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Abstract A new amperometric biosensor for the detection

of sugars was prepared. A glassy carbon electrode was

modified with Prussian blue (PB) nanoparticles protected

by chitosan (CS) and poly(diallyldimethylammonium

chloride) (PDDA), and then gold nanoparticles were

assembled onto the electrode followed by the assembly of

4-mercaptophenylboronic acid (MPBA) onto the surface of

gold nanoparticles through a sulfur–Au bond to fabricate a

self-assembled biosensor. The PB nanoparticles protected

by CS and PDDA were characterized using transmission

electron microscopy and UV–vis absorption spectroscopy.

The characterization of the self-assembled electrode

was investigated by cyclic voltammetry and electrochemi-

cal impedance spectroscopy. The pKa values of the

MPBA monolayer before and after combining with sug-

ars were determined. The fabricated electrode exhibited

excellent performances for determining D(?)-glucose,

D(?)-mannose, and D(-)-fructose on the basis of the change

in ip of the Fe(CN)6
3-/4- ion in the presence of sugars.

Keywords Gold nanoparticles � Nano-Prussian blue �
4-Mercaptophenylboronic acid � Sugars � Biosensor

Introduction

In recent years, too much attention has been paid to inor-

ganic nanoparticles like gold [1], silver [2], and platinum

metals [3] because of their significant properties like the

high surface areas, strong adsorption ability, and a hetero-

geneous electron transfer catalyzing ability [4]. Prussian

blue (PB) is one of the longest described coordination

compounds, which has been extensively studied in basic

and technologically oriented research and has been found a

new range of interesting applications [5], such as electro-

chemical [6], photophysical [7], electrochromic [8, 9], and

magnetic properties [10], and potential analytical applica-

tions [11–14]. Due to its excellent electrocatalysis, PB has

been widely used as an electron transfer mediator in the

amperometric biosensors [15–17]. For example, the PB

modifier strongly catalyzes the reduction of hydrogen

peroxide in a negative operating potential range, which

offers the most sensitive and interference-free detection

[18].

However, the traditional and common method for the

preparation of PB modified electrodes is based on the

electrodeposited PB film, which usually shows intrinsic

shortcomings of instability for leaking [19]. To solve this

problem, a large number of PB nanoparticles have been

synthesized with the stabilizers, such as poly (vinylpyrr-

olidone) (PVP) [20, 21], chitosan (CS) [22], poly(diallyl-

dimethylammonium chloride) (PDDA) [20, 23, 24],

polyallylamine hydrochloride (PAH), polystyrene sulfonate

(PSS), and polyvinyl alcohol (PVA) [25]. These protective

polymers could not only control the growth and handle the

agglomeration of nanoparticles, but also bring attractive

novel properties to the nanoparticles, such as biocompati-

bility, solubility and film-forming properties [26]. Due to

these attractive properties of PB nanoparticles protected by

organic polymers, the application of PB is broadened in

biosensors.

Sugars are important energy substances and have been

widely applied in the food industry and medicine. Fast and
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accurate determination of sugars has therefore attracted

much attention of the researchers. Up to now, many efforts

have been contributed to the development of techniques for

the determination of sugars based on the electrochemical

method [27], chemiluminescence [28], chromatography

[29], capillary electrophoresis [30], and the enzymatic

method [31]. Each method has itself advantages. However,

there has been increasing interest in the development of a

new detection method in the recent decade. Boronic acid

and its derivatives as recognition molecules for sugars

have become the focus. They can form reversible bonds

with 1,2- or 1,3-diols of sugars to generate five- or six-

membered cyclic complexes [32]. Therefore, the boronic

acid derivatives can be immobilized on the surface for the

transducers such as electrodes to detect sugars.

In the present work, a new biosensor has been fabricated

using self-assembly technique. The surface of glassy car-

bon (GC) electrode was modified with PB nanoparticles

protected by chitosan (CS) and PDDA and then colloidal

Au was assembled onto the modified surface. Following

this, MPBA was immobilized to the electrode surface

easily through a sulfur–Au bond. The fabricated electrode

exhibited excellent performances for determining glucose,

mannose, and fructose. Based on this phenomenon, a new

biosensor for the determination of sugars was developed.

Experimental section

Reagents

D-Glucose and chitosan (CS) were purchased from Sigma.

D-mannose and D-fructose were purchased from Fluka.

