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Abstract

Noble metal nanoparticles are well known for their strong interactions with light through the resonant excitations of the collec-
tive oscillations of the conduction electrons on the particles, the so-called surface plasmon resonances. The close proximity of two
nanoparticles is known to result in a red-shifted resonance wavelength peak, due to near-field coupling. We have subsequently
employed this phenomenon and developed a new approach to glucose sensing, which is based on the aggregation and disassociation
of 20-nm gold particles and the changes in plasmon absorption induced by the presence of glucose. High-molecular-weight dextran-
coated nanoparticles are aggregated with concanavalin A (Con A), which results in a significant shift and broadening of the gold
plasmon absorption. The addition of glucose competitively binds to Con A, reducing gold nanoparticle aggregation and therefore
the plasmon absorption when monitored at a near-red arbitrary wavelength. We have optimized our plasmonic-type glucose nano-
sensors with regard to particle stability, pH effects, the dynamic range for glucose sensing, and the observation wavelength to be com-
patible with clinical glucose requirements and measurements. In addition, by modifying the amount of dextran or Con A used in
nanoparticle fabrication, we can to some extent tune the glucose response range, which means that a single sensing platform could
potentially be used to monitor uM — mM glucose levels in many physiological fluids, such as tears, blood, and urine, where the glu-
cose concentrations are significantly different.
© 2004 Elsevier Inc. All rights reserved.
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The aggregation of noble metal nanoparticles, which
can be induced by specific bioaffinity reactions, has pro-
duced a practical tool for the development of colorimet-
ric detection of DNA hybridization [1-3], immunoassays
[4], and the controlled assembly of nanoparticles [5].
Nanogold' particles are used in multifarious applications
due to their useful optical and electronic properties,
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exhibiting a strong surface plasmon resonance (SPR) in
aqueous media at =520 nm [6,7], where the resonant fre-
quency of the nanoparticle is known to be dependent on
its size, shape, material properties, surrounding medium,
and proximity to other nanoparticles [8]. Both experi-
mental and theoretical studies have shown that the reso-
nant wavelength of two close-proximity and coupled
nanoparticles is significantly redshifted from that of the
individual particles, where the shift decays approxi-
mately exponentially with increasing particle spacing,
decreasing to almost zero when the gap between two
particles exceeds about 2.5 times the particles’ sizes [8].
Given this property and the fact that gold nanoparticles
are amenable to the attachment of biomolecules or
ligands through well-known thiol chemistry [9], they
potentially become a very attractive tool for biological
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sensing. Indeed, their generally low susceptibility to bio-
fouling (nonspecific absorption) has allowed several noble
metal nanosensors based on absorption measurements [4],
light scattering [5,10,11], ratiometric light scattering [12],
transmission electron microscopy [11], and small-angle
X-ray scattering [11] to be realized. Subsequently we have
designed, developed, and tested a range of nanogold glu-
cose sensors and, to the best of our knowledge, their use
in glucose sensing has not been explored.

The importance of glucose testing and determination
in the management of diabetes needs no introduction.
Yet after several decades of intense research, still no
method is available for the continuous noninvasive mon-
itoring of blood glucose nor is a generic technology that
could be applied across the board for glucose sensing in
other physiological fluids. In fact the invasive nature of
glucose monitoring in blood, primarily undertaken by
“finger pricking,” has further fueled the search for non-
invasive technologies [13-21] which can potentially

monitor physiological glucose in fluids such as urine and
tears. We note the work of Badugu et al. [13-15], which
has recently reported the development of a glucose-sens-
ing contact lens, where the concentration of glucose in
tears tracks blood glucose levels, which are ~10-fold
higher [13,22]. In this paper we report how dextran-
coated gold nanoparticles, which have been aggregated
by the controlled addition of Con A, provide a useful
sensing aggregate (Fig. 1) that shows plasmon changes in
the presence of glucose, which is widely known to com-
petitively bind Con A [23,24]. By tuning the dextran
molecular weight and concentration of Con A, used to
form the sensing aggregate, we are able to tune the
dynamic glucose sensing range. Given that the nanosen-
sing aggregate is preferentially stable at physiological
pH and functions optically in tears, urine, and blood, we
believe that our technique moves us closer toward the
goal of a generic platform for physiological glucose
sensing.

