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A  novel  method  for  detection  of
glucose in  whole  blood  has been
developed.
The  method  based  on  antibiofouling
and  self-assembly  technology  was
investigated.
The  antibiofouling  technique  utilized
for sensor  is significant  for  diagnos-
tics.
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a  b  s  t  r  a  c  t

Acknowledging  the  benefits  of  hyperbranched  polymers  and  their  nanoparticles,  herein  we report  the
design  and  synthesis  of  sulfonic  acid group  functionalized  hydroxyl-terminated  hyperbranched  polyester
(H30-SO3H)  nanoparticles  and  their  biomedical  application.  The  H30-SO3H  nanoparticles  were  charac-
terized  by  transmission  electron  microscopy  (TEM),  Fourier  transform  infrared  (FTIR)  spectroscopy  and
proton  nuclear  magnetic  resonance  spectroscopy  (1H  NMR).  The  good  hemocompatibility  of  H30-SO3H
nanoparticles  was  also  investigated  by  coagulation  tests,  complement  activation  and  platelet  activation.
The  novel  glucose  biosensor  was  fabricated  by  immobilizing  the  positively  charged  Au nanoparticles,
ntibiofouling
elf-assembly technology
lucose nano-biosensors
hole blood

H30-SO3H nanoparticles  and  glucose  oxidase  (GOx)  onto  the  surface  of glassy  carbon  electrode  (GCE).  It
can be  applied  in  whole  blood  directly,  which  was  based  on  the  good  hemocompatibility  and  antibiofoul-
ing  property  of H30-SO3H nanoparticles.  The  biosensor  had  good  electrocatalytic  activity  toward  glucose
with a  wide  linear  range  (0.2–20  mM),  a low  detection  limit  1.2 × 10−5 M in whole  blood  and  good  anti-
interference  property.  The  development  of  materials  science  will  offer a novel  platform  for  application
to  substance  detection  in whole  blood.
∗ Corresponding authors. Tel.: +86 25 85891635; fax: +86 25 83598280.
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1. Introduction

The clinical conditions of diabetes mellitus are well known and

well understood, yet remain a growing concern as the prevalence
of the disease increases worldwide at an alarming rate [1]. Accurate
blood glucose values play an especially important role in the diag-
nosis of diabetes. In principle, blood glucose values should be given
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n terms of whole blood, but most hospitals and laboratories now
easure and report the serum glucose levels. There are two  major

easons for this situation. On one hand, the red blood cells have a
igher concentration of protein (e.g. hemoglobin) than serum. On
he other hand, serum has a higher water content, therefore, more
issolved glucose than it does in whole blood. To convert from
hole-blood glucose, multiplication by 1.15 has been shown to

enerally give the serum/plasma level [2]. However, the test results
re influenced by the different model numbers of test instruments
nd detection reagents, treatment processes of blood samples, fac-
itious operations, especially additional centrifuge and too long

easure time from collecting specimen of blood to examination.
eanwhile, it is very difficult to design and prepare a electrochem-

cal biosensor that can be used in whole blood just because the
iofouling of electrode surface can be developed by platelet, fibrin
nd blood cell adhesion in the complex environment of whole
lood media. And the biofouling of electrode surface will bring
atastrophic damage to the electron transfer between enzyme and
lectrode redox center.

The use of home glucose meters for the diagnosis of diabetes is
ot recommended because of their potential for imprecision. More-
ver, the blood samples are obtained from fingertip peripheral but
ot vein, and doped easily with tissue fluid.

