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Saccharide Sensing Using Gold and Silver
Nanoparticles-A Review
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We review new methodologies for glucose sensing from our laboratories based on the specific biolog-
ical interactions between Con A, dextran-coated gold nanoparticles and glucose, and the interactions
between dextran, glucose, and boronic-acid capped silver nanopatrticles in solution. Our new ap-
proaches promise new tunable glucose sensing platforms. Dextran-coated gold nanoparticles were
aggregated with the addition of Con A resulting in increase an in absorbance of nanoparticles at 650

nm, where the post-addition of glucose caused the dissociation of the aggregates and thus a decrease

in the absorbance at 650 nm. The interaction of glucose and dextran with boronic acid-capped silver
nanopatrticles in solution resulted in enhanced luminescence intensity cumulatively due to surface-

enhanced fluorescence and the decrease in absorbance at 400 nm, with an increase in absorbance at

640 nm. Lifetime measurements were used to distinguish the contribution from the surface-enhanced
fluorescence. TEM was employed to assess the aggregation of nanopatrticles.

KEY WORDS: Gold colloids; silver colloids; glucose sensing; nanosensors; monosaccharide; polysaccharide;
plasmons; surface plasmon resonance.

INTRODUCTION the noble metals, such as those of silver or gold, with
their associated strong plasmon resonance, have generated
Diabetes is well-known to result in long-term health great interest [6—13]. Gold nanopatrticles display plasmon
disorders including cardiovascular disease and blindness.absorption bands that depend on their size and shape [7-9].
One of the major challenges in the management of dia- Nanoparticle aggregation results in further color changes
betes is the monitoring of glucose concentrations. Despite of gold nanoparticle solutions due to mutually induced
intensive efforts [1-5], no method is currently available for dipoles that depend on interparticle distance and aggre-
the continuous non-invasive monitoring of blood glucose. gate size [10—13]. The fact that the plasmon resonance is
Metallic nanostructures have been studied exten- a sensitive function of nanostructure geometry, coupled
sively and are emerging as important colorimetric re- with synthetic advances that allow for the controlled and
porters due to their high extinction coefficients, which are systematic variations in nanostructure geometry, is leading
typically several orders of magnitude larger than those of to the expanse of this sensing field called “plasmonics.”
organic dyes [6]. In particular, nanostructures made from Gold nanoparticle aggregation induced by analytes has
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Fig. 1. Glucose sensing mechanism: the dissociation of Con A aggregated dextran-coated gold nanopatrticles
(Top), interactions of glucose and dextran with silver nanoparticles containing boronic acid(gattgm).

been demonstrated for DNA [14,15], metal ions [16,17] an enhanced luminescence intensity and change in ab-

and antibodies [18]. However, to the best of our knowl- sorbance at 640 nm (Fig. 1).

edge, their use in glucose sensing has not been explored.
In this paper we .report the prepgrathn of dextrgn— METHODOLOGY

coated gold nanoparticles and boronic acid-caped silver

nanoparticles, which were tested as glucose sensing plat- :

. ) . Materials

forms. The sensing mechanism using dextran-coated gold

nanoparticles is based on the specific interactions between Gold nanopatrticle dispersions (monodisperse, 20 nm

dextran and Con A, and Con A and glucose (Fig. 1), which average patrticle diameter), silver nitrate Concanavalin

resulted in change in absorption characteristics of the gold A (Con A from Canavalia ensiformis dextran (average

nanoparticles. The interactions of boronic acid-capped sil- molecular weight: 3,000, 64,000 (64 K), 170,000 (170 K)

ver nanopatrticles and glucose and dextran, resulted in ag-and 505,000 (500 K), glucose hydrogen peroxide,