_g : Dextran % :Con A ® - Glucose

Fig. 1. Glucose sensing mechanism: the dissociation of Con A-aggregated dextran-coated gold nanoparticles.
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Fig. 2. Synthetic scheme for the preparation of the dextran-coated gold nanoparticles.

Experimental
Materials

Gold nanoparticle dispersions (monodisperse, either
20 or 10nm average particle diameter), concanavalin A
from Canavalia ensiformis, dextran (average molecular
weight: 64,000, 170,000, and 505,000), hydrogen peroxide,
sulfuric acid, sodium phosphate monobasic, phosphate-
buffered saline (PBS), absolute ethanol, 2-(2-aminoeth-
oxy)ethanol (AEE), and N-hydroxy-2,5- pyrrolidinedione
(NHS) were obtained from Sigma. 16-Mercaptohexadeca-
noic acid (16-MHDA) and polyoxyethylene [20], sorbitan
monolaurate (Tween 20), epichlorohydrin, 2-methoxy-
ethyl ether (diglyme), and nitric acid were obtained from
Aldrich. N-3-(dimethylaminopropyl)-N’-ethyl-carbodii-
mide (EDC) was obtained from Fluka. All chemicals
were used as received.

Buffers and solutions

Sodium phosphate monobasic buffer solution was
prepared to a 10mM concentration at pH 7. PBS was
dissolved in deionized water and the pH was adjusted to
7.4. Exact pH values for buffer solutions were obtained

using a Beckman pH meter. Deionized water (>18 MQ/
cm) was used in the preparation of all buffer solutions.
All glassware was washed with “piranha solution” (3:7
30% H,0,/H,S0,) prior to use.

Solutions of 0.50mM 16-MHDA were prepared in
degassed ethanol. Tween 20 solutions were prepared in
sodium phosphate buffer at pH 7.

Surface modification of the nanogold: preparation of the
aggregate glucose nanosensors

The immobilization of dextran on gold nanoparticles
was performed using the following four steps: (I) chemi-
sorption of a long-chain carboxyl-terminated alkane
thiol on gold nanoparticles as described previously [25],
(IT) activation of surface carboxyl groups using EDC
and NHS and covalent attachment of AEE, (III) activa-
tion of hydroxyl groups using epicholorohydrin, and
(IV) covalent coupling of dextran (Fig. 2).

