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Abstract

Continuous monitoring of glucose levels in human physiology is important for the long-term management of diabetes. New signaling
methods/probes may provide an improved technology to monitor glucose and other physiologically important analytes. The glucose sensin
probes, BMQBAS, fabricated using the 6-methylquinolinium moiety as a fluorescent indicator, and boronic acid as a chelating group, may have
versatile applications in glucose sensing because of their unique properties. In this paper we discuss the design logic, synthesis, characterizat
and spectral properties of three new isomeric glucose sensors (BMQBAS), and a control compound (BMQ) in the presence and absence
sugars. The sensing ability of the new probes is based on a charge neutralization and stabilization mechanism upon sugar binding. The ne
probes have attractive fluorescence quantum yields, are highly water-soluble, and have spectral characteristics compatible with cheap al
portable LEDs and LDs. One of the probesBMQBA, has a sugar bound pkf 6.1, and a dissociation constdfg of 100 mM glucose.

These probes have been designed specifically to respond to tear glucose in a contact lens polymer for ophthalmic glucose monitoring, whe
the reduced sugar bound p&ffords for sensing, in a lens environment that we have previously shown to be mildly acidic.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Ophthalmic diagnostics; Fluorescent probes; Glucose sensing; Contact lens; Continuous and non-invasive glucose monitoring

1. Introduction colorimetric[9,10] and fluorescence detecti¢hl-15]. The
most commonly used technology for blood glucose deter-
Diabetes results in long-term health disorders including mination is an enzyme-based methd®], which requires
cardiovascular disease, blindness and caficéf. To date, frequent blood sampling and therefore drawing. Although
a wide variety of methods for glucose analysis have been re-frequent “finger pricking” with a small needle to obtain the
ported in the research literature, including electrochemistry blood sample is arelatively painless process, this method does
[3,4], near infrared spectroscof®,6], optical rotatior{7,8], suffer from a few practical problems. The first one is incon-
venience and the required compliance by patients, while the
Abbreviations: BA, boronic acid; BAFs, boronic acid containing ~ Second is that this is not a continuous monitoring method,
fluorophores; BMQ, N-benzyl-6-methylquinolinium bromide; BMQBA,  with patients tolerating only a few glucose checks a day.
Ili\l-ﬁtt)zmgger;gg-eﬁ-methquuinolinium bromide; LD, laser diode; LED, Thuys, there is a growing interest in the development of con-
gn Corresgonding author. Fax: +1 410 706 8408. tinuous non-invasive glucose sensing technqlpg|es. To this
end, our laboratories have recently made significant progress
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glucose sensing method using a daily disposable, plastic con-Also, a control compound (BMQ), which does not contain
tact lens embedded with intelligent glucose sensitive boronic the boronic acid moiety, and is therefore insensitive towards
acid probe$17,18]. This new technology promises to allevi- sugar, has been synthesized to understand the spectral proper-
ate many of the current problems associated with continuousties of the probes (Fig. 1). A detailed photophysical aqueous
glucose monitoring and the current invasive methods em- study of the probes in the presence and in the absence of
ployed for glucose sensing. Subsequently in this paper, wesugars is discussed in this paper; their response towards glu-
report the design rationale, new signaling mechanism andcose within a contact lens is to be presented in a full paper
synthesis of these new contact lens fluorescent probes. elsewhere.