gregation of the nanoparticles, which is accompanied by sulfuric acid, sodium phosphate monobasic, sodium
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borohydride, phosphate buffered saline (PBS), absolute (>18 MQ/cm) was used in the preparation of all buffer so-
ethanol, methanol, (2-(2-aminoethoxy)ethanol (AEE) and lutions. All glassware was washed with “piranha solution”
N-Hydroxy-2,5-pyrrolidinedione (NHS) were obtained (3:7 30% HO,/H,SOy) prior to use. Solutions of 0.50
from Sigma. 16-Mercaptohexadecanoic acid (16-MHDA) mM 16-MHDA were prepared in degassed ethanol. Tween
and polyoxyethylene (20) sorbitan monolaurate (Tween 20 solutions were prepared in sodium phosphate buffer
20), epichlorohydrin, 2-methoxyethyl ether (diglyme), atpH 7.

N-(2-mercaptopropionyl)glycine  (tiopronin),  2,2-

dimethyl-propane-diol,  1,3-dicyclohexylcarbodiimide preparation of the Dextran-Coated

(DCC), tetrahedrafuran (THF) and nitric acid were Gold Nanoparticles

obtained from Aldrich N-3-(Dimethylaminopropyl)N’-

ethyl-carbodiimide (EDC) was obtained from Fluka. All The immobilization of dextran on gold nanoparticles
chemicals were used as received. was performed using the following procedure as described

previously [19]; in the first step, gold nanopatrticle disper-
sions were modified with 16-MHDA presentirgCOOH
groups in the presence on Tween 20. Then, AEE was re-
Sodium phosphate monobasic buffer solution was acted with—COOH groups using carbodiimide chem-
prepared to a 10 mM concentration at pH 7. PBS was istry. This step resulted in gold nanoparticles with the
dissolved in deionized water and the pH was adjusted —OH functionality. The—OH groups were then activated
to 7.4. Exact pH values for buffer solutions were ob- with epicholorohydrin, and dextran was coupled cova-
tained using a Beckman pH meter. Deionized water lently to these groups (Fig. 2-Top) [20]. Dextran-coated

Buffers and Solutions

-00C OH
SH (CH,),;COOH % NHS / EDC H Ogoo-
@ 2SR .
NH,(CH,),0(CH,),0H HO =
HO o, cooH
o o)
A_\ OH LN
-— HO COO
Dextran 0 2 Epicholorohydrin
OH
COOH
HooC COOH

SH (CH,),CO-NH-CH,-COOH  o0c @ —_—

AgNO
g NaBH,
HOOC COOH
COOH
B(OH),
O\ /NH
“c
HoOC COOH
HOOC @ COOH 5
I I
HOOC COOH L6 NHCCHzHNC$HSH
//C\ \B CH3
o HO
Compound 1
B(OH),

Fig. 2. Synthetic scheme for the preparation of the dextran-coated gold colloids
(Top), and the silver nanoparticles with boronic acid gro(sttom).
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2 9 Organic reactions were monitored by thin-layer chro-
NHCCH?HNC(])HSH
C/< OH 3 C Tioprorin j matography on 0.25 mm Merck silica gel plates, while
e o:>< DCCTHF ><: Baxter silica gel 607 (230-400 mesh ASTM) was used

" (J:CHZHNCCHSH for flash column chromatography.

Water HQ SH
—_—

Hi

RESULTS AND DISCUSSION

Compound 1

Schme 1.Synthesis of thiolated boronic acid (Compound 1). Con A-Induced Aggregation of Dextran-Coated