The development of nanomaterials for the ultra sensitive detec-
ion of biological species has received great attention because of
heir unique optical, electronic, chemical and mechanical prop-
rties. Most studies focus on metal (gold, silver), carbon and
onducting polymers that used to prepare nanomaterials such as
anoparticles [3,4], nanotubes [5,6] and nanowires [7–9]. Analysts

n this field are always enthusiastic about finding new materials
ith good biocompatibility to improve the behavior of biosensors

10,11]. Despite many technological advances in biosensor research
nd development and the introduction of many different prod-
cts, glucose biosensors were still performed in serum [12–16].
he focus of this paper is the development and investigation of
ntibiofouling properties of new nanostructured architecture for
lectrochemical glucose biosensors that applied in whole blood
irectly. The strategy for decorating electrode of glucose biosen-
or with Au/hyperbranched polyester nanoparticles multilayers
hat exhibit excellent antibiofouling property was suggested. This
obust strategy demonstrates a methodology for the incorporation
f actively antibiofouling moieties onto a passively antibiofoul-
ng electrode, and thus expands the range of applications of
lectrochemical glucose biosensors. The fundamental nature of
nterpenetration of nanotechnology, antibiofouling, and biosensor
echnology was investigated.

. Experimental

.1. Materials

H30 (Third-generation aliphatic hyperbranched polyester with
4 terminal hydroxyl groups) was obtained from Suzhou HyperT
esin Science & Technology Co. Ltd. and used with further precipi-
ation and purification. Hydrogen tetrachloroaurate (�) trihydrate
HAuCl4·3H2O, 99.9%) was obtained from Alfa Aesar, a Johnson

atthey Company. Glucose oxidase (GOx), ascorbic acid (AA) and
ric acid (UA) were obtained from Sigma–Aldrich Co., �-d-(+)-
lucose (99%) was from J&K Chemical Co. Inc. Dimethylsulfoxide
DMSO), tetrahydrofuran (THF), sodium hydride, 1,3-propane
ultone, tetraoctylammonium bromide, toluene, NaBH4 and 4-
imethylaminopyridine (DMAP) were purchased from Sinopharm

hemical reagent Co. Ltd. THF was dried by refluxing over sodium
nd distilled just prior to use. Other reagents were used without fur-
her purification. All solutions were prepared with double-distilled
ater and all chemicals and solvents were of analytical grade.
 Acta 776 (2013) 17– 23

2.2. Instrumentation

Transmission electron microscopy (TEM) images were obtained
by using an interface high-resolution transmission electron
microscopy (HITACHI H-7650, Japan). The FTIR spectra of H30 and
H30-SO3H nanoparticles were measured using a Cary 5000 Fourier
transform infrared spectrophotometer (VARIAN Cary 5000, USA).
Proton nuclear magnetic resonance spectroscopy (1H NMR) experi-
ments were performed by using a Bruker Avance 400 spectrometers
(Bruker, Germany).

2.3. Procedures

2.3.1. Functionalization of H30 with sulfonic acid groups
(H30-SO3H)

The preparation of H30-SO3H nanoparticles was prepared by a
procedure described in the previous references [17,18]. In brief,
the hyperbranched polyester H30 (1.0 g, with 9.06 mM of OH
groups) was dissolved in THF in a three-necked round-bottomed
flask equipped with a magnetic stirrer and a reflux condenser with
a drying tube. Excess sodium hydride (0.76 g), corresponding to the
theoretical quantity of hydroxy groups of the polyester H30, was
then dissolved in THF and added to the polymer solution. The reac-
tion mixtures were reacted at 70 ◦C for 12 h with stirring before
adding 1,3-propane sultone (1.66 g) and then allowed to react at
70 ◦C last longer than 12 h. The resulting product was filtered and
dissolved in DMSO, then precipitated in acetone and dried in vac-
uum oven. The crude product was  purified by dialysis through
dialysis bag (MWCO  500) for at least five days. After dialysis, the
solution was dried under vacuum and a white product H30-SO3H
was obtained.

2.3.2. Synthesis of the positively charged Au nanoparticles
The positively charged Au nanoparticles were prepared by a

spontaneous phase transfer method [19,20] but with a slight vari-
ation. Typically, a 30 mM aqueous HAuCl4·3H2O solution (30 mL)
was added to a 25 mM solution of tetraoctylammonium bromide
in toluene (80 mL). The transfer of the metal salt to the toluene
phase could be clearly seen visually within a few seconds. A 0.4 M
solution of freshly prepared NaBH4 (25 mL)  was  added to the
stirred mixture, which caused an immediate reduction to occur.
After 30 min  the two  phases were separated and the toluene phase
was subsequently washed with 0.1 M H2SO4, 0.1 M NaOH, and
H2O (three times), and then dried over anhydrous Na2SO4. Then
an aqueous 0.1 M DMAP solution was  added to the nanoparti-
cle mixtures. Direct phase transfer across the organic/aqueous
boundary was  completed within 1 h, with no stirring or agitation
required.