The boronic acid group has been long known to have high
affinity for diol-containing compounds such as carbohydrates
[19-21], where the strong complexation has been used for the2. Experimental
construction of carbohydrate sens¢22—29], transporters
[30], and chromatographic materigil]. Naturally, boronic 2.1. Materials
acid compounds have been considered as a chelating group
for the synthesis of glucose sens{82-39], where we note All chemicals were purchased from Aldrich.
the work of Shinka[32,33], Norrild[34], Lakowicz[35-39]
and Drueckhammdg®5]. However, the published probes de- 2.2. Methods
veloped for solution (blood/serum)-based measurements are
not compatible for glucose sensing within a contact lens, be-  All steady-state fluorescence measurements were under-
cause of the different microenvironment within the lens, in taken in 4cmx 1cm x 1cm fluorometric plastic cuvettes
particular, the local pH and polarif{t 7]. Based on our re-  (Sigma), using a Varian Cary Eclipse fluorometer, and all
cent contact lens findings, the pH inside a contact lens is absorption measurements were performed using a Varian
relatively acidic (~6.0) and the local polarity of the lens is UV/VIS 50 spectrophotometer.
notindifferent than that of methanol. Subsequently, published  Time-resolved intensity decays were measured using re-
boronic acid probes embedded within a contact lens typically verse start—stop time-correlated single-photon timing (TC-
show a significantly reduced response towards glufbse SPC), with a Becker and Hickl Gmbh 630 SPC PC card
Hence there is a need to develop suitable fluorescent probeand unamplified MCP-PMT. Vertically polarized excitation
molecules for use in the contact lens. In addition to the envi- at~372 nm was obtained using a pulsed LED source (1 MHz
ronmental parameters and constraints such as pH and polarityrepetition rate) and a dichroic sheet polarizer. The instrumen-
the probes have to be additionally sensitive to the very low tal response function was1.1 ns fwhm. The emission was
concentrations of tear glucose500uM, recalling that the collected at the magic angle (54)7using a long pass fil-
blood glucose levels for a healthy personad®-fold higher. ter (Edmund Scientific) which cut-off the excitation wave-

To address the environmental constraints imposed by thelengths.
contact lens for glucose sensing, we considered lowering the
pK; of the probe. The pKof phenyl boronic acid isknownto  2.3. Data analysis
be tunable with the appropriate substitud®g], for exam-
ple, an electron withdrawing group reduces the piile an Titration curves with pH were determined in buffer solu-
electron donating group increases the pKthe sugar bound  tion: pH 3 and 4 acetate buffer; pH 5-9 phosphate buffer and
form. We therefore considered the interaction between thepH 10 and 11 carbonate buffer. Titration curves were fitted
quaternary nitrogen of the 6-methylquinolinium moiety, and and pk; (pKay = —log10Kg) values were obtained using the
the boronic acid group, which reduces theyoKthe probe. In relation:
this regard we have synthesized three isomeric boronic acid 10PHIciq+ Kalbase
containing probesp-, m- andp-BMQBA, where the spac- [ = o (1)
ing between the interacting moieties, quaternary nitrogen of Ka+ 10~
the 6-methylquinolinium and boronic acid groups, enables wherel g andlpaseare the intensity limits in the acid and
an understanding of the sensing mechanism to be realizedbase regions, respectively.

S O OO
JCO OO @O J@Q

0-BMQBA m-BMQBA p-BMQBA

Fig. 1. Molecular structure adrtho, metaandpara-BMQBA probes and the control compound BMQ. BMQBX:(boronobenzyl)-6-methoxyquinolinium
bromide, BMQ:N-benzyl-6-methoxyquinolinium bromide.



764 R. Badugu et al. / Talant

Stability (Ks) and dissociation (K) constants were ob-
tained by fitting the titration curves, with sugar, using the
relation:

I— Imin + ImaxKs[sugar]
1+ Kg[sugar]

)

where Inin and Imax are the initial (no sugar) and final
(plateau) fluorescence intensities of the titration curves,
whereKp = (1/Ksg).
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2.4.2. Spectral data for compound 0-BMQBA

H NMR (D20) 8 (ppm) 2.7 (s, 3H), 6.5 (s, 2H), 7.1 (s,
1H), 7.4-7.5 (m, 2H), 8.0-8.3 (m, 4H), 8.5 (d, 1H), 8.95 (d,
1H) and 9.2 (d, 1H). HRMS (FAB+, $D) m/e calculated:
346.1978 (M), found: 346.1960 (M).

2.4.3. Spectral data for compound m-BMQBA
H NMR (D20) 8 (ppm) 2.5 (s, 3H), 6.2 (s, 2H), 7.3-7.5
(m, 2H), 7.6 (s, 1H), 7.7 (d, 1H), 7.9 (d, 1H), 8.0 (m, 2H), 8.2

The fluorescence intensity decays were analyzed intermsq 1H) 9.0 (d, 1H) and 9.25 (d, 1H). HRMS (FAB+,8)

of the multi-exponential model:
t

I0=) o ——

(1) Xi:a exp( Tl_)

whereq; are the amplitudes ang the decay timesy  «;
1.0. The fractional contribution of each component to the
steady-state intensity is given by:

®3)

T

fi= S 4
The mean lifetime of the excited state is given by:

T = Z fiti (5)
and the amplitude-weighted lifetime is given by:

(1) =) eyt 6)

The values ofy; andt; were determined by non-linear least
squares impulse reconvolution with a goodness—qt%f{itri-
terion.

