
Sensors and Actuators B 114 (2006) 379–386

Preparation of functionalized copper nanoparticles and
fabrication of a glucose sensor
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Abstract

Dimethylglycoxime (DMG) functionalized copper nanoparticles (DMG-CuNPs) were prepared by a microwave heating method and char-
acterized by TEM, FTIR, and XRD. The as-prepared nanoparticles were used to construct a new glucose sensor. Experimental results showed
that DMG could be used to encapsulate the copper nanoparticles to control their growth during the preparation process and could chelate copper
ions which were produced during the positive scan in the electrochemical experiments. The sensor showed good selectivity and sensitivity.
A wide linearity range and a low detection limit have been assessed for it. A linear response to glucose in the concentration range between
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.0× 10−6 and 5.0× 10−3 M and a detection limit of 5.0× 10−7 M were observed. Most important of all, the common drawback of co
lectrode fouling was overcome in this sensor.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The detection of glucose is very important and has been
idely investigated. However, it is difficult to detect it by
onventional photometric technologies because glucose lacks
f chromophoric and fluorophoric ligands. Due to the sim-
licity of the instrumentation and operation, electrochemical
etection becomes popular[1–3]. Many laboratories have
ngaged in efforts to develop new electrode materials that
xhibit unique electrocatalytic activity for the determination
f glucose[4,5]. It is well known that the Cu-based chem-

cally modified electrodes (CMEs) have many advantages,
uch as the operability, commercial availability, not requiring
he use of a pulsed potential waveform for stable long-term
etection and being oxidizable. They are of particular interest
nd have been widely used in alkaline media by the con-
tant potential method to determine glucose[6–11]. In recent
ears, nanoparticles with special physical and chemical prop-
rties have been widely used in the area of optical as well

∗ Corresponding author. Tel.: +86 25 83594976; fax: +86 25 83317761.

as electronic devices, catalysis. They were also serv
nanobuilding materials for sensor technology and biomo
ular labeling[12,13]. In particular, copper nanoparticles ha
been widely studied due to their unusual properties and p
tial applications[14–19].

The glucose sensors based on the copper oxide/hydr
nanoparticles have been successfully constructed[16,17].
The presence of the copper nanoparticles increased th
of the glucose oxidation reaction and stability of the gluc
sensor. Copper nanoparticles from the reduction of co
dodecyl sulfate have been combined with carbon nano
(CNTs) by Luong and co-workers to increase the sensit
in determination[18]. In our laboratory, an electrode mo
ified with copper oxide nanoparticles has been studie
the determination of amikacin[19]. However, little researc
has been demonstrated on the application of the functi
ized copper nanoparticles to construct a sensor. When
per nanoparticles functionalized with well-defined capp
molecules, or organic or inorganic coatings were mod
on an electrode, they could decrease the surface ohmic
[20], prevent the dissolution of the copper oxide and incr
E-mail address: jjzhu@mail.nju.edu.cn (J.-J. Zhu). the stability of the electrode[21].
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The complexes of DMG have yielded a never-ending
series of interesting in chemistry through the decades. Many
metal ions can form complexes with DMG and these com-
plexes are stable in electrolytes. In the present study, the novel
DMG functionalized copper nanoparticles (DMG-CuNPs)
were synthesized by a simple microwave irradiation method,
and were used to construct a kind of glucose sensor. As to
our design, DMG was used to control the size of the nanopar-
ticles and prevent their oxidation in the preparation process.
It can also chelate with copper ions that are produced during
the anodization in the electrochemical experiment to prevent
the electrode fouling. The nanoparticles were modified on a
glassy carbon electrode, and Nafion was coated on the mod-
ified electrode to exclude the interference of acetaminophen,
ascorbic acid (AA) and uric acid (UA). The characterizations
of the copper nanoparticles, electrochemical properties of the
sensor and its application for determining the glucose in phar-
maceutical injections and serum samples were studied.