gold nanoparticles were purified with extensive centrifu- Gold Nanoparticles

gation and resuspension cycles. All solutions with gold For colloidal gold in an aqueous medium, the sur-
nanoparticles were stored in polypropylene tubes to pre- face plasmon peak is observed around 520 nm. However,
vent light-induced flocculation [21]. if the colloidal particles aggregate such that the distance
between aggregating spheres becomes small compared to
their radius, additional resonances will occur at wave-
lengths longer than those of the individual particles. This
results in red-shifting and broadening of the absorption
Silver nanoparticles containing mixed monolayers spectra [23]. Since Con A is a multivalent protein (four
of tiopronin and thiolated boronic acid were synthesized binding sites are present at pH 7), at least two or more
according to the procedure described previously (Fig. 2- dextran-coated gold nanoparticles could be cross-linked
Bottom) [22]. The reaction scheme for the synthesis of due to specific biological interactions between dextran
thiolated boronic acid is shown in Scheme 1. (a biopolymer consisting of glucose sub-units) and Con A.
In a typical synthesis, silver nitrate is firstly re- These interactions result in aggregation of the nanoparti-
duced by sodium borohydride in the presence of tio- cleswhichis monitored bythe increaseinabsorbance atar-
pronin in methanol. This yields silver nanoparticles with bitrary wavelengths longer than 600 nm (Fig. 3-Top) [23].
the—COOH functionality and sizes of approximately 1- We subsequently monitored the aggregation of dextran-
5 nm. Then, aqueous solutions of thiolated boronic acid coated gold nanoparticles at 650 nm with respect to time,
and tiopronin-modified silver nanoparticles were stirred since the change in absorbance of aggregating nanoparti-
for 72 hr at room temperature. Water was removed un- cles was the largest at this wavelength. Figure 3-Bottom
der vacuum and the residue was washed with methanolshows the time dependent change in absorbance at 650 nm
to remove uncapped thiolated boronic acid. The mixed for 500K dextran coated gold nanopatrticles after the ad-

Preparation of Boronic Acid Functionalized
Silver Nanoparticles

monolayer compositions were assessetHbNMR spec- dition of 4-110uM of Con A. As the amount of Con
tra with a mole ratio of aromatic protons and methyl on A is increased, the change in absorbance at 650 nm of
the tiopronin [22]. dextran-coated gold nanopatrticles is also increased. We

note that when the concentration of Con A was larger than
75 uM, the dextran coated gold nanoparticles completely
aggregated and the solution became turbid and thus, not
All absorption measurements were performed us- practical for sensing applications.

ing a Varian UV/VIS 50 Spectrophotometer and Hewlett Figure 4-Top shows the maximum value (95%) of
Packard 8453 spectrophotometer in 1 cm Quartz cu- change in absorbance at 650 nm for dextran coated gold
vettes (StarnajH-NMR spectrawere recorded on GE-QE  nanoparticles versus the concentration of Con A used. The
300 spectrometer. Luminescence spectra were recordedargest change in absorbance was observed with the 500 K
with Cary Eclipse Fluorescence Spectrophotometer. dextran coated gold nanoparticles. When the molecular
Transmission electron micrographs (TEM) of the nan- weight of the dextran is decreased to 170 K and sub-
oparticles were taken with a side-entry Philips elec- sequently to 64 K, smaller changes in absorbance were
tron microscope operated at 120 keV. Samples were typically observed. This clearly shows that the extent of
cast from water solutions onto standard carbon-coated aggregation of the nanoparticles depends on the concentra-
(200-300 A) Formvar films on copper grids (400 tion of Con A, as well as the molecular weight of dextran
mesh), waiting 5 min, and removing excess solution by immobilized onto the surface of the gold nanoparticles.
touching a small piece of filter paper to the edge of the Our explanation for this observation is the availability of
grid. The grid was dried under Nflow or in air for dextran on the surface of the gold nanoparticles for Con A
30 min. binding, that is, since the molecular weight of tetrameric

Methods
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Fig. 3. Normalized absorbance spectra of dextran-coated gold nanoparticles (500K) after the addition of Con A
(Top), time-dependent change in absorbance at 650 nm for 500 K dextran coated gold nanoff2etitcies).