2.4. Synthesis

The boronic acid containing fluorescent probesn- and
p-BMQBA and a control compound BMQ, were conveniently
prepared using the following generic one step synthetic pro-
cedure, described below for the control compound BMQ.
The corresponding-, m-, orp-bromomethyl-phenyl boronic
acid are employed instead of benzyl bromide to obtain the
isomeric boronic acid derivatives, m- andp-BMQBA, re-
spectively,Fig. 1. Equimolar amounts of 6-methylquinoline
and benzylbromide were dissolved in 10 mL dry acetonitrile
in a 25mL round bottomed flask equipped with a magnetic
stirrer. The reaction mixture was allowed to stir under an inert
atmosphere for 24 h at room temperature. During this time a
quantitative amount of quaternized salt was precipitated as a
colorless solid. The solid product was recovered by filtration,
washed several times with dry acetonitrile, and then dried un-
der vacuum for 12 h.

2.4.1. Spectral data for compound BMQ

1H NMR (D20) 8 (ppm) 2.5 (s, 3H), 6.2 (s, 2H), 7.2-7.5
(m,5H),7.8(d, 1H), 8.0 (m, 2H), 8.15(d, 1H),9.0(d, 1H) and
9.3 (d, 1H). HRMS (FAB+, HO) m/ecalculated: 234.1283
(M™), found: 234.1291 (W).

m/ecalculated: 346.1978 (V), found: 346.1988 (V).

2.4.4. Spectral data for compound p-BMQBA

H NMR (D20) 8 (ppm) 2.55 (s, 3H), 6.2 (s, 2H), 7.25 (d,
2H), 7.7 (d, 2H), 7.9 (t, 1H), 8.0-8.2 (m, 3H), 9.0 (d, 1H) and
9.25 (d, 1H). HRMS (FAB+, HO) m/ecalculated: 346.1978
(M), found: 346.1960 ().

3. Results and discussion
3.1. Synthesis of the new glucose probes

Boronic acid probes (0-BMQBA-N-(2-boronobenzyl)-6-
methylquinolinium bromidem-BMQBA—-N-(3-boronoben-
zyl)-6-methylquinolinium bromidep-BMQBA—N-(4-boro-
nobenzyl)-6-methylquinolinium bromide) and the con-
trol compound (BMQ-N-benzyl-6-methylquinolinium bro-
mide), were conveniently prepared as describe8euation
2.4. The NMR and HRMS data obtained for all four com-
pounds is consistence with the structure of the probes.

3.2. Photophysical characterization, pH dependence
and response to glucose

A representative absorption and emission spectrafor
BMQBA in water is shown irFig. 2, which is characteristic
of all three isomers and indeed the control compound. The
spectral properties of the probes in water are summarized in
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Fig. 2. Absorption and emission spectra @BMQBA in water. lgx =
320 nm.
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Table 1
Spectral properties in water, glit the presence and absence of 100 mM sugar and dissociation constants of the probes in pH 7.5 phosphate buffer with glucose
and fructose

0-BMQBA m-BMQBA p-BMQBA BMQ MMQ
Aabdmax)/nm 319 322 322 322 3202
Aem(Max)/nm 427 427 427 427 4202
ol 0.043 0.025 0.023 0.045 0.500
rt/nd 4.01 3.72 2.10 2.59 18.03
pKa (buffer) 6.70 7.75 7.80 - -
pKa (buffer + glucose) 6.10 6.85 6.95 - -
pKa (buffer + fructose) 5.00 5.05 5.45 - -
Kp/mM (glucose) 100 476 370 - -
Kp/mM (fructose) 4.7 13.2 13.8 - -

a From Ref[41].
b Mean lifetime.

