, the precipitation takes a longer
time to occur, about 24 h. This is consistent with the
competitive binding of glucose for the binding site in
ConA.

4. Discussion

In the previous paper [20], we described a glucose
assay using Ru(bpy);-labeled Concanavalin A (Ru-
ConA) as the donor, and MIMG as the acceptor. The
differences between RuConA and Cy5ConA are listed
in Table 3. The use of either RuConA or Cy5ConA in
FRET-based glucose sensing has its advantages and

13k 24uM Cy5Con A —0=
Ex.=580 nm /

Average Lifetimes, ns

2 M Cy5ConA

1.0} S r 12 uM MIMG
Ex = 580nm
Q|
ool P s L . n
0 2 4 6 8 10 12 0 20 40 60 80 100
[MIMG], uM [Glucose], mM

Fig. 5. Excited state decay of Cy5ConA alone; Cy5ConA + MIMG
and increasing concentrations of glucose.

Table 2
Excited state lifetimes of 2 pM cy5ConA in the presence of 12 uM
MIMG and various concentrations of glucose

7; (ns) f; IR

0 mM Glc 0.281 0.326 1.28
1.300 0.674

15 mM Gle 0.337 0.267 1.05
1.321 0.733

30 mM Glc 0.480 0.286 1.13
1.388 0.714

60 mM Glc 0.507 0.207 1.08
1.402 0.793

100 mM Glc 0.531 0.168 1.09
1.418 0.832

disadvantages. RuConA has a long excited state life-
time and a large Stoke’s shift which simplifies instru-
mentation for phase-modulation lifetime measurements.
From a practical point of view, RuConA may be useful
for semi-noninvasive glucose sensing, such as an intra-
dermal glucose sensing patch located on the skin. A
low-cost phase-modulation lifetime measuring device
can then be utilized to detect changes in interstitial
glucose concentrations. On the down side, it has a low
quantum yield which requires multiple labeling of the
ConA molecule to obtain a better signal. This may
increase the net charge of ConA which did not appear
to affect the glucose-binding capacity of the protein but
may increase the ability of ConA to agglutinate [30].
The latter is not desirable in devising a glucose sensor
because it reduces the reversibility of the system. In-
deed, full reversibility is not observed in the presence of
glucose (20). However, control experiments suggests
that this is partly due to diffusion dependent energy
transfer, a consequence of the long lifetime of Ru-
ConA.

The present report describes the use of CyS5-labeled
ConA as the donor. Compared to RuConA, Cy5ConA
has a smaller Stokes’ shift and a much shorter lifetime.
However, it absorbs in the red region of the spectrum,
thus the effects of scattered light can be minimized if
the sensor is to be utilized in highly scattering media.
Thus, Cy5ConA may find usefulness in whole blood
assays. Additionally, it has a relatively high quantum

Table 3
Properties of RuConA [20] and Cy5ConA

Ru(bpy);-ConA Cy5-ConA
Absorption maximum 430 nm 650 nm
Emission maximum 650 nm 675 nm
Average lifetime ~460 ns ~1.3 ns
Quantum yield ~0.04 ~0.15
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Fig. 6. Emission spectrum of 2 uM Cy5ConA alone; in the presence
of 4 uM GLIMG:; and in the presence of 4 uM GLIMG plus 160 puM
glucose.

yield. Thus, multiple labeling of the protein is not
necessary. In this way, perturbation of the protein
structure, particularly to its net charge, is minimized.
As the lifetime data shows, we have greatly improved
the reversibility of the glucose assay using CyS5 as the
donor.

In the previous paper [19], the acceptor used was
dye-labeled dextran with a molecular weight of about
10 000. This is similar to the strategy used in the Schultz
glucose sensor [21-23]. The reversibility of the assay
using this acceptor and RuConA is very poor, resulting
in the precipitation of the ConA-polysaccharide aggre-
gate. Initially, we tried using malachite green labeled
ovalbumin, a natural glycoprotein, as the acceptor (un-
published data). Unfortunately, this acceptor aggluti-
nated readily in the presence of ConA. In an effort to
reduce agglutination, as well as increase the energy
transfer efficiency, we designed a smaller acceptor by
labeling insulin (MW 6000) with the disaccharide mal-
tose and malachite green (MIMG). This acceptor ex-
hibited better reversibility with RuConA and more so
with Cy5ConA. In both cases, however, agglutination is
not totally prevented, although the presence of glucose
or mannose retards it.

With the success of this acceptor, attempts were
made to optimize the structure. The maltose moiety
was substituted with glucose in order to increase the
binding affinity for the ConA. As expected, this accep-
tor (GLIMG) bound more tightly to ConA [29]. Re-
versibility in the presence of glucose was good when
Cy5ConA (Fig. 6) was used as the donor, but with
RuConA the assay was totally irreversible (data not
shown). Decreasing the molecular weight by changing
the insulin to lysine (MLMG) resulted in an acceptor
that is minimally soluble in water. In addition, it was
not eluted from a Sepharose-ConA column by 0.1 M
a-methyl mannoside. It is likely that it binds to hydro-
phobic pockets in the ConA structure rather than the
sugar binding site.

The success of a glucose sensor using ConA as the
glucose-binding protein depends on being able to elimi-
nate agglutination. From the experiments that we did,
it appears that the window of opportunity for a non-ag-
gregating ConA—acceptor pair is very narrow indeed.
This might explain why a working model of such a
sensor has yet to be developed despite the many years
that has been devoted to its design. Nevertheless, we
have shown that a lifetime based sensor for glucose can
be made practical with the right choice of donors and
acceptors. In the future, other glucose-binding proteins
other than ConA may also be utilized. Additionally,
low-cost instrumentation has now been described for
phase-modulation lifetime measurements [31,32]. It is
well known that the output of laser diodes can be
modulated at high frequencies and used in phase-modu-
lation fluorometers [33,34]. Furthermore, it may even
be possible to use still simpler amplitude-modulated
LEDs as the light source. Amplitude modulation of
LEDs has been described to frequencies near 60 MHz
[35] or to above 100 MHz [36]. In summary, trans-der-
mal sensing of glucose appears to be possible with
currently available probe chemistry and electro-optical
technology.
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