Gold nanoparticle dispersions with concentrations of
0.80nM for 20-nm and 8§nM for 10-nm gold colloids
(determined by measuring absorbance at 520nm and
using extinction coefficients of 1.25x 10° and 121 x
108M~'em™! for 20- and 10-nm gold, respectively; Sigma)
were degassed with nitrogen before use. Equal volumes
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(400 pl) of gold nanoparticle dispersions (0.80 nM/8 nM,
before mixing) and Tween 20 (1.82mg/ml, before mix-
ing) in pH 7 buffer were gently mixed and allowed to
stand for 30 min for the physisorption of the Tween 20
to the gold nanoparticles [25]. Then 400 ul of 0.50 mM
16-MHDA was added and the final mixture (final
concentrations: [gold nanoparticles]=0.27 nM/2.67 nM;
[Tween 20]=0.61 mg/ml; [I6-MHDA]=0.17mM) was
allowed to stand for 3h for the chemisorption of 16-
MHDA to be completed on the gold colloids, while
simultaneously displacing Tween 20 [25]. To remove
excess 16-MHDA and Tween 20, the final mixture was
centrifuged (three times for 15min at 16,060g; the super-
natants were discarded after each cycle) and resuspended
in phosphate buffer (with 1.82mg/ml Tween 20 at pH 7).
16-MHDA-modified gold colloids that remained in the
centrifugate were then reacted with a mixture of freshly
prepared 50mM NHS and 200mM EDC solution (in
phosphate buffer without Tween 20) for Smin. The
resulting nanoparticle dispersion was centrifuged (5 min,
16,060g) and, after discarding the supernatant, the
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remaining NHS-ester—alkane-thiol-modified gold nano-
particles were reacted with a freshly prepared solution of
AEE (2% v/v) for 10 min. Excess AEE was removed by
centrifugation (5 min, 16,060g, at least three times). The
retentate that contained AEE modified-gold nanoparti-
cles was centrifuged (Smin, 16,060g). The hydroxyl
groups on the AEE-modified-gold nanoparticles were
activated with 0.6 M epicholorohydrin solution in a 1:1
mixture of 0.4M NaOH and diglyme for 4h at room
temperature. The nanoparticle dispersion was then
centrifuged for 10min at 16,060g, resuspended in dig-
lyme, and centrifuged again to remove the excess
epicholorohydrin. The centrifugate, containing AEE-
modified-gold nanoparticles with active epoxide groups,
was incubated in dextran solution (0.1 M NaOH) for
20h [26]. Finally, dextran-modified gold nanoparticles
were centrifuged for 15min at 16,060g, resuspended in
0.1M NaOH, and centrifuged four more times to
remove the excess dextran. All solutions of dextran-
coated gold nanoparticles were stored in polypropylene
centrifuge tubes in the dark to prevent light-induced
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Fig. 3. Normalized absorbance spectra of dextran-coated gold nanoparticles 500 k (A), 170 k (B), and 64 k (C) in different buffers with the pH varying

between 3 and 11.
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flocculation of the nanoparticles and oxidation of the
alkane thiols [27].

Methods

All absorption measurements were performed using a
Varian UV/VIS 50 Spectrophotometer using quartz
cuvettes (Starna). Standard Varian kinetic software and
Sigma Plot 8.0 were used in the data analysis.

Results and discussion
Fabrication of the glucose-sensing aggregates

For the building of plasmonic nanogold glucose sen-
sors it is important to consider the pH effects on the sta-
bility of the sensing aggregates. Fig.3 shows the
normalized absorption spectra of the dextran-coated
nanoparticles considered in this study as a function of
pH. As shown in Figs. 1 and 2 and described under
Experimental, three model nanogold systems were con-
sidered, namely 500-, 170-, and 64-k dextran-coated 20-
nm gold. From Fig. 3, we can see that the dextran-coated
nanogold plasmon absorption band is typically red-
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Fig. 4. Flocculation parameter versus the pH of the medium.
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shifted and broader at lower pH values than at physio-
logical pH values for all three model systems. As has
been previously reported [8,12], the aggregation of nano-
gold results in a broadening of the absorption spectrum
at wavelengths longer than 600nm and a shift in the
SPR peak. We have found that the aggregation of the
dextran-coated nanoparticles in solution depends on
several parameters, such as pH and ionic strength, which
is thought to be due to the balance of forces, attractive
van der Waals forces and repulsive electrostatic forces,
between the nanoparticles. The flocculation parameter
[25,27,28] is the integrated absorption between 600 and
800nm and provides further evidence for the extent of
aggregation; (see Fig. 4), which indicates a notable differ-
ence in nanoparticle stability at approx neutral pH. For
physiological glucose sensing, this is ideal, especially
given that physiologies usually do not experience nota-
ble changes in pH. The reduced flocculation parameter
at pH 7 (improved particle stability) is thought to be a
function of residual carboxylic acid groups that may be
still present on the nanogold surface after reaction with
AEE (Fig. 2, step 2), and we have thus depicted this by
the presence of carboxylic acid groups throughout
Fig. 2. We have estimated the conversion of the carbox-
ylic acids groups shown in Fig. 2, step 2 to be ~80% [29].
Interestingly, the 500-k dextran nanogold shows better
particle stability than the 170- and 64-k dextran-coated
nanogold particles, which we have attributed to the dex-
tran size. In any event the presence of unreacted carbox-
ylic acid groups allows for better particle stability at a
neutral pH. Subsequently all glucose sensing studies
were undertaken at a solution pH of 7.