2. Experimental

2.1. Reagents

Copper acetate hydrate (CuAc2·H2O) was purchased
from Shanghai Zhenxin Chemical Reagent Factory (Shang-
h rom
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nickel filter. All electrochemical experiments were performed
on a CHI 630 electrochemical analyzer (Shanghai Chenghua,
China), using a conventional three-electrode system with a
glassy carbon electrode or a copper electrode (3 mm in diam-
eter, Shanghai Chenghua, China) as the working electrode,
a platinum foil as the auxiliary electrode, and a saturated
calomel electrode as the reference electrode. For flow injec-
tion analysis, a peristaltic pump was used to deliver all flow
streams at a flow rate (per tube) of 5.0 ml min−1. PTFE tub-
ing (i.d. 0.8 mm) was used to connect all components in the
flow system. A thin-layer electrochemical detector was made
in-house, with a working electrode area of 0.07 cm2.

2.3. Preparation of DMG-CuNPs

DMG-CuNPs were prepared as follows: in a typical pro-
cedure, 0.3 g CuAc2·H2O was added into an 80 ml round-
bottom flask. Then 40 ml aqueous ethylene glycol solution
with 0.1 g DMG was added. The mixture was placed in a
microwave reflux system under ambient air for 30 min at a
power 365 W. After the reaction, the suspension was cooled to
room temperature. The precipitate was centrifuged, washed
with distilled water, absolute ethanol and acetone in sequence
and dried in vacuum at room temperature.

2.4. Electrode modification

fol-
l and
5 elec-
t n
2 ace.
B rstly
p ls
L lled
w ater
a

2

7.0
s
0 old-
i ode
a teady
s rded
w stan-
d l of
0
o tion,
a e the
g 0
s ) by
a wed
t CHI
6 per-
s

ai, China). Ethylene glycol (EG) was purchased f
hanghai Shisihewei Chemical Company (Shanghai, Ch
imethylglycoxime andd-glucose were purchased fro
hanghai Chemical Reagent Factory (Shanghai, Ch
afion (ACS-certified reagent grade) was obtained from
erck (Germany) as a 25% (w/v) mixture in water. A 0.2
afion solution was prepared by dilution of 25% Nafi
ith absolute ethanol and used for all experiments. De

zed double-distilled water was used for making the s
ions (18.6 M�). Glucose stock solutions were allowed
utarotate overnight at room temperature before use.
ard acetaminophen, ascorbic acid (AA), uric acid (UA)
ny other carbohydrate solutions were freshly prepare
ater before each experiment. Serum samples were ob

rom the Affiliated Hospital of Nangjing University and a
ilution was not made.

.2. Apparatus

The preparation of copper nanoparticles was ca
ut in a self-refitted frequency-convertible microwave o
NN-S570MFS, Zhejiang, China). Transmission elec
icroscopy (TEM) image was recorded on a JEOL-J
00CX transmission electron microscope, using an acc
ting voltage of 200 keV. The IR spectra of DMG and DM
uNPs were measured using a Nocolet 400 Fourier trans

nfrared (FT-IR) spectrophotometer (Nocolet, USA).
ay powder diffraction (XRD) measurement was perform
n an X’pert X-ray diffractometer (Philips) with graph
onochromatized Cu K� radiation (λ = 0.15418 nm) an
The details of the electrode modification were as
ows: 20 mg DMG-CuNPs were dissolved in 1 ml ethanol
�l of the solution was deposited on a glassy carbon

rode. The electrode was dried at 4◦C for about 1 h, and the
�l of a 0.25% Nafion solution was casted on the surf
efore modification, the glassy carbon electrode was fi
olished with 0.015�m aluminum slurry (BDH Chemica
td., Poole, England), then rinsed thoroughly with redisti
ater, and finally sonicated successively in redistilled w
nd ethanol, and dried in flowing pure N2.

.5. Determination of glucose

The modified electrode was activated in 0.1 M PBS
olution by using successively cyclic sweeps from−1.0 to
.6 V until the cyclic voltammograms became stable. A h

ng potential of 0.65 V was applied to the working electr
nd the background current was allowed to decay to a s
tate. The amperometric current–time curves were reco
hen aliquots of the respective concentration glucose
ard solutions were added into the cell containing 10 m
.1 M NaOH. For analysis of serum samples, 10�l aliquots
f samples were added into 10 ml of a 0.1 M NaOH solu
nd a standard additional method was used to determin
lucose concentration. For the flow injection analysis, 15�l
ample was injected into a carrier stream (0.1 M NaOH
six-way injection valve. When the sample stream flo

hrough the sensor, the current signals were recorded by
30 electrochemical analyzer, which was controlled by a
onal computer.
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3. Result and discussion

