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The present paper reports on the first preparation of 2,4,6-tris(2-pyridyl)-1,3,5-triazine nanobelts

(TPTNBs) by adjusting the pH value of the solution and the subsequent synthesis of Ag nanoparticle

(AgNP)-decorated TPTNBs (AgNP-TPTNBs) by mixing an aqueous AgNO3 solution with preformed

TPTNBs without use of any external reducing agent. It is found that the resultant AgNP-TPTNBs

exhibit notable catalytic performance for H2O2 reduction. A glucose biosensor was fabricated by

immobilizing glucose oxidase (GOD) onto a AgNP-TPTNBs-modified glassy carbon electrode (GCE)

for glucose detection. The constructed glucose sensor has a wide linear response range from 3 mM to 20

mM (r: 0.999) with a detection limit of 190 mM. It is further shown that this glucose biosensor can be

used for glucose detection in human blood serum.
H2O2 sensors play an important role in the fields of chemistry,

biology, clinical control, and environmental protection.1 Up to

now, many techniques including spectrometry, titrimetry,

chemiluminescence, and electrochemistry have been employed

for the determination of H2O2.
2 Among them, the electro-

chemical technique is a promising tool for the construction of

simple, low-cost sensors owing to its high sensitivity, good

selectivity and ease of operation.2d The intrinsic selectivity and

sensitivity of enzymatic reactions have been used, where nano-

structures are employed to immobilize the enzymes and reduce

the possibility of protein denaturing.3 It is also shown that Ag

nanoparticles (AgNPs) exhibit good catalytic activity toward

H2O2 reduction.4 Song et al. have fabricated AgNPs on a type

I collagen-modified electrode for H2O2 detection, but it required

an electrodeposition process where some crucial variables need

to be investigated.5a Zhao et al. have constructed a H2O2 sensor

based on a multi-wall carbon nanotube (MWCNT)/AgNP

nanohybrids modified gold electrode, but a MWCNT pretreat-

ment process was required and AgNPs were produced under

ultrasonic conditions.5b Lin et al. have demonstrated a AgNP/

ZnO nanorod modified electrode could be used for H2O2

detection; however, a photoreduction process was involved to
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reduce Ag+ on the ZnO nanorods.5c Recently, we have also

constructed some electrochemical H2O2 sensors based on AgNPs

because of their large specific surface area, good biocompatibility

and conductivity.6 On the other hand, glucose oxidase (GOD)

can catalyze the oxidation of glucose to H2O2 and glucono-

lactone with saturated O2. It makes it possible to detect glucose

based on monitoring the production of H2O2.
7 Therefore,

glucose detection can be achieved via the determination of H2O2

generated by GOD-catalyzed oxidation of glucose.8 Further-

more, the advantages of simplicity, short response time, high

sensitivity and excellent selectivity also develop the prospect of

immobilization of GOD on the electrode surfaces.9

In the past decades, triazine has received great attention as

a small molecular building block to construct an extended

architecture through direction specific molecular interactions

such as coordination bonds, hydrogen bonds, p–p stacking and

C–H–p interactions.10 In particular, the rigid multidentate pol-

ypyridyl ligands and different placement of the N-atom con-

tained in the triazine show great diversity in coordination with

a metal ion and exhibit ligand-directed self-assembly.11

In this paper, we report on the first preparation of 2,4,6-tris (2-

pyridyl)-1,3,5-triazine nanobelts (TPTNBs) by adjusting the pH

values of the solution and then the synthesis of AgNP-decorated

TPTNBs (AgNP-TPTNBs) by mixing an aqueous AgNO3 solu-

tion with preformed TPTNBs in the presence of sodium

hydroxide whose role is to accelerate the reaction rate of the

reduction of Ag(I) ions.12 TPTNBs are used as the reductant and

support in this synthesis. It is found that the resultant AgNP-

TPTNBs exhibit notable catalytic performance for H2O2 reduc-

tion. Furthermore, we fabricate a glucose biosensor by immo-

bilizing GOD on a AgNP-TPTNBs-modified glassy carbon

electrode (GCE) for glucose detection because AgNPs can’t
Analyst, 2012, 137, 939–943 | 939
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Fig. 2 Typical SEM images of TPTNBs (A) and AgNP-TPTNBs (B).
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catalyze the oxidation of glucose. The linear response range and

detection limit is estimated to be from 3 mM to 20 mM (r: 0.999)

and 190 mM, respectively.

