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A simple and label-free plasmon resonance light scattering (PRLS) assay for glucose was developed
based on the formation of gold nanoparticles (AuNPs) from the redox between chlorauric acid (HAuCl,)
and hydrogen peroxide (H,0,) in the presence of MES. It was found the PRLS signals characterized at
550 nm were proportional to the content of H,O,, which could be produced in the process of biocatalytic
10 reaction of glucose oxidase (GOXx), and thus a RLS method of glucose was proposed with the linear range

of 5.0x10° M to 1.0x10*M and detection limit of 2.7x10° M.

1. Introduction

In recent years, metal nanoparticles have been intensely studied
for applications in investigations of DNA hybridization,* 2
15 immunoassay™ * and cellular imaging® © due to their peculiar
physical and chemical properties, which are not present in bulk
materials.” Specifically, the localized surface plasmon resonance
(LSPR), which strongly depends on the shape, size and
aggregation of nanoparticles, is of great interest to scientists.

20 LSPR, including plasmon resonance absorption (PRA) and
plasmon resonance light scattering (PRLS),® ° is known to
originate from the excitation of the collective oscillations of
conducting electrons.® When a metal nanoparticle is exposed to
the irradiation of light, plasmon resonance occurs with coherent

25 oscillation of the conduction electrons. Subsequently, the
oscillating electrons radiate electromagnetic radiation with the
same frequency as that of the oscillating electrons, and the
radiation is often referred to as resonance light scattering (RLS). °
As a powerful tool with distinct advantages of simplicity,

a0 rapidness and high sensitivity, RLS technique has been widely
applied for the determination of proteins,'® ** nucleic acids,** =3
drugs,* ** chemical dyes,’® metal ions,” and so on. As an
example of metallic particles, nanoparticles such as gold
nanoparticles (AuNPs) exhibit characteristic RLS signals in the

35 corresponding plasmon resonance absorption region, which have
showed significant potential for biomolecular detection.

Hydrogen peroxide (H,O,) is an important metabolite of
organisms that can be generated by many oxidative biological
reactions, including those of glucose oxidase (GOx), uricase,

40 galactose oxidase, cholesterol oxidase, sarcosine oxidase, alcohol
oxidase, and xanthine oxidase.'®** And many analytical methods
have been developed for detection of H,O, and the respective
substrates, such as chromatography,® electroanalysis," 2
fluorometry,? 2* spectrophotometry®® and RLS assays.?® In

45 conventional colorimetric detection of H,0,and glucose, signal is
often generated by the conversion of substrate 3,3,5,5-
tetramethylbenzidine (TMB) into a colourful molecule based on

the catalysis of peroxidase enzymes.”® However, such natural
enzymes are often expensive and their catalytic activity can be

s easily inhibited,?” thus severely limit the applications of these
methods. Herein, we report a label-free RLS assay for glucose
based on the formation of AuNPs instead of the catalyzation of
peroxidase enzymes (Scheme 1). GOx generates H,O, upon the
catalytic oxidation of glucose, and H,O, can be used to reduce

ss HAUCI, to form AuNPs in presence of MES (2-(4-morpholino)
ethanesulfonic acid) under mild condition. Based upon the strong
RLS signal of AuNPs, we can perform quantitative detection of
glucose without any modification under mild condition.

Glucose H,0, AuNPs

Gluconic acid 0, HAuCl,

60 Scheme 1 Schematic representation of the formation of AuNPs for RLS
assay of glucose.

2. Experimental
2.1 Materials

GOx was purchased from Sigma—Aldrich (St. Louis, MO), which
s was of 195.7 U mg™ of lyophilized solid. HAuCl,-H,O was
purchased from Sinopharm Group Chemical Regent Co., Ltd.
(Shanghai, China). MES was purchased from Beijing Dingguo
Changsheng Biotechnology Co., Ltd. (Beijing, China). H,0,,
glucose, fructose, lactose, and maltose were obtained from
70 Chongging Pharmaceutical Co., Ltd (Chongging, China). The
stock solution of H,0, was diluted from 30% solution and the
H,0, standard solution was standardized by KMnQ, titration. All
reagents used in this work were of analytical grade without
further purification, and Mili-Q purified water (18.2 MQ) was
75 used throughout the experiment.

