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Quantification of the blood glucose concentration in the whole blood was not easy to achieve because the detection
process was affected by many factors, such as glucose metabolism and biofouling. In this paper, we established an
amperometric glucose biosensor applied in whole blood directly, which was based on the direct electron transfer of
glucose oxidase (GOx) entrapped onto the Au-F127 nanospheres. Here, the Au-F127 nanospheres could provide a blood
compatible surface with antifouling property for determination of glucose in whole blood. The cyclic voltammetric results
indicated that GOx immobilized on the Au-F127 nanospheres exhibited direct electron transfer reaction, and the cyclic
voltammogram (CV) displayed a pair of well-defined and nearly symmetric redox peaks with a formal potential of 93 mV.
The biosensor had good electrocatalytic activity toward glucose with a low detection limit 3.15 pM. The glucose biosensor
did not respond to ascorbic acid (AA) and uric acid (UA) at their high concentration encountered in blood. In this method,
the biosensor was used for quantification of the concentration of glucose in whole blood samples. The data obtained from
the biosensor showed good agreement with those from a biochemical analyzer in hospital.
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INTRODUCTION

Diabetes mellitus is a worldwide public health problem.
Thus, millions of diabetics test their blood glucose levels
daily, making glucose the most commonly tested analyte.!
At present, primary methods of detecting blood glucose
concentration are performed by biochemical analyzer and
glucose meter.>™ For biochemical analyzer, the quantifi-
cation of the concentration of glucose is mainly involved
in serum samples, which are isolated from whole blood
by centrifugation, but not in untreated whole blood. The
test results are influenced by the different model numbers
of test instruments and detection reagents, treatment pro-
cesses of blood samples, factitious operations, especially
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additional centrifuge and too long measure time from col-
lecting specimen of blood to examination. As for commer-
cial glucose meter, there are some defects that can not be
ignored during its operation. For example, the blood sam-
ples are obtained from fingertip peripheral but not vein,
and doped easily with tissue fluid. So the accurate results
of glucose concentration can not be provided by commer-
cial glucose meter. At present, it is very difficult to design
and prepare a electrochemical biosensor that can be used
in whole blood directly because the biofouling of elec-
trode surface can be developed by platelet, fibrin and blood
cell adhesion in the complex environment such as whole
blood media. And the biofouling of eletrode surface will
bring catastrophic damage to the electron transfer between
enzyme and electrode redox center. So the development
of novel glucose biosensors for antifouling, rapid, highly
sensitive, and selective detection is of paramount impor-
tance for blood glucose concentration monitoring in whole
blood samples.
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Recent advances in nanotechnology have provided a
variety of nanoparticles with highly controlled shapes,
sizes, and interesting properties. These nanoparticles can
bring new and unique capabilities to a variety of pos-
sible applications.>® Pluronic F127 (triblock copolymer
PEO,,xPPO,,PEO,,c) can be used as template for prepar-
ing of nanoparticles with special shapes.?>** In addition,
it also has good blood compatibility.’!"3> The synthe-
sis and blood compatibility of the rambutan-like hybrid
nanospheres of Au-F127 have been reported by our
group.>®> Whether we can take advantage of the cooper-
ation effects mixing good blood compatibility and elec-
tronic conductive property of the Au-F127 nanospheres to
design and prepare a novel glucose biosensor that can be
used directly for whole blood samples? It is the subject of
this research work.

Here, the mixture of glucose oxidase (GOx) and the
Au-F127 nanospheres was immobilized on the surface of
glass carbon electrode (GCE) to construct a novel enzyme
biosensor. The Au-F127 nanospheres were chosen to mod-
ify the GCE for the anti-biofouling property and the fast
electron transfer between GOx and GCE that due to the
good blood compatibility of F127 and superior electric
performance of Au nanospheres. It is worth mentioning
that the antibiofouling effect of the surface of GCE was
obtained that resulted from the blood compatibility of
Au-F127 nanospheres because of the coherence of between
blood compatibility and antifouling property.

Nowadays, novel needle sensors that try to be implanted
intravascularly or subcutaneously were reported for glu-
cose measurement. The major difficulties related to sensor
stability due to blood clot and embolism are circumvented.
Anti-sticking coatings were suggested and constructed
on the surface of devices to prevent biofouling.**3> Our
researches focus on the electrode surface of glucose
biosensor that modified by antibiofouling nanomaterial,
which really makes a big difference from others.

The preparation of GOx/(Au-F127)/GCE biosensor was
presented, and the electrochemical behavior of the biosen-
sor immersing in whole blood was investigated in detail.
In summary, we established a direct, sensitive, reli-
able method which has characters of inhibiting glucose
metabolism and antibiofouling of electrode surface for the
determination of blood glucose concentration in whole
blood.