2.3.3. Hemocompatibility of H30-SO3H nanoparticles
The in vitro blood compatibility evaluated H30-SO3H nanopar-

ticles by coagulation tests, complement activation and platelet
activation. The experimental procedure to evaluate the hemocom-
patibility of nanoparticles was  described in our previous report
[21–23]. Briefly, activated partial thromboplastin time (APTT), pro-
thrombin time (PT), and thromboplastin time (TT) of the H30-SO3H
nanoparticles were measured on a semi automated coagulometer
(RT-2204C, Rayto, USA). The blood was obtained from a healthy
adult rabbit anticoagulated with sodium citrate solution. Plasma
was prepared by centrifuging rabbit blood at 2500 rpm for 15 min
and then used for testing. Plasma was  mixed with the H30-SO3H
nanoparticles, for a contact time of 3 min. Each sample was  mea-

sured three times to give an average value.

Hemocompatibility of the H30-SO3H nanoparticles was  also
evaluated by measuring complement and platelet activation
under in vitro conditions. The complement system is a primary
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ontributor to the innate immune system of the host, clearing
he body of foreign cells and organisms through direct lysis or by
ecruiting leukocytes that promote phagocytosis [24,25]. In vitro
lasma coagulation tests are of low value due to their low sensi-
ivity and the presence of strong external initiators of coagulation
neoplastin reagent, calcium, thrombin). Thus only dramatic
hanges can be detected, while weaker physiologically relevant
ffects could be masked by the excess of the external coagulation
nitiators. To assess the complement activation, the cleavage of
omplement component C3 was monitored by measuring the
ormation of its activation peptides, C3a and C3a des-Arg, using a
ommercial C3a enzyme immunoassay kit with a flow cytometer
FACSCalibur; BD Biosciences, USA) according to the manufac-
urer’s instructions. Activation studies were performed on platelet
oor plasma (PPP) isolated by centrifugation from human whole
lood donations. The plasma and the H30-SO3H nanoparticles with
equired concentration in saline were incubated at 37 ◦C for 1 h. All
he complement activation experiments were done in triplicates.

To measure the platelet activation, the platelet rich plasma
PRP) was incubated at 37 ◦C with a required concentration of the
30-SO3H nanoparticles suspension. The incubation mixture was

emoved at 30 min  to assess the activation state of the platelets
sing fluorescence flow cytometry. Expression of the fluorescently

abeled platelet activation marker anti-CD62P and the platelet
an-marker anti-CD42a were detected by using a BD FACSCal-

bur and a double staining method according to the manufacturer’s
nstructions. All the platelet activation experiments were done in
riplicates.

.3.4. Characterization of GOx-(H30-SO3H)/Au hybrids
The circular dichroism (CD) spectra were taken using a

ASCO J-715 spectropolarimeter. Quartz cells of 1 cm optical
ath length were used for all CD measurements of GOx (GOx
oncentration = 0.06 mg  mL−1) and GOx/(H30-SO3H)/Au (GOx:
H30-SO3H)/Au = 1:1 weight ratio) solutions. The phosphate buffer
Na2HPO4–NaH2PO4, pH 7.4) was used to prepare these solutions.
he spectra were analyzed for the content of secondary structure by
sing the JASCO710 program accompanying the spectropolarime-
er.

.3.5. Construction of GOx-(H30-SO3H)/Au/APTES/GCE and
easurements

Prior to the modification, the GCE was successively polished to
 mirror-like surface with 0.3 and 0.05 �m alumina slurry followed
y rinsing thoroughly with double-distilled water. After being soni-
ated in ethanol and double-distilled water for 5 min, respectively,
he GCE was allowed to dry at room temperature.