2.2 Apparatus
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:2L UV-vis spectra were recorded on a U-3010 spectrophotometer concentrations of H,O,. When there was no H,0O,, the solution
3 (Hitachi, Tokyo, Japan). The RLS spectra were measured with an s showed a broad and weak absorption peak over the range of 450-
4 F-4500 spectrofluorometer (Hitachi, Tokyo, Japan). The scanning 800 nm. The results indicated that MES alone could lead to the
5 electron microscopy (SEM) images of AuNPs were performed formation of a few amorphous gold aggregates, which was
s with an S-4800 scanning electron microscope (Hitachi, Tokyo, identical with the previous reports.* *2 Furthermore, the addition
6 Japan) operating at 30.0 kV. of H,O, to HAuCI, resulted in the increase of the absorbance,
; 2.3 Procedure for H,0, so indicating .the formation pf a larger number of AuNPs. As the
concentration of H,O, increased, the characteristic plasmon
9 Various concentrations of H,O, were incubated with HAuCl, (0.1 absorbance of AuNPs was enhanced gradually. And the
10 mM) in the presence of 10 mM PB buffer (pH 7.4) and 0.5 mM absorbance of AuUNPs at about 560 nm showed a linear
11 10 MES for 20 minutes at 25 °C. Subsequently, the mixture was relationship with the concentration of H,O, over the range of
ig immediately transferred for absorption, RLS and SEM s 5.0x10° M to 1.0x10*M (Fig. S1, ESIT).
14 measurements. 3.2 RLS of the formed AuNPs
15 2.4 Procedure for glucose 56
16 Different concentrations of glucose were incubated with 50 pL - "
17 15 GOx (0.1 mg mL™Y) in the presence of 10 mM PB buffer (pH 7.4) o
18 and 0.5 mM MES at 37 °C for 30 minutes. Then HAuCI, (0.1 2001 o0
19 mM) was added to the above reaction solution. After incubating 2 400 \
20 at 25 °C for 20 minutes, the mixed solution was finally used to E 300 mo,
21 perform absorption and RLS measurements. To evaluate the %)
22 5 specificity of this method, fructose, lactose, and maltose instead T 200
23 of glucose were used for the control experiments. 100
24 oF
25 3. Results and discussion 200 300 400 500 800 700 800
26 3.1 The formation of AuNPs Wavelength/nm
27 Fig. 2 RLS spectra of AuNPs obtained via the reduction of HAUClI,.
28 0.24 Craucia, 0.1 mMM; ci202 (2 10 @), 0, 5, 15, 25, 50, 75, 100 UM; Cyes, 0.5 mM;
29 ; 60 Cpg, 10 mM, pH 7.4. The inset is linear plots corresponding to the RLS
30 & 020 -8 intensity at 550qm_vs. the concentration of H,0,. The error bars represent
3] the standard deviation of three measurements.
31 S o6f g
32 E To further validate the formation of gold nanostructures, an
33 § 012 experiment focusing on the RLS spectra was performed (Fig.
34 0.08 es 2). The product solutions obtained at different concentrations of
35 H,0, exhibited broad light scattering bands from 250 nm to 470
36 0.04 nm and light scattering peaks located at about 550 nm. It has been
37 400 500 600 700 800 reported that the RLS effect could be observed in the absorption
38 Wavelength/nm region of metal nanoparticles.’® * Therefore, the characteristic
39 s Fig. 1 UV-vis absorption spectra of AuNPs obtained at different 70 light scattering peak at 550nm, which was corresponding to the
40 concentrations of H,O,. The inset photograph shows the color changes of plasmon absorption band around 560nm of AuNPs (Fig. 1),
41 the solution. Cuascus, 0.1 MM G0z (a 10 g), 0, 5, 15, 25, 50, 75, 100 uM: shoyld be ascribed to the RLS signal of AuNPs.®* And the broad
42 Ones; 0.5 MM; Cos, 10 MM, pH 7.4. light scattering band should be ascribed to the Rayleigh light
43 As a reactive oxygen species, H,O, can not only be a strong scattering of the aqueous solution using an uncorrected
44 4 oxidative agent?® but also function as a reduction agent. Recently, 7> Spectrofluorometer.* The RLS signal was very weak when there
45 the conversion of tetrachloroaurate ions into AuNPs using H,0, ~ Was no H;O,. Upon treatment with H,O,, the intensity of
46 as an alternative reducing agent has been reported.”® The  scattering peaks was enhanced gradually with increasing H,O,
47 proposed reaction equation is concentration, suggesting more AuNPs were formed.
48 3 0 ~ .3 It was found that the RLS intensity of the formed AuNPs
49 AuCl, +§H202 — Au” +4CI” +3H +§Oz so Was proportional to the concentration of H,O,, which could be
S0 35 MES is also reported to be a mild reducing agent that can reduce applied for the quaptlflca.tlon of H;0,. The insert n Fig. 3
51 the gold salt and stabilize newly formed gold nanostructures.®® 3 showed the ‘RLS ‘intensity of AUNPs plotted against the
52 Here, we take MES as a synergist to accelerate the formation of concentration of .HZOZ: There was a QOOd. linear relationship
53 AUNPs. Since the concentration of MES is constant in all between the RLSGmtensny and the concentration of H,O, over the
i 4 . S
o4 experiments, the concentration of H,0; is the key factor that °° [aN9¢ Of 5:0x10°% M to 1.0x107 M with the detection limit of
55 . influences the formation of AuNPs. 2.4x10°° M. The linear equation coul.d be gxpressed asl=4.3c+
56 To confirm the formation of AuNPs in the presence of H,O,, 34, 0'9993)‘ where [ was the RLS intensity and ¢ (uM) was the
57 we first observed the absorption spectra of the product solutions. concentration of H,0,. . .
58 Fig.1 showed the generation of AuNPs in the presence of various To understand the impact of the concentration of H,0, on
5
60
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the morphology and state of aggregation of AuNPs, we have
performed further investigations of nanoparticle solutions by
SEM inspection. Fig. 3 showed the SEM images of nanoparticles
grown with H,O, at concentrations of 5 uM (A) and 100 pM (B).