Table 1. Typical absorption and emission band maxima of the phenyl ring and quinolinium moiety for the new BMQBA
dyes arex320 and 427 nm, respectively, with a large Stokes- and BMQ probesTable 1. Hence we attribute the relatively

shift of about 100 nm, ideal for fluorescence sensitagple 1

obtained from a spectral comparison Witk 3-sulfopropyl)-
6-methoxyquinolinium [(SPQ) (= 0.53 in water)[40]. An-
other reference compoundl-methyl-6-methylquinolinium
bromide (MMQ) previously published by the authd#d]

shorter lifetime and quantum yields of the new probes and
also shows the quantum yield values for the probes in watercontrol compound to a photo-induced electron transfer mech-
anism, where the phenyl ring is tdenor, and the quaternary

nitrogen heterocyclic center is tlagceptor.
In addition to the quantum yield and fluorescence life-
time differences between the phenyl ring containing BMQBA

exhibits very similar spectral properties, except for a notice- and BMQ probes, and the MMQ probe, we can also see
able quantum yield and mean lifetime difference, approxi- lifetime differences between the isomers themselves. We
mately 10-fold higher. This indicates interaction between the have attributed these changes due to the changes in electron

500+

1or —e— p-BMQBA
g —o— m-BMQBA
£ 08¢ v 0-BMQBA
[0
fo
g 30 i 081
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3 04l
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o
g 0.2t
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06| 0.6}
1 1
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Fig. 3. Fluorescence spectra@BMQBA in buffer media (top left)dex = 320 nm. Emission intensity at 427 nprdivided by the initial emission intensiti/,
as a function of pH (top right) and with 100 mM glucose (bottom left) and 100 mM fructose (bottom right).
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donating ability of the different phenyl isomers, and addi- the pky of the phenylboronic acid can be tuned with suit-
tionally to their different through-space/through-bond inter- able substituents, and hence the observegvalies are not
actions[42,43]with the positively charged quaternary nitro- totally unexpected. The quaternary nitrogen of the quinolin-
gen center, noting that some(BH);3 is likely to be present  ium moiety not only reduces the gkf the probes, but also
at neutral pH. stabilizes the boronatediester formed upon sugar complexa-
The emission spectra @-BMQBA in different pH me- tion, which we believe facilitates sugar affinity. Typically, a
dia are shown irFig. 3. As the pH increases from 3to 11, a
steady decrease in fluorescence intensity of the boronic acid

probes can be observed, whereas BMQ, having no boronic

acid group, shows no change in fluorescence intensity (data
not shown). The corresponding titration curves in the pres- @ 400
ence and absence of 100 mM glucose and fructose, obtainec p‘:g

by plotting the normalized intensities at band maximumver- < 300t
sus pH, are also shown iRig. 3. The boronic acid group §

is an electron-deficient Lewis acid having af-4yybridized 2 200
boron atom with a trigonal planar conformation. The anionic
form of the boronic acid, formed in high pH solutions, is §
characterized by a more electron rick4pybridized boron T 100
atom with a tetrahedral geometry. The change in the elec-

tronic properties and the geometry at the boron atom induces 0

0.8

the fluorescence spectral changes of the probes. It is well- 360
known that the quinine/quinoline compounds exhibit high
gquantumyields in acidic media, from the corresponding quat- 32
ernized salf40,41]. Similarly here, the boronic acid probes ©
are more fluorescent in acidic solutions. However, when the 2.8 1 ©
pH of the medium is increased the electron density on the o ° v 7
boron atom is increased, facilitating the partial neutralization 241 o 4 7 e °
of the positively charged quaternary nitrogen of the quino- | I & e *
linium moiety. We have termed this interaction asharge 20 . .
neutralization—stabilization mechanism, and a schematic rep- L.
resentation of this mechanism with regard to glucose bind- 187 3 S e e p-BMQBA
ing/sensing is illustrated iRig. 4, noting that the mechanism 1ol .'g' e o m-BMQBA
shown inFig. 4is one of charge interaction amdt covalent ' égb v 0-BMQBA
bond formation. In any event, the addition of glucose and , , , , , , ,

0

subsequent binding of glucose to the boronic acid moiety, 15 30 45 60 75 90 105

leads to a quantifiable reduction in fluorescence intensity_ of [Glucose] / mM
these three new probes, the control compound BMQ being
unperturbed. 1.20 |
The pky values obtained from the titration curves shown v
in Fig. 3are presented ifable 1. To the best of our knowl- 1.16 v
edge, these pKvalues are amongst the lowest reported for M .
a phenylboronic acid derivative. As was mentioned earlier, 112+ y v M
I v Y © .
- v o
108 ¥ o o e .
A « ¢ °
_ + Glucose - 1041 vo® s p-BMQBA
Br H0 Br " ® o m-BMQOBA
-Glucose / j . . . . . ! !
o]
R Z +H,0 R 00 03 06 09 12 15 1.8 2.1
Fluorescence On-State Fluorescence Off-State [Glucose] /mM