Poly(diallyldimethylammonium chloride (PDDA, Mw:

200,000—350,000 g/mol, 20 wt% in water) and 4-merca-

ptophenylboronic acid (MPBA) were purchased from

Aldrich. Gold chloride tetrahydrate was purchased from

Shenyang Research Institute of Nonferrous Metals. All

other reagents were of analytical grade and were used

without further purification. Phosphate buffer solutions

(PBS) with various pH values were prepared with 0.1 M

NaH2PO4, 0.1 M Na2HPO4, and a small amount of 0.1 M

HCl or NaOH. Doubly distilled water was used throughout.

Apparatus

A CHI 660B electrochemical workstation (CH Instruments,

USA) was used for the measurement of cyclic voltammetry

(CV) and electrochemical impedance spectra (EIS). A

three-electrode system used in the measurements consists

of a GC or modified GC electrode as the working electrode,

platinum wire as the counter electrode, and a saturated

calomel electrode (SCE) as the reference electrode.

Transmission electron microscopy (TEM) images were

recorded with a H7500 (Hitachi Co., Japan). A UV-vis

8500 spectrophotometer (Tianmei Co., Shanghai, China)

was used for measuring absorption spectra. A pHS-3D pH

meter (Shanghai Analytical Instrument Factory, Shanghai,

China) was used for pH measurement.

Synthesis of PB nanoparticles protected by CS

and PDDA

PB nanoparticles protected by CS and PDDA were syn-

thesized according to the literature [26] but with a slight

modification. Briefly, 8.0 mL of 6.25 mM FeCl3 (contain-

ing 0.4% PDDA, v/v) and 8.0 mL of 0.15 wt% CS solution

were mixed under vigorous stirring and then 2.0 mL of

25 mM K4[Fe(CN)6] solution was slowly dropped into the

mixed solution under vigorous stirring at room tempera-

ture. When the solution color changed gradually to dark

blue, PB nanoparticles were formed, and the resulting dark

blue colloidal solution was used as a CS–PDDA–nano-PB

stock solution.

Preparation of colloidal gold

Au colloids were prepared according to Frens [33] with

slight modifications. First, 1.0 mL of 1% HAuCl4 was

brought to 100 mL of boiling doubly distilled water with

vigorous stirring in a 250 mL round-bottom flask. Then,

2.5 mL of 1% sodium citrate was added to the vortex of the

solution quickly, which resulted in a color change from

pale yellow to dark red. Boiling was continued for 10 min,

the heating mantle was then removed, and stirring was

continued until the solution reached room temperature.

Fabrication of the modified electrode

A glassy carbon electrode (U = 3 mm) was polished to a

mirror using 0.3 and 0.05 lm alumina slurry followed by

rinsing thoroughly with doubly distilled water. After being

sonicated successively in 1:1 nitric acid and doubly dis-

tilled water, the electrode was allowed to dry at room

temperature. The cleaned electrode was modified with

CS–PDDA–PB nanoparticles by a simple casting method.

Typically, 7.5 lL of CS–PDDA–nano-PB solution was cast

on the electrode surface and the electrode was allowed to

dry at room temperature to obtain a GC/CS–PDDA–nano-

PB modified electrode. After the modified electrode was

thoroughly rinsed with water, it was immersed in 2.0 mL

of prepared gold colloids for 9 h to form a nano-Au

monolayer. Then the electrode was placed into 4-merca-

ptophenylboronic acid solution (0.5 mg/mL in tetrahydro-

furan–methanol = 9:1, v/v) for approximately 10 h to

obtain the final self-assembled electrode. The fabrication
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procedure of the sensor was shown in Scheme 1. The

electrode was stored at 4 �C when not in use.

Results and discussion

UV–vis absorption spectra and TEM characterizations

of CS–PDDA–nano-PB

Morphologies of CS–PDDA–PB nanoparticles were

characterized by TEM. Figure 1 gives the image of

CS–PDDA–PB nanoparticles and the mean size of them

was about 7.5 nm. The surface of the CS–PDDA–PB

nanoparticles was not smooth. Maybe the PB nanoparticles

are packed by CS and PDDA.

The UV–vis absorption spectra of PDDA, CS, FeCl3,

mixture of FeCl3 and PDDA, K4[Fe(CN)6], and CS–

PDDA–nano-PB colloids solutions are shown in Fig. 2. It

can be seen from Fig. 2 that alone PDDA or CS solution

did not show an absorption peak (curves a and b in Fig. 2).