DMG played a key role in the synthesis of copper nanopar-
ticles. At the beginning of the preparation process, DMG
could form a complex with copper ions. When microwave
was applied, the copper ions released slowly from the com-
plex were reduced by ethylene glycol. At the same time,
DMG attached quickly to the surface of the growing copper
nanoparticles to control their growth. Without DMG, uncon-
trolled growth of copper nanoparticles resulted. The particles
became larger and aggregated quickly. On the other hand, the
copper nanoparticles could be oxidized easily without the
protecting “shell” of DMG because of the high activity of
the nanoparticles. Microwave is a portion of the electromag-
netic spectrum with frequencies in the range of 300 MHz
to 300 GHZ. When microwave is applied, super heating
occurs in localized spots and enhances the reaction rates.
The enhanced kinetics of crystallization can lead to energy
saving of up to 90%[22]. The main advantages of microwave-
assisted reactions over conventional synthesis methods are (a)
the kinetics of reactions are increased by 1–2 orders of mag-
nitude, (b) novel phases are formed, (c) the initial heating is
rapid and leads to energy saving, and (d) selective formation
of certain phase over others occurs[23,24]. Ethylene gly-
col is an excellent susceptor of microwave radiation because
of its high permanent dipole. It acts not only as a solvent
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Fig. 1. TEM image of copper nanoparticles protected with dimethyl
glycoxime.

Fig. 2. FTIR spectra of (a) dimethyl glycoxime and (b) copper nanoparticles
protected with dimethyl glycoxime.

Fig. 3. XRD patterns of copper nanoparticles protected with dimethyl gly-
coxime.
ut also as a reducing agent. The reduction function of e
ene glycol is originated from diacetyl. Diacetyl is form
y oxidative dimerization of acetaldehyde previously p
uced by dehydration of ethylene glycol. The decompos
f this complex, induced by microwave irradiation, and
eduction of cupric ions finally result in the formation of
MG-functionalized copper nanoparticles. This proces
ery convenient and efficient.

.1. Physical characterization

Fig. 1 shows the TEM image of the DMG-CuNPs. T
anoparticles were well dispersed and their diameters

n the range from 10 to 20 nm. The particles were sta
ittle changes in particle size were noticed after 5 mo
hen they were stored at 4◦C in dry state.
Fig. 2 shows the FT-IR spectra of (a) DMG, and

MG-CuNPs. In the spectra, it could be noticed that th
ere little changes in the peak locations between D
nd DMG-CuNPs. The absorption band at 3419 cm−1 was
eferred toν(OH). Sharp peaks in the wave number region
561–1581 and 880–1200 cm−1 were assigned to theν(CN)
ndν(NO), respectively[25]. The similarity of the two spec

ra indicates that the DMG attached to the copper nanop
les retains its essential feature, and can chelate with c
ons.

The X-ray diffraction peaks of the as-prepared cop
anoparticles well corresponded to the reflection of
CCID Files No. 040836 Cubic) (Fig. 3). Two main charac
eristic peaks for Cu at 2θ = 43.3◦ and 50.4◦, correspondin
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Scheme 1. Scheme of the preparation of copper nanoparticles protected with dimethyl glycoxime, their assembly on a glassy carbon electrode and theirfunctions
during electrode anodization.

to Miller indices (1 1 1) and (2 0 0), were observed. The peak
positions were in good agreement with literature values of
fcc Cu[26]. This result confirms that the resultant particles
are pure copper nanoparticles.