As depicted in Fig. 1, the sensing aggregate works by
the dissociation of Con A-aggregated dextran-coated
nanogold particles upon addition of glucose. Con A is a
well-known multivalent protein (four binding sites at
pH 7) [23,24], which allows for at least two different
dextran-coated nanoparticles to cross-link, due to the
affinity between dextran and Con A [23,24,30]. The addi-
tion of Con A both broadens and redshifts the absorp-
tion spectra of the dextran-coated nanogold particles, a
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Fig. 5. Normalized absorption spectra of 500 k dextran-coated 20-nm nanogold, cross-linked with different concentrations of Con A.
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Fig. 6. Time-dependent change in absorbance at 650 nm for 500 k dextran coated gold nanoparticles (A), 170 k dextran-coated gold nanoparticles
(B), and 64 k dextran-coated gold nanoparticles (C) with different initial amounts of Con A.

function of interparticle coupling due to the close prox-
imity of the nanogold particles (Fig. 5). For our samples
the aggregation could also be seen visually with a color
change from pinky-red to purple upon aggregation.

We chose an arbitrary near-red single wavelength
where the absorption changes appeared to be the great-
est after Con A addition (Fig. 5). Fig. 6 shows the time-
dependent change of absorbance at 650nm for the
dextran- coated nanogold particles with different con-
centrations of Con A. The greatest changes in AAs,
were observed for the 500 k dextran-coated particles,
(Fig. 6A), with relatively smaller changes observed for
the 64 k dextran- coated nanogold particles. The changes
in absorption (AA4gs, = measured abs. —initial abs. at
time r=0) could be modeled moderately well by a
growth exponential function of the form

AAgso = AAgsonan(1 —€~ ki), (1)

where AAgs, is the A650-nm absorbance at time ¢,
AAgso(finary 18 the A650-nm final plateau absorbance, and
k, is the rate constant for the rate of change of absor-
bance, due to dextran-coated nanogold aggregation (units
s71), Fig. 7. For the three different dextran molecular
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3
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<
< eeeee Experimental Data
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0.1 — Fit AAggy = AAggy final (1- €XP (K, 1))
R?=0.996
0.0 . ‘ . .
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Fig. 7. Change in absorbance at 650 nm for 500 k dextran-coated gold
nanoparticles: experimental data and the model fit.

weights considered for nanosensor fabrication, we typi-
cally saw both a greater rate of absorption change due to
the aggregation of the nanoparticles, and a greater final
(plateau) Adgs, value, ie., Adgsygnay (Fig. 6 and Table 1),
for the 500 k dextran-coated nanogold particles. By
plotting the maximum plateau values (past their 95%
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Table 1
Kinetic data obtained from fitting the data shown in Fig. 6 to Eq. (1)
[CON A] 500 k 170 k 64 k
M - - -
(mM) Adgso, final ky (s ") R Adgso, final ky (s ) R Adgso, final ky (s D R
4.40 0.056 387 x107* 0.988 0.037 413 %1073 0.804 — — —
18.7 0.340 765 x107* 0.996 0.167 937 x 1073 0.780 0.122 0.29 x 1073 0.500
37.0 0.535 140 x 1073 0.956 0.311 1.81 x1073 0.991 0.311 2.80 x 1073 0.995
56.0 0.611 1.60 x 1073 0.944 0.271 539 %1073 0.956 0.304 0.69 x 1073 0.560
75.0 0.892 1.81x1073 0912 0.551 109 x 1073 0916 — — —
110 1122 1.94 x 1073 0.996 0912 530 %1073 0993  — — —
—k
14 Adgso=Ag+ (Adgsoinary — Ap)(1 —e "), 2
—e— 500 k-20 nm Gold . - .
1.2 4 where A4, is the initial AAgy, absorbance, with an
—v— 170 k-20 nm Gold .
expected 4,=0 by definition. However, the fact that
1.0 1 —%— 64 k- 20 nm Gold . L2 . .
X Ay # 0 (visually in Fig. 6) simply reflects the time for Con
€ 08 A addition and mixing before/when absorbance mea-
S 06 - surements began, i.e., a result of diffusion-limited cluster
é" ' aggregation [31,32]. In any event Eq. (1) provides a sim-
< 04 ple and useful approximation.
Finally it is informative to consider the TEM images>
021 of the dextran-coated nanogold, before and after addi-
0.0 tion of Con A. Fig.9 shows one representative set of
0 20 40 60 80 100 120 images. Initially the dextran-coated nanogold particles
are well separated from each other (unaggregated) but,
[Con A]/ uM