protein Con A (at pH 7) is approximately 104,000 daltons, TEM and possible artifacts resulting from evaporation of
it is hypothesized that the extent of interaction between the solvent and interactions between the nanopatrticles and
Con A and dextran is limited by the size of the dex- the TEM substrate, measurement of exact sizes of the ag-
tran. Thus, the probability of cross-linking of the dextran- gregates may prove unreliable by TEM. Thus, in this study,
coated gold nanoparticles by Con A molecules is higher, TEM was used to verify and provide qualitative informa-
when high molecular weight dextran (505,000 daltons, de- tion about the hypothesis on protein-induced aggregation
noted as 500 K) is used. Logically, when the size of dex- of the nanoparticles, rather than obtaining quantitative in-
tran is decreased; the probability of cross-linking is also formation on the size of the aggregates.

decreased.

Figure 4-Bottom shows the TEM image of aggre-
gates of dextran-coated gold nanopatrticles (500 K) before
and after the addition of 11QM Con A. It is observed
that dextran-coated gold nanoparticles are separated from Figure 5-Top shows the time-dependent change in
each other before the addition of Con A, and they came absorbance at 650 nm of dextran-coated gold nanopar-
closer after the addition of Con A, presenting an evidence ticle aggregates after the addition of glucose. The addi-
that Con A interacts with dextran on the surface of dif- tion of glucose is expected to cause the dissociation of
ferent nanoparticles, resulting in Con A-dextran coated Con A due to the competition of glucose units of dex-
gold nanoparticle sensing aggregates. However, it shouldtran with the glucose additionally added. Given that, the
be noted that as a result of the subjective nature of the dextran-coated gold nanoparticles completely aggregated

Sensing of Glucose by the Dissociation of Con
A/Dextran Nanogold Aggregates
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Fig. 5. Time-dependent change in absorbance at 650 nm for 500 K
dextran coated gold nanoparticles after the addition of glu¢tsg),
when the concentration of Con A was larger thanis, and cumulative change in 650 nm absorbance for 500 K dextran coated

the addition of glucose to the highly aggregated nanoparti- gold nanoparticles versus the concentration of glu¢Bsétom).
cles (110uM Con A) did not cause any significant change
in the absorbance even when the amount of glucose wasnanoparticles in solution, and thus, the amount of glu-
perversely increased. However, we did observe a signifi- cose added to the sensing aggregates (0—100 mM) was
cant amount of change in absorbance when the aggreganot enough to cause competitive dissociation. However,
tion of the dextran-coated gold nanoparticles were moder- better glucose responses were observed when the dextran-
ate (with 18.7uM Con A). Thisis attributed to the factthat  coated gold nanoparticles were aggregated with between
when the Con A concentration was smaller than. 18.7 and 37uM of Con A. The change in absorbance
most of the sensing aggregates remained in suspensionreached a maximum with the addition of approximately
thus allowing the competitive dissociation of aggregates 40 mM glucose, indicating the glucose dynamic sensing
to proceed. range.

Figure 5-Bottom shows the cumulative response of We note that while study is investigatory in nature,
500 K dextran-coated gold nanopatrticles aggregated with it has important implications in terms of employing noble
Con A (concentration ranging from AM to 75 uM), metals and biomolecules for non-invasive glucose moni-
towards glucose. The dissociation of the dextran-coatedtoring. We also predict that the sensitivity of sensing of
gold nanoparticle/Con A aggregates with glucose were glucose with dextran-coated gold nanopatrticles can be im-
however insignificant when the Con A concentration was proved by modifying the current preparation method: us-
too low (4 uM) or too large (above 7% M). Since the ing alkane thiols containing ethylene glycol (EG) groups
change in absorbance was very small withuK Con instead of simple long chain alkane thiols. It is well doc-
A, the recovery of the signaHAAgsg) was also small. umented that the alkane thiols with EG groups resist the
Larger concentrations of Con A (above @B/1) caused non-specific adsorption of proteins onto metal surfaces
the aggregation of almost all available dextran-coated gold and therefore could reduce the aggregation of nanoparti-
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cles due to non-specific interactions of Con A with the Absorbance of
surface of the gold nanoparticles. Further findings by our Compound 1 Luminescence of