Fig. 1A and 1B show the transmission electron microscopy

(TEM) images of thus formed TPTNBs andAgNP-TPTNBs. It is

observed that well-defined nanobelts about tens of micrometres

in length and 50 to 100 nm in width are obtained, as shown in

Fig. 1A. The formation of the nanobelt structure could be

attributed to the effect of adjusting the pH value of the solution.

Furthermore, it is found that the preformed TPTNBs can reduce

Ag(I) ions into metallic Ag in our present study. Fig. 1B shows

the TEM image of the TPTNBs after their incubation with an

aqueous AgNO3 solution in the presence of sodium hydroxide

solution, indicating that many dark dots about tens of nano-

metres in size are observed on the surface of the TPTNBs. The

chemical composition of the nanobelts and nanoparticle-deco-

rated nanobelts is further determined by the energy-dispersed

spectrum (EDS), as shown in Fig. 1C and 1D, respectively. The

peaks of C and N are observed in Fig. 1C, indicating that the

nanobelts are formed from 2,4,6-tris (2-pyridyl)-1,3,5-triazine.

The Cl element is from the residual HCl solution. Compared with

Fig. 1C, one additional intensive peak of Ag element is found in

Fig. 1D, which will be assigned to the formed AgNPs. The Si and

other peaks originate from the ITO substrate. All these obser-

vations indicate the formation of AgNP-TPTNBs and the

formation mechanism is given as follows: TPTNBs can effec-

tively adsorb Ag(I) ions via coordination of their pyridyl func-

tional groups in the TPTNBs to Ag(I) ions and then reduce in situ

the as-adsorbed Ag(I) ions to form AgNPs.13 TPTNBs serve as

the reductant and the support in this synthesis. Scanning electron

microscopy (SEM) measurements have been used to estimate the

roughness and surface morphology of the modified material, as

shown in Fig. 2. The increasing roughness is observed in Fig. 2B

comparing with that in Fig. 2A.

To testify the sensing application of the resultant AgNP-

TPTNBs, we designed an enzymeless H2O2 sensor by direct

deposition of the AgNP-TPTNBs on a bare GCE surface. The

effect of the pH of the buffer solution on the sensor was
Fig. 1 Typical TEM images (A, B) and corresponding EDS (C, D) of

TPTNBs and AgNP-TPTNBs.

940 | Analyst, 2012, 137, 939–943
examined (Fig. S1†) and pH 6.5 was chosen for all experiments.

Fig. 3 shows the cyclic voltammograms (CVs) of the bare GCE,

TPTNB/GCE, citrate-protected AgNP-modified GCE (AgNP/

GCE) and AgNP-TPTNB/GCE toward the reduction of H2O2 in

0.2 M PBS at pH 6.5. It is obviously seen that the responses of

both the bare GCE and TPTNB/GCE toward the reduction of

H2O2 are quite weak in the potential range between �0.2 and

0.8 V. In contrast, the AgNP-TPTNB/GCE exhibits a remark-

able catalytic reduction current peak about 25 mA centered at

�0.50 V vs. Ag/AgCl. Compared to the responses of AgNP/

GCE, the AgNP-TPTNB/GCE toward the reduction of H2O2

exhibits a 0.10 V positive shift of the peak potential. It can be

attributed to the changed mass transport and the existence of

porosity in the AgNP-TPTNB/GCE surface due to the presence

of TPTNBs.14 It is also important to note that the AgNP-

TPTNB/GCE exhibits no electrochemical response in the

absence of H2O2. All the above observations indicate that the

AgNPs contained in the nanocomposites exhibit notable cata-

lytic performance for H2O2 reduction and the TPTNBs exhibit

no catalytic activity. In addition, the relative standard deviation

(RSD) of the amperometric response to 1 mM H2O2 was 3.9%

for 10 successive measurements, indicating the good reproduc-

ibility of the AgNP-TPTNB/GCE. The stability of the sensor was

tested by measuring the response currents of the electrode. After

30 days, only 10.4% signal of current was lost, indicating the

good stability for H2O2 detection.
Fig. 3 CVs of different electrodes in N2-saturated 0.2 M PBS at pH 6.5