Fig. 8. Maximum change in absorbance at 650 nm for dextran-coated
gold nanoparticles versus the concentration of Con A used.
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Fig. 9. TEM images of 170 k dextran-coated 20-nm gold nanoparticles
before (A) and after (B) the addition of 110 mM Con A.

AAgs values) as a function of Con A concentration this
can readily be seen (Fig. 8). One possible explanation for
this observation could be the availablility of dextran on
the surface of the nanogold for Con A binding, where
the molecular weight of Con A is approximately
104,000 Da (pH 7), and the extent of interaction between
Con A and dextran is limited by the size of the dextran.
Hence as the size of the dextran is decreased the possibil-
ities for cross-linking are reduced.

It is also worth noting that the true form of the equa-
tion for the rate of change of absorbance, i.e., Eq. (1), is
probably

after the addition of Con A, they are observed to be
mostly aggregated (Fig. 9A and B, respectively), forming
the glucose sensing aggregates.

Plasmonic glucose sensing

There have been continued efforts to develop optical-
based methods for glucose detection [19-21,33-40].
Several solution-based fluorescence methods have been
based on the glucose binding protein Con A, and a
polysaccharide, typically dextran, which serves as a com-
petitive ligand for glucose [30]. Typically for fluores-
cence-based glucose sensors, the Con A is labeled with a
fluorescent donor and the dextran with an acceptor, but
the labels can readily be reversed [30]. The binding of
Con A and dextran results in decreases in both fluores-
cence intensity and lifetime of the donor. However, the
addition of glucose competes for the glucose binding
sites on Con A, releasing Con A from the acceptor and
resulting in increases in the intensity, lifetime, and phase
angles [30]. In our systems, the aggregation of the dex-
tran-coated nanogold with Con A results in both a red-
shift and a broadening of the gold plasmon absorption.
In manner analogous to that of the FRET systems,
based on dextran and Con A as described above, the

21t should be noted that as a result of the subjective nature of the
TEM images and the related artifacts resulting from solvent evapora-
tion and interactions with the TEM substrate, the measurement of ag-
gregate exact sizes was deemed unreliable by TEM. Hence in this
study, TEM images were used only to verify the aggregation/dissocia-
tion of the sensing system.
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presence of glucose competes with dextran-coated col- when monitored at an arbitrary near-red 650-nm wave-
loids for Con A binding sites, resulting in the dissocia- length (Figs. 10-12).
tion of the Con A-aggregated nanogold (Fig.1). This Upon addition of glucose the 500 k dextran-coated
results in a decrease in the absorbance of the nanogold nanogold particles show a cumulative decrease in the
A 140 B 020
60 mM Glucose 500 k-20 nm Gold 500 k-20 nm Gold
1.30 -
1.20 | i 0.15 1 4.40 uM Con A
1o 110 uM Con A 18.7 uM Con A
10 A o .
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g 1 i 20 mM 17 3
0.35 1 30mM 40 mMm '
0.30 - w 0.05 -
0.25 -
0.20 -
0.15 - 18.7 |JM Con A 0.00 A
0 500 1000 1500 2000 0 20 40 60 80 100
Time / seconds [Glucose] / mM