EXPERIMENTAL DETAILS

Materials

Pluronic F127 (Sigma-Aldrich Co., US) was used without
further purification. Hydrogen tetrachloroaurate(III) trihy-
drate (HAuCl, - 3H,0, 99.9%) was obtained from Alfa
Aesar, a Johnson Matthey Company. GOx was purchased
from Sigma-Aldrich (USA), B-D-(4)-glucose (99%) was
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obtained from J&K Chemical Co. Inc. (China). Phosphate
buffer solution (PBS) was prepared by mixing stock stan-
dard solution of Na,HPO, and NaH,PO,. All solutions
were made up with twice-distilled water. Other reagents
were of analytical grade.

Synthesis of Au-F127 Hybrid Nanospheres

The preparation method of Au-F127 hybrid nanospheres
was described in the Ref. [33]. The simple synthetic pro-
cess was as follows: 0.01 g HAuCl, was dissolved in
100 mL double-distilled water, then 0.75 g of Pluronic
F127 powder was added to the freshly prepared HAuCl,
aqueous solution. Then the mixtures were stirred for
overnight at room temperature.

Characterization

Transmission electron microscopy (TEM) images were
obtained by a transmission electron microscopy (JEOL-
2000F, JEOL Co. Ltd., Japan). The existence of Au-
F127, GOx and GOx/(Au-F127) were measured using on
an UV-vis spectrophotometer (Cary 50 Conc., Australia).
The spectra of Au-F127 was proved by fourier trans-
form infrared (FTIR, Nicolet 170sx, Bruker, Germany)
spectrum.

Coagulation Tests and Whole Blood Adhesion
Tests of Au-F127 Hybrid Nanospheres

In order to determine the anticoagulation property of the
materials, coagulation tests and whole blood adhesion
studies were conducted. The coagulation tests including
activated partial thromboplastin time (APTT), prothrom-
bin time (PT) and thrombin time (TT) of Au-F127
nanospheres have been investigated by our group.’!

Whole blood adhesion tests are one of the most
important steps during blood coagulation on artificial
surface. The blank GCE modified with 1 nm gold
nanoparticles by the help of Au-spraying device and GOx/
(Au-F127) hybrid modified GCE were equilibrated with
PBS (pH 7.4) for 24 h. Whole Blood that added anticoag-
ulant was prewarmed to 37 °C and added after removing
the PBS solution. After 60 min incubation at 37 °C, the
GCEs were washed three times with PBS by mild shak-
ing (fresh PBS each time) to remove non-adherent blood
cells and platelets. The GCEs were then soaked in 2.5%
glutaraldehyde for 30 min to fix the adhered blood cells
and platelets. After washing with PBS, the blood cells
and platelets adhering to the films were dehydrated in an
ethanol grade series (50, 60, 70, 80, 90, 95 and 100%) for
30 min each and allowed to dry at room temperature. Then
the GCEs were gold deposited in vacuum and examined
by SEM (JSM Model 6300 scanning electron microscope,
JEOL, Japan).

J. Biomed. Nanotechnol. 9, 1-8, 2012
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Construction of the GOx/(Au-F127)
Modified Electrode

Electrochemical experiments were performed on a
CHI760D  electrochemical  workstation  (Chenhua,
Shanghai, China) in a three-electrode configuration. A sat-
urated calomel electrode (SCE) and a platinum electrode
served as reference and counter electrode, respectively.
All potentials given below were relative to the SCE. The
working electrode was a modified GCE. Cyclic voltam-
mogram (CV) experiments were carried out in quiescent
solution at 100 mV-s~' in 5 mL of 0.1 M PBS, and
the solution was purged with high purity nitrogen prior
to and blanked with nitrogen during the electrochemical
experiments.

Prior to the modification, the GCE was polished to
mirror-like surface with 0.3 and 0.05 wm alumina slurry
followed by rinsing thoroughly with double-distilled water,
and was successively sonicated in ethanol and double-
distilled water for 5 min, respectively. The cleaned elec-
trode was dried with a stream of nitrogen immediately
before use. Then, 8.0 wL Au-F127 hybrid nanospheres
solution was dropped onto the GCE surface and dried in the
air. The pretreated GCE was cast with 8.0 uL of 6.0 mg-
mL~! GOx solution and dried in room temperature. In this
way, the GOx/(Au-F127)/GCE was obtained.