FeCl3 solution had two absorption peaks around 210 and

295 nm (curve c in Fig. 2). But after FeCl3 solution and

PDDA were mixed, the second absorption peak shifted to

280 nm, and the absorbance increased a little (curve d in

Fig. 2). The maximum absorbance of K4[Fe(CN)6] solution

appeared approximately at 221 nm (curve e in Fig. 2).

When the K4[Fe(CN)6] solution was slowly dropped into

the mixed solution (containing FeCl3, CS, and 0.4%

PDDA), the color of solution was changed to dark blue

gradually and a new absorption peak appeared at 710 nm

(curve f in Fig. 2), illustrating the characteristic adsorption

of CS–PDDA–nano-PB colloid [24, 26].

Electrochemical characteristics of the self-assembled

electrode

Figure 3 shows the CVs of the modified electrode in dif-

ferent assembled steps in the potential range from -0.2 to

0.6 V in 0.02 M PBS (pH 6.0). There was no electro-

chemical signal at the bare GC electrode in the interesting

potential range (curve a). But after the CS–PDDA–PB

nanoparticles were cast on the electrode surface, the CV of

the GC/CS–PDDA–nano-PB electrode gives a pair of well-

defined redox peaks (curve b). When gold nanoparticles

were assembled onto the electrode through binding inter-

action between gold nanoparticles and amino groups of CS

and electrostatic interaction between oppositely charged

gold nanoparticles and PDDA, an increase in peak current

was observed (curve c). The reason is that nanometer-sized

gold colloids play an important role similar to an electron-

conducting tunnel, which makes it easier for the electron

GCE

CS-PDDA-nano-PB

a
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OH
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Scheme 1 Schematic

illustration of the stepwise self-

assembly fabrication process:

a formation of CS-PDDA-

nano-PB layer, b formation of

nano-Au monolayer, c MPBA

loading

Fig. 1 TEM image of CS–PDDA–PB nanoparticles

Fig. 2 UV–vis absorption spectra of (a) PDDA, (b) CS, (c) FeCl3,

(d) mixture of (a) and (c), (e) K4[Fe(CN)6], and (f) CS–PDDA–nano-

PB colloidal solutions. The blank solution was doubly distilled water
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transfer. After 4-mercaptophenylboronic acid (MPBA) was

assembled onto the electrode via a sulfur-Au bond, the

peak current decreased obviously (curve d), suggesting that

MPBA monolayer was not beneficial to the electron

transfer.

The assembly process of the modified electrode was also

monitored by EIS since it is an effective method to probe

the interface properties of surface-modified electrodes.

Figure 4 shows the EIS results for different electrodes in a

5.0 mM [Fe(CN)6]4-/3- ? 0.1 M KCl solution as a redox

probe. It can be seen from Fig. 4 that compared with the

bare GC electrode (curve a), an obvious semicircle was

observed at the CS–PDDA–nano-PB modified GC elec-

trode with a diameter of 338.3 X (curve b). When gold

nanoparticles were assembled onto the GC/CS–PDDA–

nano-PB electrode, the Ret decreased to 175.3 X (curve c),

which contributed to the good conductive properties of

gold nanoparticles. In comparison with curve c of Fig. 4,

the semicircle increased obviously after MPBA was

assembled onto the electrode with a diameter about

381.7 X (Fig. 4, curve d), indicting that the MPBA

monolayer hinders the charge transfer. On the basis of the

EIS results, we can conclude that MPBA was successfully

assembled onto the electrode surface.

Self-assembled time is an important factor which would

influence the electrochemical response of the assembled

monolayer. Figure 5a shows the relationship between

assembling time of nano-Au and current response of the

GC/CS–PDDA–nano-PB/nano-Au electrode. It can be seen

from Fig. 5a that the current response of the GC/CS–

PDDA-nano-PB/nano-Au electrode increased with an

increase in assembling time of nano-Au and reached the

maximum after about 9 h assembling time. Therefore, 9 h

was chosen as the suitable assembling time for nano-Au. In

addition, the optimum of assembling time for MPBA was

investigated and the result is shown in Fig. 5b. As can be

seen, the suitable assembling time for MPBA was about

10 h. Thus, in the further study we chose the optimum

assembling time to obtain a high analytical sensitivity.

The CVs of the self-assembled electrode at different

scan rates are shown in Fig. 6. It can be seen from Fig. 6

that both anodic and cathodic peak currents increased lin-

early with the square root of scan rate between 50 and

700 mV/s (the inset of Fig. 6) with the correlation coeffi-

cients of 0.9907 and 0.9995, respectively, indicating a

diffusion-controlled redox process.