in the presence and absence of 1 mM H2O2 (scan rate: 50 mV s�1).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 CVs of bare GCE, AgNP-TPTNB/GCE and GOD/AgNP-

TPTNB/GCE in 0.2M PBS solution (pH: 7.4) saturated with N2 at a scan

rate of 300 mV s�1.
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Fig. 4 shows a typical current–time plot of the AgNP-TPTNB/

GCE in N2-saturated 0.2 M PBS buffer (pH 6.5) on consecutive

step change of H2O2 concentrations. Although the AgNP-

TPTNB/GCE exhibits the biggest response signal at �0.50 V,

determination of the H2O2 is carried out at �0.3 V. Such a low

applied potential can ensure sufficient current response with

lower background or less interference of other electroactive

species in the solution.5b When an aliquot of H2O2 was dropped

into the stirring PBS solution, the reduction current rose steeply

to reach a stable value. The sensor could accomplish 95% of the

steady state current within 2 s, indicating a fast amperometric

response behavior. It is apparently seen that the steps shown in

Fig. 4 are more horizontal in the region of lower concentration of

H2O2 and the noises become higher with increased concentration

of H2O2. Inset b (Fig. 4) shows the calibration curve of the

sensor. The linear detection range is estimated to be from 0.1 mM

to 60 mM (r: 0.985), and the detection limit is estimated to be

2.04 mM at a signal-to-noise ratio of 3. Although the detection

limit is a little bit higher than some reported H2O2 biosensors,
15

the AgNP-TPTNB/GCE still exhibits improved detection limit,

sensitivity, facility, and stability compared with other previous

H2O2 biosensors.
16

Fig. 5 shows CVs of the bare GCE, AgNP-TPTNB/GCE and

GOD/AgNP-TPTNB/GCE in N2-saturated PBS solution. It is

found that no peak is observed for the bare GCE and AgNP-

TPTNB/GCE. In contrast, the GOD/AgNP-TPTNB/GCE

exhibits a clear electrochemical response. A pair of redox peaks

at GOD/AgNP-TPTNB/GCE is observed. The formal potential

(E�0) calculated by averaging the cathodic and anodic peak

potentials is estimated as �0.44 V with �110 mV peak-to-peak

separation and �1 ratio of cathodic to anodic current intensity.

Compared to the CV curve of the AgNP-TPTNB/GCE, the well-

defined redox peaks can be ascribed to GOD, which is charac-

teristic of the reversible electron transfer process of the redox

active center in the GOD.17

The adsorbed GOD still retains its specific enzyme activity,

which is further verified by FT-IR measurements as shown in
Fig. 4 Typical steady-state response of the AgNP-TPTNB/GCE to

successive injection of H2O2 into the stirred N2-saturated 0.2 M PBS at

pH 6.5. Inset: (a) amplified response curve at low concentrations and (b)

the corresponding calibration curve (Applied potential: �0.3 V).

This journal is ª The Royal Society of Chemistry 2012
Fig. S2†. The amide I and II infrared bands have been widely

used for monitoring conformational changes in proteins.18 The

two amide bands, within ranges of 1700–1600 cm�1 and 1600–

1500 cm�1, are observed at both a GOD sample and AgNP-

TPTNBs film covered with GOD. The former (1652 cm�1, amide

I band) is caused by C]O stretching vibrations of peptide

linkages in the GOD backbone, whereas the latter (1525 cm�1,

amide II band) results from a combination of N–H in-plane

bending and C–N stretching of the peptide groups. The AgNP-

TPTNBs modified surface does not produce any spectral

absorption in this wavelength range. The presence of these two

distinctive absorption bands in Fig. S2† clearly suggests that the

attachment of GOD onto AgNP-TPTNBs does not perturb the

GOD conformations drastically. The small difference of the two

spectra in Fig. S2† indicates that GOD retains its native

conformation in the AgNP-TPTNBs film despite the small

perturbation. Purposely denatured samples of GOD would show

completely different spectral characteristics in the amide I and II

regions.19 All these observations indicate that the GOD still

retains its bioactivity after adsorption on the AgNP-TPTNBs.