As shown in Scheme 1, 8.0 �L of 0.1% (3-aminopropyl) tri-
thoxysilane (APTES) solution (anhydrous alcohol as solvent) was
uccessively dropped onto the electrode surface and dried in air.

PTES was linked to the GCE surface through the silicon–oxygen
onds. The pretreated GCE was cast with 8.0 �L positively charged
u nanoparticles aqueous and dried in room temperature. After

hat, the Au nanoparticles were combined with the amino at the end

Scheme 1. The process of the GOx-(H30-S
 Acta 776 (2013) 17– 23 19

of APTES molecule. Finally, the fresh prepared mix solution of 4.0 �L
6 mg  mL−1 GOx solution and 4.0 �L 1 mg mL−1 H30-SO3H nanopar-
ticles aqueous was dropped onto the surface of Au/APTES/GCE
and kept overnight at 4 ◦C. Thus, the GOx and the H30-SO3H
nanoparticles were immobilized by electrostatic absorption, and
GOx-(H30-SO3H)/Au/APTES/GCE was obtained. The other elec-
trodes used as contrast samples were prepared by the same
modified method. When not in use, the electrodes were stored at
4 ◦C in a refrigerator.

The antibiofouling property of the H30-SO3H nanoparticles
modified GCE was evaluated by whole blood adhesion test under
in vitro conditions. The blank GCE substrate without H30-SO3H
nanoparticles and GOx/(H30-SO3H) modified GCE were cast on the
24-well microplates and immersed in PBS for 24 h. The disks were
immersed in whole blood at 37 ◦C for 1 h and then transferred to
a saline solution containing 2.5% glutaraldehyde to immobilize the
bounded blood cells. The disks were rinsed, air-dried, coated with
gold, and then the surface was investigated by scanning electron
microscopy (SEM, JEOL JSM Model 6300, Japan).

Cyclic voltammetry studies used a CHI 760D electrochemical
workstation (Shanghai Chenhua Apparatus Corporation, China).
All experiments were carried out using a three-electrode cells
equipped with a Pt-wire as counter electrode and a saturated
calomel electrode (SCE) as reference electrode. The applied scan
rate was  100 mV  s−1.

Amperometric measurements were conducted in a 5 mL PBS cell
at room temperature and the solution was purged with high purity
nitrogen firstly and blanked with nitrogen during the electrochem-
ical experiments. The electrochemical impedance spectroscopy
(EIS) tests were carried out in the frequency range of 1 Hz–100 kHz
with a 5 mV  AC amplitude. The data points were taken after 2 s
quiet time (12 data points per frequency decade). Differential pulse
voltammetry (DPV) measurements were carried out with pulse
amplitude of 0.05 V and pulse width of 0.2 s. Different concentra-
tions of glucose solution were added under intensive stirring, then
cyclic voltammogram (CV) was performed until the currents did not
change any more, and DPV was immediately carried out. Then cor-
relation between response currents and different concentrations of
glucose solution was  obtained.

The anti-interference property of biosensor was carried out by
adding 0.1 mM glucose, followed by 10 mM AA, 10 mM UA and
0.1 mM glucose. Blood samples were obtained from various vol-
unteers, within sodium fluoride to prevent glucose metabolism by
blood cells prior to glucose determination [26]. Real sample anal-
ysis of the biosensor was compared with hospital biochemistry
laboratory.