From the linear relationship between the peak current

and the square root of scan rate, the surface area of the

electrode could be determined. When the electrode was

modified with nanoparticles, the surface area of the elec-

trode was usually larger than the area of geometry, because

of the high surface area and strong adsorption ability of

nanoparticles. In this paper, the surface area of the self-

assembled electrode was calculated according to the fol-

lowing equation:

ip ¼ 2:69� 105An3=2D1=2C v1=2 ð1Þ

where A is the surface area of the electrode, n the electron

transfer number, D the diffusion coefficient, and C the bulk

concentration. From the slope of ip versus v1/2, A can be

obtained if the parameters of D, n, and C are known. In this

experiment, CVs of the bare GC electrode in a 2.0 mM

[Fe(CN)6]4-/3- solution at different scan rates are presented

in Fig. 7. Inset of Fig. 7 shows the linear relationship

Fig. 3 CVs of the modified electrode at different assembled stages in

0.02 M PBS (pH 6.0) for (a) bare GC, (b) GC/CS–PDDA–nano-PB,

(c) GC/CS-PDDA-nano-PB/nano-Au, and (d) GC/CS–PDDA-nano-

PB/nano-Au/MPBA. Scan rate: 100 mV/s

Fig. 4 EIS of the electrodes at different assembled stages in 5 mM

[Fe(CN)6]3-/4- containing 0.1 M KCl. a Bare GC, b GC/CS–PDDA–

nano-PB, c GC/CS-PDDA-nano-PB/nano-Au, d GC/CS–PDDA–

nano-PB/nano-Au/MPBA. The frequency range is between 0.05 and

105 Hz at the formal potential of 0.22 V. The inset shows the

equivalent circuit used to model impedance data
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between cathodic peak current and the square root of scan

rate, and the slope is 9.86 9 10-5 A/(Vs-1)1/2. Thus, the

diffusion coefficient was calculated to be 6.72 9 10-6 cm2/s

at 25 �C. Then the self-assembled electrode was used as the

working electrode also in a 2.0 mM [Fe(CN)6]4-/3- solu-

tion to record the CVs at different scan rates and then from

the slope of the plot between ipc and v1/2, A was calculated

as 0.23 cm2, which was three times larger than the area of

geometry (0.07 cm2).

Boronic acids are known to assume an anionic form

in alkaline solutions for the addition of the OH- ion to

the boron atom. Therefore, the surface density of the

anionic charges on the MPBA film-modified electrode

would be a function of pH of the solution in which the

electrode is immersed. Thus, the voltammetric behavior

of the self-assembled electrode toward anionic species in

solution may depend on pH. In this experiment, CVs of

the [Fe(CN)6]4-/3- ion towards the self-assembled elec-

trode in different pH values were recorded as shown in

Fig. 8. The ip was obtained and plotted as a function of

Fig. 5 Influence of the

assembling time of nano-Au

(a) and MPBA (b) on the

electrochemical response of

different modified processes.

Scan rate: 100 mV/s

Fig. 6 CVs of the self-assembled electrode in a 5.0 mM

[Fe(CN)6]3-/4- solution containing 0.1 M KCl at the scan rate (from

1 to 14, mV/s): 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550,

600, 650, and 700. The inset shows the linear relationship between the

peak current and the square root of scan rate

Fig. 7 CVs of the bare GC electrode in a 2.0 mM [Fe(CN)6]3-/4-

solution containing 0.1 M KCl at the scan rate (from 1 to 13, mV/s):

20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240 and 260. The

inset shows the linear relationship between ipc and v1/2

Fig. 8 CVs of the self-assembled electrode in different PBS

containing 0.1 M KCl in the presence of 5 mM [Fe(CN)6]3-/4-. pH

(from a to i): 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0 and 12.0. Scan rate:

100 mV/s. The inset shows peak current titration curve for the surface

of self-assembled electrode. Filled square experimental data; solid
line titration curve; dotted line differential curve of experimental data
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solution pH to obtain the titration curve as shown in

the inset of Fig. 8. The surface pKa of self-assembled

electrode can be obtained according to the following

equation [32, 34]:

pKa ¼ pH þ log iAH�ið Þ= i� iA�ð Þ½ � ð2Þ

where iAH and iA- are the peak currents observed for the

neutral and fully negatively charged monolayer-modified

electrodes, and i is the peak current in the CV recorded at

a given pH where the current is changing the most. The

solid line in the inset of Fig. 8 is the titration curve, and

the dotted line is the differential curve of experimental

data. The differential curve showed that the lowest point

was the given pH where the change of peak current

was the largest. So according to Eq. 2, the surface pKa

was calculated to be 10.13 for GC/CS–PDDA–nano-PB/

Nano-Au/MPBA.