Due to its high binding specificity and turnover rate and

relatively high stability, GOD has been the most frequently used

glucose recognition element.20 The following equations describe

the oxidation of glucose in the presence of oxygen to form H2O2,

which can be electrochemically detected.7b,21 To testify the

sensing application of the GOD/AgNP-TPTNB composites, we

design a glucose biosensor by direct deposition of the AgNP-

TPTNB, GOD and chitosan solution on a bare GCE surface

successively.

Glucose + O2 + H2O / Gluconic acid + H2O2 (1)

H2O2 / O2 + 2H+ + 2e� (2)

The biosensor toward the glucose oxidation of GOD/AgNP-

TPTNB/GCE can be affected by a variety of parameters. Here,

the effects of solution acidity and amount of GOD in preparing

the biosensor were studied and the analytical conditions were

optimized. The current response of the GOD/AgNP-TPTNB/
Analyst, 2012, 137, 939–943 | 941
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GCE to 4 mM glucose increased in the pH range of 6.0–7.4, and

decreased at higher pH values (Fig. S3†). The decrease of current

response in strong acidic and alkaline solutions might originate

from the decrease in bioactivity of the enzyme.22 The maximum

current was obtained at pH 7.4, which was near the physiological

condition and was chosen for subsequent experiments. The

maximum current was obtained at 4 mL of 38 mg mL�1 of GOD

loading (Fig. S4†).

Fig. 6 shows the electrocatalytic responses of the GOD/AgNP-

TPTNB/GCE in 0.2 M PBS at pH 7.4 in the presence of various

concentrations of glucose saturated with O2. The signal responses

of the GOD/AgNP-TPTNB/GCE on glucose with different

concentrations were recorded in the solution of 0.2 M PBS

(pH 7.4) via increasing the glucose concentration step by step.

When the concentration of glucose increased from 3 mM to 20

mM, the amount of H2O2 generated by the GOD catalyzed

oxidation of glucose increased quickly, and the current of the

H2O2 reduction peaks at about �0.59 V presented a continuous

increase, as shown in Fig. 6. The inset of Fig. 6 shows the catalytic

current versus glucose concentration relationship. A good linear

relationship is found between the catalytic current and glucose

concentration range from 3 to 20 mM (r: 0.999). The detection

limit of glucose is 190 mM. The RSD of the current response to 6

mMglucose is 4.1% for 5 successivemeasurements, indicating that

the glucose biosensor has good reproducibility. Since the blood

glucose levels of normal persons are in the range of 4 to 6mM,7a,23

our glucose biosensor may be used for glucose determination in

real samples due to its wide linear response range.

When the glucose concentration was high, a plateau current

was observed in the inset of Fig. 6, showing the characteristics of

the Michaelis–Menten kinetic mechanism. The apparent

Michaelis–Menten constant (Km), which gives an indication of

the enzyme-substrate kinetics, can be calculated from the Line-

weaver–Burk equation:24

1

Iss
¼ 1

Imax

þ Im

Imax

� 1

C
(3)

where Iss is the steady-state current, Imax is the maximum current

measured under saturated substrate conditions, and C is the
Fig. 6 CVs of the GOD/AgNP-TPTNB/GCE in PBS solution (pH 7.4)

in the presence of various concentrations of glucose saturated with O2.

Inset is the calibration curve (r: 0.999) corresponding to amperometric

responses at the reduction peak.