3. Results and discussion

3.1. Characterization of H30-SO3H nanoparticles
Hyperbranched polymers composed of densely branched struc-
tures adopt compact conformations with a large number of
surface reactive groups. The structural formula of the H30-SO3H

O3H)/Au/APTES modified electrode.
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Fig. 1. (A) The chemical structure of H30-SO3H nano

anoparticle was shown in Fig. 1(A). As shown in Fig. 1(B), the
30-SO3H nanoparticles were formed. TEM photograph of the
anoparticles showed the average diameter of 210 nm.  FTIR spec-
ra of H30 and H30-SO3H nanoparticles were represented in Fig.
1(A). The spectra for H30-SO3H nanoparticles have vibration
ands at 1195 and 1045 cm−1, which are identified as O S O
ymmetric stretching and SO3

− stretching modes in SO3H, respec-
ively [27]. The results indicated that H30-SO3H nanoparticles were
ynthesized based on a hyperbranched polyester with hydroxyl
erminal-groups by modifying with sulfonic acid groups. The 1H
MR  spectrum of H30-SO3H with SAarm = 4 was shown in Fig. S1(B).
omparing the 1H NMR  spectra of H30-SO3H with that of H30, new
roton signals appeared at 3.14–3.43, 2.46–2.53, 1.68–1.89 ppm
protons h, i and j), which confirmed that 1,3-propane sultone was
rafted successfully through the formation of ester bondings. The
onversion ratio from hydroxyl groups to sulfonic acid groups could
e calculated by comparing the integral of peaks f and g with the

ntegral of peaks a and c (1–11Sf,g/2Sa,c) is about 17.48%.

.2. Hemocompatibility of H30-SO3H nanoparticles

The good hemocompatibility of H30-SO3H nanoparticles was
nvestigated by coagulation tests, complement activation and
latelet activation. More detailed explanations were presented in
upplementary Material.

The whole blood adhesion test has already become a recognized
echnique to estimate the blood compatibility or anticoagulation of

 prepared material surface. Fig. 2 shows SEM pictures of the sur-
ace coated with and without GOx/(H30-SO3H) after contact with
hole blood. Platelet deposition and blood cells were observed on

he surface of blank GCE (Fig. 2(A)). In the case of the GCE’s sur-
ace modified with H30-SO3H nanoparticles, platelet deposition
nd blood cell adhesion were suppressed on the surface (Fig. 2(B)
nd (C)). The results strongly indicated that thrombus were difficult
o form onto the surface of GOx/(H30-SO3H) without fused blood
ells and platelets. The antibiofouling effect of H30-SO3H nanopar-
icles could efficiently suppress blood-cell adhesion and create a
ood microenvironment for GOx to undergo facile electron-transfer
eactions.
.3. Characterization of GOx-(H30-SO3H)/Au hybrids

Recently, CD has been widely used to analyze the main prop-
rties and features of enzyme solutions and films [28]. The most
les, and (B) TEM images of H30-SO3H nanoparticles.

utilized form of CD spectroscopy is far-UV CD (190–260 nm), which
is analyzed to estimate the secondary structure content of the pro-
teins due to its correspondence to electronic transitions of the
backbone chromophore of the enzyme [29]. At present, CD spec-
tra were used to characterize the secondary structure of GOx after
it hybrided with (H30-SO3H)/Au. Fig. S3 displays the CD spectra
of GOx and GOx-(H30-SO3H)/Au hybrids. Spectral analysis could
provide estimates of the secondary structure content, and the
results of such analysis were presented. The contents of �-helix
and �-turn conformation of GOx-(H30-SO3H)/Au changed by 2.8%
and 0.3% compared with pure GOx. Indeed, it could be seen that the
CD spectrum of GOx-(H30-SO3H)/Au bioconjugates looks similar to
the pure GOx, but the peak had slightly more intensity. It indicated
that the GOx had been adsorbed on the surface of (H30-SO3H)/Au.
In fact, the similar secondary structure content of GOx and GOx-
(H30-SO3H)/Au indicated that the secondary structure of GOx  was
preserved after hybriding with (H30-SO3H)/Au [30].