. h . Compound 1-glucose
laboratories will be reported in due course. <

complex

Luminescence of

Silver Nanoparticles Containing Boronic Acid Moiety . e
ompoun

Intensity

Preparation of Thiolated Boronic Acid and Its
Interactions with Glucose in Solution

The thiolated boronic acid (compound 1, Fig. 2-
Bottom) was prepared by condensation from 3- ‘ ‘ : S :
aminophenyl boronic acid and tiopronin using DCC as 250 300 350 400 450 500 550
the condensation reagent as reported earlier [22]. In or-
der to avoid the reaction of boronic acid with DCC, the
boronic acid had to be protected by 2,2-dimethyl-propane-  44q
diol before condensation, and then was de-protected in Particle 2-glucose complex
water. The final product was dissolved in alcohol and wa- 80
ter. The thiolated boronic acid displayes an absorbance Particle 2
maximum at 296 nm in an aqueous solution and a fluo-
rescence peak at 377 nm when excited at its absorbance%’ 60 -
maximum (Fig. 6-Top). It could be coupled with either §
a monosaccharide (glucose) or polysaccharide (Dextran) < 40 -
forming the respective boronate ester, where the lumines-
cence intensities increased by up to 40-50%, when the 20
concentration of carbohydrate unit in solution was at least
10 times higher than that of boronic acid. Their associa- 0 : : ‘
tion constants with saccharides were estimated to be 3.3 300 350 400 450 500
10° and 4.9x 10°* M~! based on the relation between the
luminescence intensity and concentration of carbohydrate
[24, 25]. Fig. 6. Absorbance and luminescence spectrum of compaunevater

(Top), and luminescence spectrum of SNBA before and after coupling
with glucose(Bottom), Aex = 300 nm.

Wavelength (nm)

Wavelength (nm)

Interactions of Glucose and Dextran with Silver

Nanoparticles Containing the Boronic Acid Moiety TEM pictures of SNBA and the aggregates of SNBA/

Figure 6-Bottom shows the luminescence spectra of dextran, which are shown in Fig. 8. As indicated ear-
silver nanoparticles capped with thiolated boronic acid lier, due to subjective nature of TEM, these results are
groups (SNBA) before and after the addition of glucose used only as a visual evidence for the aggregation of the
at pH 5 in water. The luminescence intensity of SNBA nanopatrticles.
is increased as glucose interacted with the boronic acid Figure 9-Top shows the luminescence spectra of
groups on the surface of the silver nanoparticles. SNBA in the presence of increasing amounts of dex-

Figure 7-Top shows the absorption spectra of 60 nM tran. The interaction of boronic acid groups and dextran
SNBA in the presence of increasing amounts of dextran. caused an increase in luminescence. This is attributed to
As the amount of dextran is increased the surface plas-the aggregation of the SNBA. When the nanoparticles
mon peak at 397 nm is decreased, accompanied by an income in close proximity to one another, the emissions
crease in a plasmon peak at longer wavelengths (640 nm).from the luminescent species is thought to increase due
Figure 7B shows the change in these peaks as well asto the local high-electric fields of the silver nanoparticles
the ratio of both peaks. We hypothesize that the decreaseand a modification in the radiative decay rate (surface-
in absorbance at 397 nm and the increase in 640 nmenhanced fluorescence), where the lifetimes of these
indicate that the silver nanoparticles aggregate in a lin- species are reduced. In addition to this, the absorbance
ear fashion around the dextran chain due to the interac-at the surface plasmon peak (400 nm) decreases due to
tions of boronic acid groups with the glucose sub-units the aggregation of the nanopatrticles, the emissions from
on dextran chain. This hypothesis was also confirmed by the luminescent species absorbed by the nanoparticles
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tion of dextran used. The luminescence intensity is in-
creased up to two-folds as the concentration of dextran is
increased.