RESULTS AND DISCUSSION

Characterization of Hybrid
Nanoparticles of Au-F127

TEM photograph of the Au-F127 nanospheres showed the
diameter in the range of 160-180 nm (Fig. S1). To con-
firm the formation of the Au-F127 hybrid nanospheres, the
electron diffraction pattern was investigated. As shown in
Figure S1(a), the diffraction pattern indicated this mate-
rial was polycrystalline. A clear surface plasmon reso-
nance (SPR) band was observed around 500 nm to 600 nm
in the UV-vis absorption spectrum of Au-F127 hybrid
nanospheres, which was characteristic for Au nanoparti-
cles. FTIR was used to study the chemical structure of
the hybrid nanospheres. The broad intense band of the
Pluronic F127 were obtained at the 1103.4 cm™!, which
is distinctive of the helical structure of PEO (Fig. 1(A)).*
A broad band was also observed at 3420.8 cm™! that
corresponding to the stretching vibration of the terminal
hydroxyl groups in F127.3 These results indicated that
F127 had been introduced to Au-F127 nanospheres.
UV-vis absorption spectra can provide information of
the micro-structural changes of enzyme. As shown in
Figure 1(B), the Soret absorption bands at 380 nm and
450 nm of the native GOx solution (curve (a)) were
observed.’” Au-F127 nanocomposites had a peak from
500 nm to 600 nm which was attributed to Au, and the
broad range was due to the surface plasmon coupling
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Figure 1. (A) FTIR spectrum of Au-F127. (B) UV-vis adsorp-
tion spectra of (a) GOx, (b) Au-F127, and (c) GOx/(Au-F127)
film.

between closely spaced nanoparticles of Au-F127 nano-
spheres (curve (b)).® For the GOx/(Au-F127) (curve (c)),
besides the same peak derived from Au, the two absorption
peaks appeared at 379 nm and 449 nm, which were similar
to the data of the native GOx solution. The small difference
proved that the native structure of GOx was retained in the
presence of Au-F127 nanospheres.®

Characterization of In Vitro Anticoagulation
Properties and Whole Blood Adhesion Tests of
the Au-F127 Hybrid Nanoparticles

Blood plasma APTT, PT, and TT test are commonly
used to evaluate the in vitro anticoagulation properties
of different biomaterials.*>*! Data of APTT, PT, and TT
for Au-F127 nanospheres were shown in our previous
researches.* The results showed the Au-F127 nanospheres
have anticoagulation property that attributed to long PEO
chains of F127.313

The anti-biofouling property of the Au-F127 nano-
spheres was also evaluated by whole blood adhesion tests.
And the results were observed by SEM (Fig. 2). The
blank GCE modified with gold nanoparticles showed high
blood cells and platelets adhesion (Fig. 2(A)). But to
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Figure 2. SEM images of (A) blank electrode substrate modi-
fied with gold nanoparticles, (B) electrode substrate modified
with GOx/(Au-F127), and (C) enlarge view from (B) exposed to
human whole blood for 60 min, respectively.

be surprised, the surface of GCE with GOx/(Au-F127)
has nearly no blood cells and platelets adhered. The
results of whole blood adhesion test revealed that Au-F127
nanospheres showed excellent anti-biofouling property
(Figs. 2(B) and (C)). This tendency was attribute to the
hydrated F127 chains attached on a surface which prob-
ably influences the microthermodynamics at the solution/
surface interface and prevents adhesion of blood cells
and fibrins. Further, Au-F127 nanospheres might provide
a desirable microenvironment for GOx to undergo facile
electron-transfer reactions.

Direct Electron Transfer Reactivity of the
GOx/(Au-F127)/GCE

Cyclic voltammetry was used to evaluate the electrochem-
ical performance of the electrodes. Figure 3(A) showed
CVs of the (Au-F127)/GCE (curve (a)), GOx/F127/GCE
(curve (b)) and GOx/(Au-F127)/GCE (curve (c)) and
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Figure 3. (A) CVs of (a) bare (Au-F127)/GCE, (b) GOx/F127/
GCE, (c) GOx/(Au-F127)/GCE, and (d) GOx/Au/GCE; (B) CVs of
GOx/(Au-F127)/GCE. (a) Freshly prepared and (b) after 2 weeks
stored in 0.1 M PBS (pH 7.4). Scan rate was 100 mV.s~",