s For the low concentration of H,O, a few ill-defined AuNPs

aggregates were obtained. On the contrary, fewer aggregates of
AuNPs and more quasi-spherical, non-aggregated AuNPs
together with small crystalline AuNPs were formed at a higher
H,O, concentration. The results were identical with the

10 absorption spectra (Fig. 1). A blue shift in the absorbance

maxima with the concomitant absorbance growth was observed
with the increasing concentration of H,0,. The blue shift should
be ascribed to the mixture of different sized particles and the high
absorbance features should be due to the increased content of

15 AUNPs, which may imply the formation of more AuNPs of lower

dimensions. Taken together, the results indicated that with the
increasing H,O, concentration, the number of formed AuNPs
increased whereas the particle size or the state of aggregation
decreased. On the one hand, the concentration of H,O, was

2 related with the kinetics of crystal growth. At a high H,0,

concentration, the reduction of gold salt by H,O, occured at a fast
rate to form more non-aggregated AuNPs while the reaction rate
was relatively slow at a low H,0, concentration to generate more
aggregated nanoparticles.®> *¢ On the other hand, the more H,0,

»s added, the more reactant (HAuCl;) was consumed, which

contributed to the increasing number of AuNPs.

(A)

S e < b K 7,
Fig. 3 SEM images of nanoparticles grown with H,O, at concentrations of
(A) 5 uM and (B) 100 pM. chaucia, 0.1 mM; Cyves, 0.5 mM; cpg, 10 mM,
30 pH 7.4.

In general, the light scattering property depends on the
volume and number of the particles, the incident light wavelength,
and the surrounding medium.® 3* 8 |n this study, the enhanced
light scattering intensity results from combined effect of the

3s number and size of AuNPs. The increased number of AuNPs

would lead to stronger light scattering signals while the decreased
aggregation state or size of AuNPs would result in reduced light
scattering signals. When the concentration of H,O; s in the range
of 5.0x10° M to 1.0x10* M, the increase of number is more

40 obvious than the decrease of size, and the former has a greater

impact on the RLS signals than the latter, thus the integrative
effect of the two leads to the enhancement of light scattering
signals. However, when the concentration of H,O,is higher, more
and more tiny crystalline AuNPs are formed, which exhibit much

45 weak light scattering®™ and then results in the nonlinear response.

Therefore, we can develop a RLS assay for substrates which
could generate H,O, based upon the using of the corresponding
oxidases.