Fig. 4. A schematic representation of the charge neutralization—stabilization Fig. 5. Emission spectra a-BMQBA in pH 7.5 phosphate buffer with
mechanism with regard to glucose sensing. The fluorescence off-state depictsncreasing glucose concentrations (top), the respective 427 nm intensity ratio
the glucose-bound probe form. It should be noted that the figure reflects the for all three isomers in the abseriteand presence of glucose, respectively
increased B—N charge interaction in the presence of glucose, and not covalen{middle) and in the low concentration range of glucose, shown to correlate
bond formation. with tear glucose levels (bottom).
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lower pK; is observed because of an increased Lewis acidity of 2 mM glucose, noting that tear glucose levels can change

of the boronic acid—sugar complex in the presence of sugars.from~500.M to 5 mM glucose for diabetidd44,45]. Aswas

This large decrease in the pf the probe—sugar complex, in  expected, these monoboronic acid probes show a higher affin-

comparison with that of the uncomplexed boronic acid group, ity towards fructose over glucogd82-39], hence a greater

allows the detection of the sugar at a near-neutral pH, whereresponse towards fructose was obser¥égl, 6. FromFig. 6

the maximum optical changes are observed. For our glucoseone can see arv18-fold decrease in fluorescence intensity

sensing contact lens application, then this is most attractive,with 60 mM fructose, and a four-fold change with only 2 mM

as the internal lens pH has been estimated terbgc.f. the fructose. The dissociation constants of the probes with glu-

pKa (buffer + glucose) values imable 1. cose and fructose in pH 7.5 phosphate buffer are presented
Glucose induced spectral changes of the probes are showrin Table 1, calculated as described previously by the authors

in Fig. 5. In an analogous manner to that described for in- and otherd32—39]. As mentioned above, a higher affinity

creasing pH previously, we observed a systematic decreasdor fructose is a general observation for monophenyl boronic

in fluorescence intensity @~-BMQBA in pH 7.5 phosphate  acid derivatives, but it should be noted that the concentration

buffer with increasing glucose concentrations. The other two of fructose in tears is substantially lower than for glucose

isomers,m- andp-BMQBA show a very similar response [17,18], and therefore does not pose an interference in the

towards glucose and indeed other monosaccharides. The cormeasurement of glucose.

responding titration curves obtained by plottiHgdivided

by I, wherel” and| are fluorescence intensities at 427 nm

in the absence and presence of sugar respectively, versugd. Conclusions

glucose concentration, are also showrFig. 5. A 2.4—

3.0-fold decrease in fluorescence intensity with 60 mM glu- ~ We have developed a range of new boronic acid con-

cose can be observed with these probes. Interestingly, theséaining fluorophores for the detection of monosaccharides,

probes show ar:12—20% intensity change in the presence With a potential application to ocular fluid sensing. Unlike
other boronic acid probes studi§@P—39], these probes are

moderately fluorescent and highly water-soluble. The bind-

187 o ©o ©° ©° ing affinities towards glucose and fructose are most attractive
51 s © ° for ophthalmic glucose monitoring, in part due to the charge
°© e ¢ o ° stabilization of the negatively charged boronatediester by the
12t o « ' ° positively charged quaternary nitrogen. The new probes typ-
1Yl °y ® ically show up to a 13% change in fluorescence intensity
9r © o v for glucose concentrations <1 mM¥ijg. 5— bottom, poten-
o v v v . . .
e Lyv v vV 7 tially enabling the onset of both hyper- and hypoglycemic
6 % 7 e p-BMQBA conditions to be monitored. In this paper, we have indeed
sl 8’ m-BMQBA shown how one can readily tune thegu€ probes to address
? v 0-BMQBA the sensing constraints imposed by the microenvironment of
oL ‘ , , , , , a contact lens polymer. The actual response of these new
0 15 30 45 80 75 90 105 probes in a contact lens, with regard to ophthalmic glucose
[Fructose] / mM determination, will be reported in due course.
4
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