GOx/Auw/GCE (curve (d)) in PBS (pH = 7.4) at
100 mV -s~!. Obviously, from curve (a) and curve (c),
we could get the conclusion that the response of the
GOx/(Au-F127)/GCE was attributed to the redox of the
electroactive center of GOx on the electrode surface. In
the absence of Au or F127, the GOx/F127/GCE (curve (b))
and GOx/Au/GCE (curve (d)) could also display a couple
of redox peaks of GOx. However, the response was smaller
than that of the GOx/(Au-F127)/GCE (curve (c)), indi-
cating that the presence of Au-F127 nanospheres played
an important role in facilitating the electron exchange
between GOx and the electrode. In addition, the anodic
(E,,) and cathodic (E,.) peak potential were detected (scan
rate of 100 mV -s~') at —0.383 V and —0.476 V, respec-
tively. The ratio of anodic to cathodic peak currents was
about 0.80, which indicated that GOx underwent a quasi-
reversible redox process (Fe(IlT)/Fe(Il) redox couple) on
the surface of Au-F127 nanospheres modified GCE. The
separation of peak potentials (AE,) was 93 mV, which
indicated that GOx immobilized on the surface of Au-F127
nanospheres displayed a quasi-reversible electrochemical
reaction.

J. Biomed. Nanotechnol. 9, 1-8, 2012
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Figure 3(B) showed the CVs of freshly prepared GOx/
(Au-F127)/GCE (curve (a)) and the GOx/(Au-F127)/GCE
stored in PBS of pH 7.4 at 4 °C after 2 weeks (curve (b).
Obviously, we could get the conclusion that the biosensor
still remains most of its initial sensitivity after 2 weeks.

Anti-Interference of GOx/
(Au-F127)/GCE Biosensor

In whole blood, there are some coexisting electroactive
species such as ascorbic acid (AA), uric acid (UA) may
affect the biosensors response.*? The selectivity and anti-
interference advantages of the biosensor were demon-
strated (Fig. 4). The response of the biosensor was
examined in the presence of different interferences with a
glucose concentration of 0.1 mM. Both of the human phys-
iological normal levels of UA and AA are about 0.2 mM.*?
Here, in the presence of AA (10 mM) and UA (10 mM),
no changes in the response of the biosensor were found.
Hence, a highly selective response to glucose was obtained
without the use of perm-selective membrane or enzymatic
preoxidation.

Effects of Sodium Fluoride in Whole Blood

While the glucose detection is finished in whole blood,
but glucose metabolism by blood cells is prior to its deter-
mination. The concentrations of glucose in whole blood
decrease with time due to glycolysis.*** To minimize gly-
colysis, blood should be collected in a tube containing
heparin, immediately placed on ice and the cells should be
separated from plasma within 60 min. However, glycoly-
sis can be attenuated by inhibition of enolase with sodium
fluoride.** The glucose concentration of whole blood is
stable for 72 h at room temperature in the presence of
fluoride.* The electrochemical measurements for glucose
in whole blood were compared with the current value
obtained in the absence and presence of sodium fluoride.
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Figure 4. Amperometric responses of the biosensor upon
additions of glucose (0.1 mM), AA (10 mM), and UA (10 mM),
in PBS. The biosensor was biased on the potential of —0.4 V.
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Figure 5. CVs of (a) measure in fresh whole blood sample,
(b) measure after 72 h in the presence of sodium fluoride, and
(c) measure after 4 h in the absence of sodium fluoride. Scan
rate was 100 mV.s™',

The results of CV measurements were shown in Figure 5.
Compared with the value of real-time quantitative glucose
detection in the fresh whole blood sample (Fig. 5(a)), the
reduce degree of the detection glucose value in the whole
blood with sodium fluoride (shelved for 72 h) was sig-
nificantly less than the datum obtained from the whole
blood without sodium fluoride (shelved for 4 h) (Figs. 5(b)
and (c)). The results indicated the importance of the pres-
ence of sodium fluoride.

Electrocatalysis of GOx/(Au-F127)/GCE
to Glucose

Differential pulse voltammetry (DPV), which considered
as a derivative of linear sweep voltammetry or stair case
voltammetry, can be used to study the redox properties of
extremely small amounts of chemicals. Different aliquots
of 1 x 1077 M glucose solution (0.3, 0.4 and 0.5 uL) were
successively added to 5 mL of PBS solution under intense
stirring, then CV was performed until the currents did not
change any more, and DPV was immediately carried out
(Fig. 6). The biosensor exhibited super highly sensitive
response to glucose with a detection limit of 3.15 pM
which was much lower than those of biosensors that previ-
ous reported in the literature (Table 1).4-° As at each time,
DPV was performed when the diffusion layer had grown
sufficiently, the biosensor showed good reproducibility.
The relative standard deviation (R.S.D.) of five successive
measurements to 10 pM glucose was 5.9%. For the inter-
electrode repeatability, the R.S.D. of five biosensors for
detection of 10 pM glucose was 6.2%. It could be observed
in Figure 6 that with the increase of glucose concentra-
tion, a shoulder peak at —0.45 V emerged gradually. The
calibration curve by plotting the current response with glu-
cose concentration was presented in the insert of Figure 6.
It showed a good linear region with a concentration of
glucose in the range 1-100 pM. The linear relation had a
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Figure 6. DPV curves obtained at GOx/(Au-F127)/GCE in
0.1 M PBS (pH 7.4) at 25 °C with glucose of (a) 0 pM, (b) 10 pM,
(c) 16 pM, (d) 22 pM, (e) 28 pM, (f) 34 pM, (g) 50 pM, (h) 60 pM;
and the insert: Relationship between the peak current and the
concentration of glucose.