As well known, a solid Cu electrode was considerably
inferior to the electrode modified with copper nanoparticles
because of its high background currents, poorly reproducible
carbohydrate currents[27], low surface areas and instabil-
ity. A passive layer could be easily formed on the surface of
the copper electrode and decrease its activity. When modi-
fied with DMG-CuNPs, the electrode could overcome those
shortcomings.Scheme 1illustrates the influence of DMG on
our experiments. By chelating copper ions at the beginning
of the preparation process, DMG could prevent the forma-
tion of large copper nanoparticles, while slowly releasing
the copper ions during the preparation process to control the
reaction speed. On the other hand, DMG could act as a sur-

F MG-
C

factant to be adsorbed quickly on the nanoparticles quickly
when the nanoparticles are formed. This would prevent the
copper nanoparticles from aggregating. When the highly dis-
persed copper nanoparticles are modified on the electrode,
they could dramatically increase the active surface area of
the electrode. On the other hand, DMG would chelate the
Cu2+ ions that are produced during the positive scan in the
electrochemical experiments. It would prevent the formation
of the passive layer and the partial leaching of copper ions
from the electrode into the solution in most experiments. On
the other hand, the Cu2+ ions chealted with DMG could be
reduced during the negative scan, which would increase the
stability of the electrode. For these reasons, the electrode
modified with DMG-CuNPs has high catalytic activity and
stability, and therefore can decrease the electrode fouling.

3.2. Electrochemical behavior

Cyclic voltammetry (CV) is useful for elucidating reac-
tion pathways and providing reliable chemical information
about reaction processes[28].Fig. 4gives the evidence for the
electrochemical behaviors of (a) a bare copper electrode and
(b) a DMG-CuNPs CME by sweeping the potential between
−1.0 and 0.8 V at a scan rate of 25 mV s−1 in a 0.1 M NaOH
solution. In both cases, the CVs indicate the evidences of
a aves
l of
C
C (I)
t with
t ngly
a d
b een
i cur-
r

ig. 4. Cyclic voltammograms of (a) a bare copper electrode and (b) D
uNPs CME in 0.1 M NaOH. Scan rate is 25 mV s−1.
ll Cu in oxidation and reduction states. The anodic w
abeled A1, B1 and A2, B2 correspond to the formation
u(I) and Cu(II) while the cathodic peaks marked C1, D1 and
2, D2 represent the reduction of Cu(II) to Cu(I) and Cu

o Cu(0), respectively. These peaks were in agreement
hose of the Cu electrodes previously reported in stro
lkaline solutions[29]. The principal differences exhibite
y the electrode modified with DMG-CuNPs could be s

n its negative scans. In particular, the principal cathodic
ent of C2 decreased and the cathodic potential of D2 shifted
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negatively. The position of the peak current and peak poten-
tial, to some extent, was dependent on the concentration of
the ions in the solution, suggesting that DMG influenced the
electrochemical behavior of copper ions. Clark and Johns
[30] described the strong chelating capability of DMG and
copper ions, and therefore cupric ions produced upon anodic
scans transformed from the originally electrogenerated active
species to the inactive Cu2+ (DMG)2. In the negative scan,
these complexes were reduced as follows:

Cu2+(DMG)2
1e−→Cu+(DMG)2 (I)

Cu+(DMG)2
1e−→Cu (II)

The Cu2+ (DMG)2 complex is hard to be reduced because
of its different structure. On the other hand, such complex
is stable, so the free cupric ions in the solution decreased.
Therefore, the peak current of C2 decreased. According to
the electrode potential equation[28], the potentials of C2 and
D2 were affected by the diffusion coefficients of cupric and
cuprous complexes. Because of the strong complex capability
of cuprous ions with DMG, the potential of D2 was displaced
to a negative direction.

Another difference is the total cathodic and anodic charge
of the two electrodes. In the case of the bare copper elec-
trode, when the surface oxide was reduced during the negative
s n the
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Fig. 5. Amperometric response at (a) the bare electrode (b) and the DMG-
CuNPs CME as a function of the amount of glucose added at 0.65 V vs. SCE.
Inset: the current responses of 2.0× 10−6, 5.0× 10−6 and 1.0× 10−5 M
glucose.

to a highly active surface suitable for efficient electrocataly-
sis [18]. Increasing the amount of the copper nanoparticles
loaded on the electrode can increase the response current,
and 5�l of DMG-CuNPs solution was chosen as the most
suitable amount to modify the electrode.