Fig. 10. Time-dependent cumulative change in absorbance at 650 nm for 500 k dextran-coated gold nanoparticles after the addition of glucose (A),
Cumulative change in absorbance at 650 nm for 500 k dextran-coated gold nanoparticles versus the concentration of glucose (B).
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Fig. 11. Time-dependent cumulative change in absorbance at 650 nm for 170 k dextran-coated gold nanoparticles after the addition of glucose (A),
Cumulative change in absorbance 650 nm for 170 k dextran-coated gold nanoparticles versus the concentration of glucose (B).
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Fig. 12. Time-dependent cumulative change in absorbance at 650 nm for 64 k dextran-coated gold nanoparticles after the addition of glucose (A),
Cumulative change in absorbance 650 nm for 64 k dextran-coated gold nanoparticles versus the concentration of glucose (B).
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Table 2
Kinetic data obtained from fitting the data shown in Figs. 10B, 11B, and 12B to Eq. (3)
[CON A] 500 k 170 k 64 k
M - - -
(mM) —Adgsy, final ky (mM ) R —AAgsy, final k; (mM D) R —Adgsy, final k, (mM D) R
4.40 0.016 0.366 0.996 0.020 0.080 0.999 0.064 0.064 0.607
18.7 0.162 0.083 0.989 — — — 0.108 0.011 0.987
37.0 0.083 0.066 0.977 0.061 0.029 0.987 0.446 0.005 0.996
56.0 — — — 0.109 0.114 0.999 — — —
75.0 0.011 0.033 0.978 0.003 0.097 0.997 0.043 0.020 0.846
absorbance at 650nm, where all systems studied had 0.20
been preaggregated past then 95% maximum Adgy, 18.7uMCon A S mMglucose
value. We typically found that the effective concentra- 10 "12'\3 M
tion range for Con A was between 4.40 and 75 uM. The 015 MMeo mm
dissociation of the particles with glucose was insignifi- - 100 mM
cant when the Con A concentration was lower than B 010l m
~4.40 uM, and thus the recovery of the signal —AA;s, 5 '
was too small for practical applications. Too high a con-
centration of Con A resulted in the complete aggrega- 0.05 |
tion and almost flocculation and precipitation of the
system, where the amount of glucose subsequer}t!y ussed 500 k-10 nm gold
(>100mM) was barely enough to cause competitive dis- 0.00 & . . . . . . .

sociation. Attractive glucose responses were, however,
obtained when dextran-coated nanogold was aggregated
with 18-37uM Con A (Fig. 10B). For the 18.7uM Con
A system, a most attractive glucose dynamic sensing
range was observed (1-40 mM), noting that the blood
glucose level is 3-8mM for a healthy person and
increases to 2-40 mM in diabetics [22]. For tear glucose,
these values are typically 10-fold lower, ranging from
500 uM to several mM glucose [13-15], well within the
sensing capabilities of this system.

The decrease in A4y, as a function of cumulative glu-
cose addition, i.e., —A A5y, can be modeled according to

—Adgso= — AAgsp(ginan(1 —€~ Folelucosel) 3)

where k, is the rate of absorption change, which is
thought proportional to the rate of dissociation of the
nanogold. The respective kinetic data for the three nano-
gold systems studied are shown in Figs. 10B, 11B, and
12B and in Table 2.