regression equation of I (wA) = —0.0747¢(pM) —0.1599
with a correlation coefficient (R) of 0.9920.

We also investigated the linear relation of the GOx/(Au-
F127)/GCE in human whole blood samples. Blood sam-
ples were supplied by volunteer, and sodium fluoride was
used to prevent glucose metabolism that caused by blood
cells. The current response was determined in 5 mL of
0.1 M, pH 7.4 PBS containing whole blood sample of
500 uL. The glucose concentrations in whole blood sam-
ples were determined using the standard addition method.
All concentrations of glucose in detection solutions were
in the linear response range (Fig. 7). The data points
obtained from the GOx/(Au-F127)/GCE were the aver-
ages of the three measurements. The linear relation had
a regression equation of I (uA) = —0.00904¢ (pM) —
0.2326 with a correlation coefficient (R) of 0.9916 (Fig. 7).

In order to verify the reliability of the biosensor, it was
applied for the determination of glucose in whole blood
samples. The whole blood samples were analyzed in the
hospital biochemistry laboratory. Meantime, the same sam-
ples were reanalyzed with the GOx/(Au-F127)/GCE in our
laboratory. The results obtained using the proposed biosen-
sor agree well with those measured by the biochemical
analyzer in hospital (Table II), which demonstrated the

Table I. Comparison of detection limit of some glucose
biosensors.

Glucose biosensor Detection limit Refs.
GOx/ZnO nanotubes 1 uM [46]
GOx-Nb-SWNT 10 uM [47]
GOx-sol—-gel-CNTs 50 uM [48]
Nafion-GOx-OMC 156.52 uM [49]
GOx-sol-gel-chitosan 10 uM [50]
GOx/(Au-F127) 3.15 pM This work
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Figure 7. Relationship between the peak current and the con-
centration of glucose in whole blood samples.

Table Il. Determination of glucose in whole blood samples
using the GOx/(Au-F127)/GCE.

No. Referenced values? (mM) Determined values? (mM)
1 3.9+0.32 3.7+0.35
2 4.7+0.22 4.6+0.34
3 5.1+0.21 5.0+0.25
4 5.940.25 5.64+0.29
5 13.9+0.29 13.5+0.38

Notes: 2Values provided by the hospital; ?Values determined by the
GOx/(Au-F127)/GCE biosensor; they were average values of five measure-
ments for each sample.

great potential for practical application of the biosensor
and prepared for the analysis of glucose in whole blood
samples.

CONCLUSION

Recent advances in producing nanostructured materials
with novel properties have stimulated research on the
development of materials processing.>'~* Moreover, many
nanostructured materials can be easily modified using a
wide range of biomolecules and chemical ligands.>>>® The
electrochemical glucose biosensor possesses high sensi-
tivity and low detection limit for the real-time quantita-
tive glucose detection in the fresh whole blood sample.
These excellent performances can be attributed to Au-
F127 nanospheres that can provide a good biocompatible
microenvironment for maintaining enzymatic activity and
keeping antibiofouling surface of GCE in whole blood.
Moreover, the large specific surface of the Au-F127
nanospheres can behave as an ensemble of closely spaced
but isolated nanoelectrodes in the presence of Au. The
biosensor we prepared also has other advantages such as
ease of construction, enhanced electrocatalysis, efficient
preservation of the activity of the enzyme, and effec-
tive discrimination to the common interfering species.

J. Biomed. Nanotechnol. 9, 1-8, 2012
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Utilizing the antibiofouling property and nano-advantages
of the Au-F127 nanospheres developed in this study will
be the focus of our future work to detect more compo-
nents in whole blood samples. This idea and technique of
innovative antibiofouling nanospheres provide a promis-
ing platform for the development of novel electrochemical
biosensors that can be directly used in whole blood-contact
system for illness diagnosis.
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