Electrochemical behavior of the self-assembled

electrode towards sugars

The anionic form of boronic acid or derivatives in alkaline

solutions bind the 1, 2- or 1, 3-diol of sugars to form

anionic boronate esters, which would limit the access of

[Fe(CN)6]3-/4- to the electrode surface due to the elec-

trostatic repulsion. Therefore, pH condition is an important

parameter for sugar detection. Figure 9 shows the CVs of

the [Fe(CN)6]3-/4- ion towards the self-assembled elec-

trode in the presence of mannose in different pH values.

The solid line in the inset of Fig. 9 is the titration curve,

and the dotted line is the differential curve of experimental

data. From Eq. 2 mentioned above, the pKa-diol of mannose

was obtained to be 8.88. Similarly, the pKa-diol values for

glucose and fructose were calculated to be 8.90 and 7.87,

respectively. The optimal pH for detecting sugars should be

between the pKa values of the boronic acid and diol, which

can be obtained from the following equation [35]:

pHoptimal ¼ ðpKa; boronicacidþpKa; diol Þ=2 ð3Þ

Therefore, the optimal pHs for binding of mannose,

glucose, and fructose with immobilized MPBA can be

predicted from Eq. 3 to be 9.5, 9.52 and 9.0, respectively.

The optimal pHs were selected as the investigation in the

following experiment.

Under the optimum conditions given above, quantitative

detection of sugars at the GC/CS–PDDA-nano-PB/

nano-Au/MPBA electrode was investigated. The peak currents

Dip (Dip = ipo - ipc, ipo: the reduction peak current in the

absence of sugars; ipc: the reduction peak current in the

presence of sugars) were measured and then plotted against

the concentration of different sugars. The linear response

equations and the detection limits for glucose, mannose,

and fructose are presented in Table 1.

Regeneration and stability of biosensors are very

important in their application and development. In this

paper, the assembled electrode could be regenerated by

simply immersing it in a 0.1 M PBS (pH 6.0) for 15 min

followed by washing with water, and the regenerated

electrode could be used repeatedly for sugar detection. In

Fig. 9 CVs of the self-assembled electrode in the presence of sugar

in different pH PBS containing 0.1 M KCl in the presence of 5 mM

[Fe(CN)6]3-/4-. Take mannose as an example and its concentration

was 10.0 mM. pH (from a to i): 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0

and 12.0. Scan rate: 100 mV/s. The inset shows peak current titration

curve. Filled square experimental data; solid line titration curve;

dotted line differential curve of experimental data

Table 1 Analytical parameters

for the three sugars on the

modified electrode

Sugar Linear range

(mM)

Regression equation

C (mM); Dip (lA)

Correlation

coefficient

Detection

limit (mM)

D-Glucose 0.1–1.0 Dip = 1.90 ? 0.88 logC 0.9994 0.026

1.0–100 Dip = 1.91 ? 0.22 logC 0.9977

D-Mannose 0.1–0.55 Dip = 1.56 ? 0.71 logC 0.9997 0.059

0.55–120 Dip = 1.40 ? 0.06 logC 0.9960

D-Fructose 0.1–0.5 Dip = 2.33 ? 0.94 logC 0.9999 0.022

0.5–100 Dip = 2.12 ? 0.26 logC 0.9985
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addition, the experimental results about the stability of the

self-assembled electrode are shown in Fig. 10. When the

electrode was cyclically swept for 500 cycles, the reduction

peak current remained 91.2% of the initial response,

showing its good stability.

Conclusion

A new biosensor based on immobilization of MPBA on the

surface of GC/CS–PDDA-nano-PB/nano-Au electrode was

fabricated. In this work, the PB nanoparticles synthesized

with CS and PDDA as stabilization agents can be immo-

bilized on the surface of GC electrode and are conducive to

assembling nano-Au and MPBA to obtain the self-assem-

bled electrode. This electrode was characterized and has

been proved to be sensitive for the determination of sugars.
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