942 | Analyst, 2012, 137, 939–943
concentration of the substrate. Using the slope and intercept

from the Lineweaver–Burk plot (Fig. S5†), we estimated the

value of Km for the GOD/AgNP-TPTNB/GCE as 25.1 mM. The

value is close to the reported value for the free enzyme,25 illus-

trating the non-denaturating character of the enzyme anchoring

procedure. In order to assess the analytical performance level of

the proposed biosensor, the characteristics of the proposed

biosensor were compared with other glucose biosensors as shown

in Table S1†. The results have shown that the linearity range,

detection limit and sensitivity of the proposed biosensor are

better than the previously reported models.7a,8,9b,26

The detection at positive potential (0.7 V) may be interfered by

some related biomolecules such as ascorbic acid (AA), dopamine

(DA), acetaminophen (AP) and uric acid (UA) by oxidation in

practical clinical analysis.27 So the reduction detection by the

modified biosensor is more suitable.17 This conclusion has been

confirmed by an amperometric method as shown in Fig. S6†. The

current responses of the interferents were negligible compared to

that induced by the glucose, indicating the present glucose

biosensor was feasible for the determination of glucose in the

presence of common interfering compounds. In this regard, it is

maybe worth reminding that a low concentration of interferences

is used because the average concentration of AA in blood is 0.05–

0.143mM,28a the average concentration ofAP is 0.066–0.2mM,28b

and the average concentration of UA is 0.5 mM,28c and much

smaller than that of glucose (normal range: 4–6 mM), it also has

a negligible effect on the glucose detection in serum samples.

To testify the feasibility of the GOD/AgNP-TPTNB/GCE in

practical analysis, we employed the biosensor to measure glucose

in human blood serum. The original glucose concentrations of

the human serum samples were first evaluated accurately by

Institute of Virology and AIDS Research, First Affiliated

Hospital, Jilin University, Changchun, Jilin, People’s Republic

of China. The samples were then reassayed with the GOD/

AgNP-TPTNB/GCE. Fig. 7 shows a calibration curve of glucose

concentration in human blood serum using the standard addition

method for GOD/AgNP-TPTNB/GCE. The initial ampero-

metric response in human blood serum after stabilization of the

background is 23 � 1 mA, which is very close to the response of

6 mM glucose. It can be seen that the sensor is linear up to
Fig. 7 Calibration plot of glucose concentration in human blood serum

by use of the standard addition method.

This journal is ª The Royal Society of Chemistry 2012
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Table 1 Results of glucose determination in human blood serum

Sample
Determined by
our sensor (mM)

Measured by local
hospital (mM) RSD (%)

1 6.05 5.55 4.3
2 6.77 6.36 3.9
3 7.65 7.49 2.9
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18 mM glucose. The contents of glucose in serum can then be

calculated from the calibration curve. As shown in Table 1, the

results are satisfactory and agree closely with those measured in

the hospital.

The long-term stability of the prepared glucose biosensor is

a critical factor in practical application. To evaluate the stability

of the glucose biosensor, the GOD/AgNP-TPTNB/GCE was

stored at 4 �C when not in use. The stability was examined by

periodical measurements of the biosensor responses to 3 mM

glucose in PBS solution (pH 7.4) at a scan rate of 50 mV s�1. The

variation of the response current at the GOD/AgNP-TPTNB/

GCE decreased to about 93% of its initial response current on the

2nd day and about 73% after 40 days, as shown in Fig. S7†. The

loss of the response current may be ascribed to the decrease of the

enzyme activity during these days.8

In summary, we have demonstrated successfully the prepara-

tion of TPTNBs and AgNP-TPTNBs for the first time. It

suggests such AgNP-TPTNBs show notable catalytic perfor-

mance toward the reduction of H2O2. The use of such AgNP-

TPTNBs as building blocks for the construction of a biosensor

for glucose detection in both buffer and human blood serum has

also been demonstrated successfully. Overall, the high sensitivity,

good selectivity, large linear range and long time stability

exhibited by the biosensor make it a good candidate for glucose

measurements in biological samples and for real time glucose

monitoring.
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