It is informative to consider the decay times to dis-
tinguish the contribution from surface-enhanced fluores-
cence [26-28]. The intensity decays were measured using
the well-known Time-Correlated Single Photon Timing
Technique [29] and analyzed in terms of the multi-
exponential model:

1) = Y expi-t/7) o

Absorbance

wherex| are the amplitudes angthe decaytimesSa; =
1.0. The fractional contribution of each component to the

steady-state intensity is given by:
;T
fi = 2
= e )
I

The mean lifetime of the excited state is given by:
=) fig ()
i

and the amplitude-weighted lifetime is given by:

Absorbance and Asao/Ase7

0.0 0.3 0.6 0.9 1.2
Dextran (uM) (r) = Zai T 4)
1

Fig. 7. Absorbance spectra of the 60 nM SNBA before and after the The values ofx; andt were determined by non-linear
addition of dextran after 2 hours of coupling in wa(fBop), absorbance at | ! | ' Iuti ith d f
397 and 640 nm and absorbance ratio of 640 nm/397 nmvs. concentration east squares impulse reconvolution with a goodness-of-

of dextran in solutior{Bottom). fit x2g criterion. The decay times are shown in Table 1.

The lifetimes decreased as the concentration of dextran
decreasesresulting in larger intensities (i.e. reduced inner-was increased, which resulted in the aggregation of the
filter effect). Figure 9-Bottom shows the enhancement nanoparticles, implying that the enhancement in the lu-
factor Al — lp)/lg (calculated from luminescence inten- minescence intensity (Figure 9) was due in part to the
sities () from Figure 9-Bottom) versus the concentra- surface- enhanced fluorescence [30].

13

Fig. 8. Transmission electron micrograph of SNBA bef¢fep) and after the addition of 0.6M
dextran(Bottom).
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CONCLUSIONS

We have reviewed some of our recently reported new
methods for glucose sensing which utilize biomolecules,

Table |. Data Obtained Using the Multi-Exponential Model When the
Concentration of SNBA was 60 nM (Water)

Sample 12(Ns) a1z 7 (ns) (r) (ns) x?2

Compoundl 1.71(0.0950) 0.2256 5.72 5.07 0.99
6.05 (0.0750) 0.7744

SNBA 1.47 (0.0551) 0.1459 4.95 459 1.07

(0 M Dextran) 5.12 (0.0734) 0.8541

SNBA 1.64 (0.1682) 0.2403 4.87 4.34 0.92

(1.1x 107 M Dextran) 5.19 (0.0771) 0.7599

SNBA 1.42 (0.0685) 0.2233 4.93 4.36 0.90

(2.2x 107 M Dextran) 5.21 (0.0435) 0.7767

SNBA 1.29 (0.0573) 0.2817 4.69 3.98 0.97

(3.3x 10’M Dextran) 5.03(0.0388) 0.7183

SNBA 1.05(0.0577) 0.2460 4.53 3.86 1.08

(7.8x 10-7 M Dextran) 4.78 (0.0405) 0.7540

399

organic molecules and noble metal nanoparticles [19,22,
31-34]. Gold and silver nanoparticles were employed as
glucose sensing platforms through the modification of
their surfaces with dextran and boronic acid groups, re-
spectively. The glucose sensing is based on the aggre-
gation of these nanoparticles due to specific biological
interactions and on the dissociation of the aggregates by
competitive binding of glucose. Simple optical density
and luminescence emission measurements were used as
the primary measurement techniques for glucose sens-
ing. Transmission Electron Microscopy was also used
to provide qualitative assessment of the aggregation of
Nnanosensors.

We believe that these new methods provide a frame-
work for developing @ross-the-boardechnology for sac-
charide sensing in physiological fluids such as urine, blood
and tears due their tunable sensitivity and physiologically
compatible observation wavelengths.
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