Fig. 6 shows the hydrodynamic voltammograms of the
electrode in the presence of 2.0× 10−4 M glucose. After
adding glucose to a stirring electrolyte solution, the current
response was measured at a constant interval of 0.05 V in the
potential range of 0.3–0.75 V. The profile indicated that the
oxidation current of glucose at the electrode increased with
increasing the potential. However, due to a dramatic increase
in baseline current, slowly decay of the current and corre-
sponding noise were observed at high potentials. A constant
potential of 0.65 V was chosen and employed for all the sub-
sequent amperometric detection.

F with
D ase,
0

can, the total cathodic charge was slightly smaller tha
nodic charge corresponding to the formation of the o
lm during the preceding positive scan. This is an evide
or partial dissolution of copper in an alkaline solution
he previous research, the oxidation of copper on the
rode surface could make the slow leaching of Cu2+ from
he electrode, which shortened the life of the electrode[21].
owever, for DMG-CuNPs CME, the cathodic and ano
harge are almost the same as each other. It may sugge
MG has chelated copper ions and prevent it from leac

nto solutions. After 500 successive cycles between−1.0 and
.8 V at a scan rate of 100 mV s−1 in a 0.1 M NaOH solution

he currents of the electrode retained almost the same v
ndicating that the electrode is stable.

Fig. 5 shows the amperometricI–t curves of (a) a bar
opper electrode and (b) the modified electrode. From
nset of Fig. 5, the current responses of the two kinds
he Cu-based electrodes for the low concentration of
ose are observed. At an applied potential of 0.65 V,
ncreasing the glucose concentration, the anodic curre
he DMG-CuNPs modified electrode increased and rea

steady state within 10 s. It could be observed inFig. 5
hat the current obtained with electrode modified with
MG-CuNPs increased sharper than the bare copper

rode, demonstrating that the sensor has a rapid res
nd high sensitivity to glucose. The higher efficiency of
odified sensor than the bare electrode may be due t

arger surface area caused by the nanoparticles. The disp
anoparticles on an electrode surface presumably provi
ood physical dispersion of the catalytic centers, which l
d
ig. 6. Effect of the applied potential to 0.2 mM glucose obtained
MG-CuNPs CME. Electrode potential: 0.65 V vs. SCE; mobile ph
.1 M NaOH.
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It is well known that an alkaline medium is required for
enhancing the electrocatalytic activity of several transition
metals for oxidation of carbohydrate compounds. Therefore,
the effect of hydroxide concentration on the current was
investigated. At a pH lower than 11, no appreciable catalytic
currents were observed. With increasing the of NaOH con-
centration, the currents increased. In our experiment, a 0.1 M
NaOH solution was chosen as the medium.

3.3. Amperometric response

The amperometric current response of glucose oxidation
was measured at +0.65 V to obtain the best S/N ratio. Serial
additions of glucose were performed. To verify the linear
relationship between peak current and glucose concentra-
tion, six calibration graphs were constructed under optimum
conditions. In all cases the current and concentration rela-
tionship was linear in a concentration range of 1.0× 10−6

to 3.0× 10−3 M. The equation for the curve in the linearity
range wasI (�A) = 3.36 + 0.049 [glucose] (�mol l−1) with a
correlation coefficient of 0.9997 forn = 6. The detection lim-
its (3σ) was 5.0× 10−7 M estimated at a signal-to-noise ratio
of 3, suggesting the high activity of the modified electrode to
the oxidation of glucose.

It is well known that Nafion is an ion-change polymer
t dox
s e
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( clude
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c
T f 500
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Table 1
Amperometric current responses to the other carbohydrates (10−5 M) of the
sensor at 0.65 V with 0.1 M NaOH as a supporting electrolyte (the response
to glucose was 1.13�A)

Compounds Response current
for 10−5 M
compounds (�A)

% response with
respect to glucose
(Iglucose= 1.13�A)

Fructose 0.617 54.6
Lactose 0.643 56.9
Sucrose 0.627 55.48
Ribose 1.72 152.2
l-Cysteine 0.193 17.08

dized by copper(III) oxide or CuO(OH) generated at positive
potentials[6].