3.3 Detection for glucose

so GOx is generally acknowledged to catalyze the oxidation of

glucose to gluconic acid and H,0,.%° We further extended the

above approach for glucose by coupling the formation of
nanoparticles with glucose oxidation reaction. And the
concentration of GOx was optimized to ensure that glucose was

ss completely oxidized to H,O, (Fig. S2, ESIt). Similar to the case

of H,0,, the nanoparticle solutions showed an absorbance peak at
about 560 nm (Fig. S3(A), ESIT), which could be ascribed to the
plasmon resonance absorption of AuNPs. The absorbance got
enhanced as the concentrations of glucose were elevated. Fig. 4

s0 (A) showed the evolution of the measured light scattering spectra

in the presence of variable concentrations of glucose. As shown,
the nanoparticle solutions exhibited a broad light scattering band
from 250 nm to 470 nm and a light scattering peak located at
about 550 nm, which should be ascribed to the light scattering

es signal of the aqueous solution and AuNPs, respectively. And the

results revealed a gradual increase of the RLS intensity upon
increasing the concentration of glucose. As the concentration of
glucose increases, the concentration of the generated H,O, gets
higher, this then results in the enhanced RLS and absorption

70 signal.
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Fig. 4 (A) RLS spectra of AuNPs generated by the reduction of H,0,.

Calucose (from bottom to up): 0, 5, 15, 25 ,50, 75, 100uM; Ceox, 25ug mL™;

Craucis, 0.1 mMM; cyves, 0.5 mM; cpg, 10 mM, pH 7.4. (B) Linear plots

75 between the RLS intensity at 550 nm and the concentration of glucose.

The error bars represent the standard deviation of three measurements.
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Fig. 5 Selectivity for glucose detection. Cgucose, 0.1 MM; Ciructoses 1 MM;
Clactoses 1 mM, Crmaltoses 1 mM, Curic acids 1 mM, Cethanol, 1 mM. Ccoxs 25“9 ml—rl;
80 Chaucie, 0.1 MM; Cyes, 0.5 mM; cpg, 10 mM, pH 7.4. The error bars
represent the standard deviation of three measurements.

To determine the sensitivity of the method for glucose
detection, various concentrations of glucose were added to
HAUCI, in the presence of MES. Fig. 4 (B) showed the

ss calibration curve of the RLS intensity at 550 nm versus the

concentration of glucose. The linear range was from 5.0x10° M
to 1.0x10*M and LOD was 2.7x10® M with the linear equation |
=4.3c +9.0 (r, 0.9979), where | was the RLS intensity and ¢ (uM)
was the concentration of glucose. Besides, a good linear

o relationship between the absorbance at 560 nm and the

concentration of glucose was also obtained in the range of
5.0x10° M to 1.0x10“*M (Fig. S3(B), ESIt).

The influence of NaCl on the RLS intensity was tested.
NaCl can be allowed to be lower than 2x10° M given the

This journal is © The Royal Society of Chemistry [year]
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tolerance of 10%, which is possibly due to its effect on the
aggregation of nanoparticles. Meanwhile, to assess the specificity
of the method, the influences of some glucose analogues as well
as some common interferents such as uric acid and ethanol, were
examined in aqueous buffer and the results were shown in Fig. 5.
It can be seen that the RLS intensity only increased for glucose,
which could be attributed to the high affinity of GOx to oxidized
glucose.40 Even when fructose, lactose, maltose, uric acid and
ethanol were used at concentrations as high as 1 mM, the RLS
signal remained as low as the background signal. The results have
demonstrated that this method is of great selectivity for glucose
detection. All the data above show that this method we developed
is simple, fast, and sensitive for glucose detection.

4, Conclusions

In conclusion, a label-free RLS assay was proposed for
glucose based on the formation of AuNPs with a common
spectrofluorometer. While MES works as a synergistic reducing
and stabilize agent, H,O, can reduce gold salt into AuNPs. The
formed AuNPs exhibit characteristic RLS signals at 550nm,
which are proportional to the concentration of H,O,. By coupling
biocatalytic reaction of GOx, we further develop a low-cost,
simple, rapid and sensitive method for glucose. Furthermore,
since many kinds of oxidases generate H,O,, it may also be a
valuable approach for detection of other substrates.
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