Similar responses to glucose were observed when 170
and 64 k dextran-coated nanogold particles were used
(Figs. 11 and 12, respectively). Again the changes in
absorption were negligible when both low and high con-
centrations of Con A were used. Interestingly the
response to glucose saturated again at =40 mM glucose,
providing a useful physiological glucose sensing range.
However, the response of the 64 k dextran-coated nano-
gold, aggregated with 37uM Con A, reproducibly
showed an increase in —AAgs, as a function of glucose
addition. This is a notable, almost linear, glucose
response and is thought to be due to the fact that the ini-
tial extent of aggregation is smaller for these sensing
aggregates, cf. Fig. 6, and thus the amount of glucose

0 2000 4000 6000 8000 10000 12000 14000
Time / seconds

Fig. 13. Time-dependent change in absorbance at 650 nm for 500 k
dextran-coated 10-nm gold nanoparticles and the subsequent reduc-
tion in AAgs, by the addition of glucose, i.e., —AAgs.

required for dissociation was less, i.e., the dissociation
was easier. However, the 64 k dextran-coated nanoparti-
cles typically flocculated and precipitated after 6-8h,
whereas the 500 k dextran-coated nanoparticles were
observed to be much more stable with time.

Finally, we investigated the role of reduced gold col-
loid size, i.e., sensing aggregates derived from only 10-nm
nanogold (Fig. 13). We typically found that 500 k dex-
tran-coated 10-nm nanogold showed slightly greater
AAgs, values as compared to the 20-nm aggregates: the
reduced colloid size is thought to reduce the total
amount of dextran in the sample, given the same density
of colloids, and to maintain particle stability. While this
result suggests the possibility of tunable glucose sensing
ranges by using different sizes of equally coated gold
nanoparticles, our experience reveals a greater level of
complexity when working with the smaller nanoparti-
cles. One particular difficulty lies in their separation and
recovery by centrifugation from the reactants.

Conclusions

We have explored the possibility of glucose sensing
using novel nanogold sensing aggregates, where glucose
competitively displaces Con A from Con A-aggregated
dextran-coated gold colloids. Our findings reveal that
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our approach can readily determine millimolar changes
in glucose solution at physiological pH in a continuous
manner, thus providing a new glucose sensing platform.
Moreover, the glucose sensing range of the aggregates
can be slightly tuned depending on the size of the gold
colloids employed, the molecular weight of the dextran,
and concentration of Con A used to form the sensing
aggregates.

We chose a near-red arbitrary wavelength to monitor
our dissociation process, but other suitable wavelengths
could readily be chosen depending on the nature of the
sample being investigated and in accordance with the
maximum absorbance changes that would be required
(see Fig. 5). We also note that the greatest extend of
aggregation, surprisingly, does not produce the greatest
dynamic range of glucose sensing (Figs. 10-12). In this
study we chose a 650-nm observation wavelength, which
is optically compatible across the board for use in glu-
cose determination in tears, urine, and blood, areas of
active physiological glucose research.

Finally it is informative to consider the possible use of
our sensing aggregates for ratiometric light scattering
sensing [12]. It has been reported that the light scattered
from individual colloids can be equivalent to the inten-
sity of 10° fluorescent molecules [41-43]. Upon first
examination there appeared to be little use of the scat-
tered light for sensing. The scattered light does not have
the information content of fluorescence and did not
appear to provide an opportunity for measurements
which are not sensitive to total intensity, such as anisot-
ropy or wavelength-ratiometric measurements [30].
However, we have recently realized that shifts in the
plasmon absorption should be detectable by the extent
of light scattered at various incident wavelengths. In our
initial studies using avidin/biotin binding to induce the
clustering of colloids, we have found that the ratio of
light scattered at two incident wavelengths could be used
to determine the extent of colloid aggregation. Impor-
tantly, the ratio of scattered intensities was independent
of the total colloid concentration over a wide range of
colloid concentrations [12]. Also the scattered intensity
was somewhat brighter than a solution of rhodamine B
at the same optical density. Subsequently our new find-
ings [12] strongly suggest that wavelength-ratiometric
light scattering by our sensing aggregates may be a new
generic technology for glucose sensing or indeed for
other bioaffinity assays that produce colloid aggregation.
Further details will be reported from our laboratories in
due course.
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