3.4. Direct electron transfer reactivity and calibration curve

The electrochemical behavior of the GOx-(H30-SO3H)/Au/
APTES/GCE was  investigated by amperometric methods. Cyclic
voltammetry is a valuable tool for testing the kinetic barrier of the
interface. The electron transfer between a solution species and the
electrode must occur by tunneling either through the barrier or
through the defects in the barrier [31,32]. Therefore, it is chosen
as a marker to investigate the changes of electrode behavior after
each assembly step [33]. Fig. 3(A) shows CVs of differently modi-
fied electrodes in 0.1 M PBS (pH = 7.4) at a scan rate of 100 mV  s−1.
No voltammetric signal was  observed at APTES/GCE (curve a) and
Au/APTES/GCE (curve b) in the range of −1.0 to 0.2 V. When GOx was
embedded in the Au/APTES/GCE, the obtained CV curve was  almost
flat (curve c). When GOx was  embedded in the H30-SO3H nanopar-
ticles, there was  just a pair of little parcels that could be observed
(curve d). The two little parcels were oxidation-reduction peaks of
GOx. The small peaks mean that electron transfer of GOx on (H30-
SO3H)/GCE was very slow. However, only when the matrix that
containing GOx and H30-SO3H nanoparticles were embedded in
Au/APTES/GCE (curve e), could a pair of well-defined oxidation and
reduction peaks be observed with a formal potential (E◦′) at about

−0.461 V. These results further demonstrate that the integrated
structure of GOx molecule remains unchangeable after the immobi-
lization on the GCE, which is in good agreement with that obtained
from spectroscopic results. Meanwhile, the positively charged Au
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Fig. 2. SEM images of (A) blank GCE substrate, (B) GCE substrate modified with GOx/(H30-SO3H), and (C) enlarge view from (B) exposed to human whole blood for 60 min,
respectively.
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Fig. 3. (A) CV of (a) APTES/GCE, (b) Au/APTES/GCE, (c) GOx/Au/APTES/GCE, (d) GOx/(H30-SO3H)/APTES/GCE, and (e) GOx-(H30-SO3H)/Au/APTES/GCE in 0.1 M PBS (pH = 7.4).
Scan  rate: 100 mV s−1. (B) DPVs obtained at GOx-(H30-SO3H)/Au/APTES/GCE in 0.1 M PBS (pH = 7.4) with the concentration of glucose (from a to g) 0, 0.2, 1, 2, 5, 10, 15, 20 mM;
and  the insert: relationship between the peak current and the concentration of glucose. (C) DPVs obtained at GOx-(H30-SO3H)/Au/APTES/GCE in whole blood samples at
25 ◦C with glucose of (a) 0 pM,  (b) 30 pM,  (c) 60 pM,  (d) 90 pM,  (e) 120 pM,  (f) 150 pM;  and the insert: relationship between the peak current and the concentration of glucose
in  whole blood samples. The horizontal arrow in (B) and (C) indicated the scan direction.
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Table 1
Comparison of the responses of some glucose biosensors constructed based on different modified electrode materials that reported by previous papers.

Electrode materials Linear range (mM)  Detection limit (mM) Correlation coefficient Ref.

Poly(pyrrole propylic acid)/Au 1–18 0.05 0.998 [34]
Au nanoparticle-CS composite film 0.4–10.7 0.37 0.999 [35]
Nafion-GOx-OMC 0.5–1.5 0.157 0.995 [36]
GOx-graphene-chitosan 0.08–12 0.02 0.999 [37]
GOx-graphene-AuNPs-chitosan 2–10 0.18 0.991 [38]
GOx-(H30-SO3H)/Au 0.2–20 0.012 0.996 This work
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Table 2
Determination of glucose in whole blood samples using the GOx-(H30-
SO3H)/Au/APTES/GCE.

No. Referenced valuesa (mM) Determined valuesb (mM)

1 4.8 ± 0.21 4.7 ± 0.26
2  5.3 ± 0.17 5.0 ± 0.23
3  5.7 ± 0.15 5.5 ± 0.24
4  11.5 ± 0.31 11.2 ± 0.34
5  16.5 ± 0.19 16.3 ± 0.21

this is the first time that the hyperbranched polymer nanoparti-
0.1 mM),  AA (10 mM),  and UA (10 mM),  in PBS. The biosensor was biased on the
otential of −0.46 V.

anoparticles and the negatively charged H30-SO3H nanoparticles
lay important roles in facilitating the electron exchange between
he electroactive center of GOx and GCE.