3.4. Real sample analysis

In order to verify the reliability of the sensor, it was applied
to the determination of glucose in standard glucose samples,
syringe samples and serum samples. The values were deter-
mined with the sensor using the standard addition method
and direct interpolation in the linear regression. After the cur-
rent responses were determined in a 10.0 ml of 0.1 M NaOH
solution containing different concentration samples of glu-
cose, five 0.01 M glucose solutions of 10�l were successively
added to the system for standard addition determination. All
the concentrations of glucose in detection solutions were in
the linear response range. Serum samples were analyzed by
the same method, but five samples of 10�l with a known
concentration (4.4 mM) were successively added to the sys-
tem for standard addition determination. By this method, the
systematic errors could be overcome.Table 2 shows that
the results were satisfactory. The values determined were
in good agreement with the assigned value for each sub-
strate in the sample and agreed well with the values obtained
by a spectrophotometric method on a standard clinical
laboratory.

3

val-
u was

T
R sample

S ol l−1) l

S

S

S

E .
hat has been extensively used to immobilize cationic re
pecies or electrocatalyst[31]. It is capable of reducing th

nterferences caused by some substances such as A
A. In our experiment, the optimal concentration of Na

0.25%) was coated on the electrode as a thin layer to ex
he interference of AA and other biomaterials. High c
entration of Nafion would reduce the current signal[31].
he interference tests were carried in the presence o

imes of ascorbic acid, 2500 times of acetaminophenol
imes of uric acid, 500 times of ethanol, and 500 tim
xalic acid when 5× 10−5 M glucose was contained in
.1 M NaOH solution. It was found that these substa
id not cause any observable interference in the desig
oncentration of glucose. However, other carbohydrate
ounds containing hydroxyls in the solution would influe

he determination of glucose. The results were show
able 1. These compounds can be electrocatalytically

able 2
esults of analysis of standard samples, syringe samples and blood

ample Glucose added (mol l−1) Glucose founded (m

tandard samples
5.00× 10−3 4.92× 10−3

2.50× 10−3 2.37× 10−3

7.50× 10−3 7.72× 10−3

yringe samples
1.50× 10−3 1.44× 10−3

3.0× 10−3 3.21× 10−3

5.0× 10−3 5.09× 10−3

erum samples
9.56× 10−3

4.13× 10−3

3.72× 10−3

lectrode potential: 0.65 V vs. SCE, electrolyte solution: 0.1 M NaOH
.5. Reproducibility and stability

The reproducibility and stability of the sensor were e
ated. A relative standard deviation (R.S.D.) of 97.1%

s values with different glucose concentrations

Determined by spectrophotometry Recovery (%) Deviation (mol−1)

4.98× 10−3 98.4 −0.06× 10−3

2.26× 10−3 94.8 +0.11× 10−3

7.57× 10−3 102.93 +0.15× 10−3

1.32× 10−3 96.0 +0.12× 10−3

2.98× 10−3 107 +0.23× 10−3

4.87× 10−3 101.8 +0.22× 10−3

9.2× 10−3 +0.36× 10−3

4.4× 10−3 −0.27× 10−3

3.5× 10−3 +0.22× 10−3
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Fig. 7. Flow injection response to 0.1 mM glucose obtained with the DMG-
CuNPs CME.E, +0.65 V vs. SCE; mobile phase, 0.1 M NaOH.

observed for the 10 successive measurement of 1.0 mM glu-
cose, suggesting the good reproducibility for the glucose
determination. The electrode response to 1 mM glucose was
also examined after re-modifying the electrode. Six succes-
sive measurements yielded an R.S.D. of 2.9%. The long-term
stability of the sensor was tested for 60 days. The sensor
was stored in a refrigerator at 4◦C and measured intermit-
tently. After 60 days, the response still retained 70% of its
initial response and the response–concentration calibration
exhibited still a good linearity. These results showed the good
stability of the sensor. In addition, the response of the sensor
towards the continuous determination of 0.1 mM glucose was
evaluated by flow injection analysis for 5 h.Fig. 7shows that
the peak height did not changes for the continuous glucose
injections, suggesting that the sensor was well suited for sta-
ble, constant potential detection of the carbohydrates in liquid
chromatographic, and flow injection systems. This is unlike
the situation with electrodes such as Pt[32], Au [33] and other
chemically modified electrodes, which require the applica-
tion of a pulsed potential waveform to realize the stable and
long-term operation when used for carbohydrate detection in
liquid chromatography/electrochemical detection (LC/EC).

4. Conclusions
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