Fig. 4 exhibits the electrochemical impedance spectra of the
lectrode surface status. More detailed explanations were pre-
ented in Supplementary Material.

A series of DPVs were recorded at various concentrations of glu-
ose to determine its calibration curve in PBS and whole blood.
oderate stirring was kept for about 1 min  when glucose solution
as successively added to the buffer solution prior to recording the
PV voltammograms. The linear response range was  obtained from
.2 to 20 mM and the linear regression equation was I (�A) = 0.053c
mM)  + 0.212 (R = 0.9964), where I was current and c was the glu-
ose concentration (Fig. 3(B)). The enhanced linear range expands
he applications of the biosensor, especially in the glucose determi-
ation in whole blood samples. In this work, we also investigated
he DPVs of the GOx-(H30-SO3H)/Au/APTES/GCE in the detection
f glucose in human whole blood. The current response was deter-
ined in 5 mL  of 0.1 M,  pH 7.4 PBS containing whole blood sample

f 500 �L. The current response was recorded for glucose in varying
oncentrations in healthy human whole blood. The DPV curves in
ig. 3(C) show that the peak current gradually shifted to be positive
ith increasing concentrations of glucose and an anodic peak was

bserved at −0.48 V. The results clearly showed that the variation
f the DPV peak current vs. glucose concentration was  linear with a
etection limit and correlation coefficient of 1.2 × 10−5 M (S/N = 3)

n whole blood and 0.9956, respectively.
Moreover, an analytical performance comparison of some

lucose biosensors reported by previous papers and the novel
iosensor we prepared was  performed. From Table 1, we can con-
lude that the proposed biosensor exhibited excellent performance
n terms of a wider linear range and lower limit of detection for

lucose [34–38]. The good performance implies that H30-SO3H
anospheres can provide a good biocompatible microenvironment

or maintaining enzymatic activity.
a Referenced values were provided by the hospital biochemistry laboratory.
b The values were determined by the GOx-(H30-SO3H)/Au/APTES/GCE; they were

average values of five measurements for each sample.

3.5. Effect of interferents analysis

An important analytical parameter for a biosensor is its ability
to discriminate between the interfering species commonly present
in similar physiological environment and the target analyte [39].
Electrochemical response of the GOx-(H30-SO3H)/Au/APTES/GCE
was examined in the presence of some electroactive interfering
substances like AA and UA at higher levels than normal physiologi-
cal [39]. The experiment was  carried out by adding 0.1 mM glucose
followed by 10 mM AA, 10 mM UA and 0.1 mM glucose. As shown
in Fig. 4, the electroactive species did not cause interference signif-
icantly for the determination of glucose. These results imply that
the GOx-(H30-SO3H)/Au/APTES/GCE has a good anti-interference
ability.

3.6. Real sample analysis

In order to verify the reliability of the biosensor, it was  applied
for the determination of glucose in whole blood samples. The blood
samples and their glucose concentrations were provided by hos-
pital biochemistry laboratory. The samples were then reassayed
with the GOx-(H30-SO3H)/Au/APTES/GCE. The results were agreed
closely with those values measured in hospital (Table 2). Fur-
thermore, compared with the values measured in serum samples
which are isolated from whole blood by biochemical analyzer, the
values we measured in whole blood directly by the GOx-(H30-
SO3H)/Au/APTES/GCE biosensor are more close to the real values
probably. Thus, the biosensor can be used for the glucose detection
in whole blood sample and further investigation will be done by
our research group in near future.

4. Conclusion

Analysts are always enthusiastic about finding new materials
with good biocompatibility to improve the behavior of biosen-
sors. In this case, a novel electrochemical biosensor, which can
be conveniently applied for accurate quantification of the level of
blood glucose with the help of antibiofouling and self-assembly
technology, was  investigated. To the best of our knowledge,
cles functionalized by sulfonic acid group have been utilized to
prepare a novel biosensor suitable for glucose detection in whole
blood directly. The integration of the technologies, which includes
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