analygiglanlistry

pubs.acs.org/ac

Hybridization of Bioelectrochemically Functional Infinite
Coordination Polymer Nanoparticles with Carbon Nanotubes for
Highly Sensitive and Selective In Vivo Electrochemical Monitoring
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ABSTRACT: This study demonstrates the formation of a three-dimensional conducting
framework through hybridization of bioelectrochemically active infinite coordination polymer
(ICP) nanoparticles with single-walled carbon nanotubes (SWNTs) for highly sensitive and
selective in vivo electrochemical monitoring with combination with in vivo microdialysis. The
bioelectrochemically active ICP nanoparticles are synthesized through the self-assembly process of
NAD" and Tb*, in which all biosensing elements including an electrocatalyst (i.e., methylene
green, MG), cofactor (ie., f-nicotinamide adenine dinucleotide, NAD"), and enzyme (i.e., glucose
dehydrogenase, GDH) are adaptively encapsulated. The ICP/SWNT-based biosensors are simply
prepared by drop-coating the as-formed ICP/SWNT nanocomposite onto a glassy carbon
substrate. Electrochemical studies demonstrate that the simply prepared ICP/SWNT-based
biosensors exhibit excellent biosensing properties with a higher sensitivity and stability than the
ICP-based biosensors prepared only with ICP nanoparticles (ie, without hybridization of
SWNTs). By using a GDH-based electrochemical biosensor as an example, we demonstrate a
technically simple yet effective online electroanalytical platform for continuously monitoring
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glucose in the brain of guinea pigs with the ICP/SWNT-based biosensor as an online detector in a continuous-flow system
combined with in vivo microdialysis. Under the experimental conditions employed here, the dynamic linear range for glucose
with the ICP/SWNT-biosensor is from 50 to 1000 sM. Moreover, in vivo selectivity investigations with the biosensors prepared
by the GDH-free ICPs reveal that ICP/SWNT-based biosensors are very selective for the measurement of glucose in the cerebral
system. The basal level of glucose in the microdialysates from the striatum of guinea pigs is determined to be 0.31 = 0.03 mM (n
= 3). The study offers a simple route to the preparation of electrochemical biosensors, which is envisaged to be particularly useful
for probing the chemical events involved in some physiological and pathological processes.

S elective and sensitive in vivo monitoring of neurochemicals
involved in brain functions has drawn much attention
because the information on the chemical nature in the
physiological and pathological events affords a platform for
understanding of, for example, neurotransmission, and for the
diagnosis and therapy of diseases." As demonstrated by others
and our group,” online detecting systems developed by
efficiently integrating in vivo microdialysis with selective
detection has emerged as one of the most promising
approaches to accomplishing this purpose. This is because
such integration substantially enables the in vivo neurochemical
monitoring to be performed in a relatively simple way on living
animals, even on freely moving animals, with excellent
properties, including technical simplicity, near real-time nature,
and easy adaptability by neurochemists. Moreover, the
integrated systems can, in vivo, continuously track the
neurochemical changes during different processes involved in
a whole physiological event from one animal and, as a
consequence, the number of animals employed in the
experiments could largely be reduced.

As reported previously, in the online detecting systems,
selective detection remains very essential.® This is because,
different from the separation-based analytical protocols

-4 ACS Publications  © 2013 American Chemical Society

4007

employed for the neurochemical measurements, the online
detecting systems do not employ sample separation and the
microdialysates continuously sampled from the biological
systems are detected directly at the online detector. While
the uses of enzymes as the recognition units for neurochemical
biosensing have successfully enabled the online detecting
systems to be very selective for continuous in vivo neuro-
chemical monitoring,”~* the involvement of multiple steps for
surface confinement of all biosensing elements including
biorecognition units (i.e, oxidases and dehydrogenases) and
electronic transducers (i.e, enzyme cofactors, electron transfer
mediators, or electrocatalysts) onto a conducting solid substrate
inevitably leads to complicated and time-consuming processes
for biosensor development with an unsatisfactory reproduci-
bility.® These limitations unfortunately make it difficult for the
nonelectrochemists to use these biosensor-based online
detecting systems for the physiological and pathological
investigations.
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To circumvent these problems, we have recently developed a
straightforward approach to simplifying the biosensor develop-
ment with infinite coordination polymer (ICP)-based technol-
ogy.6 In that case, all biosensing elements (i.e., electrocatalysts
for the oxidation of NADH, NAD" cofactor, and dehydrogen-
ase) are adaptively included and encapsulated into a single
nanoparticle during the self-assembling process of NAD" and
Tb*" to form bioelectrochemically functional ICP nanoparticles
(Scheme 1 A). By using this kind of integrative ICP

Scheme 1. (A) Schematic Illustration of Formation of
Bioelectrochemically Active ICP Nanoparticles, (B)
Structure of ICP- (Left Panel) and ICP/SWNT- (Right
Panel) Based Biosensors, (C) SEM Images of ICP
Nanoparticles and ICP/SWNT Nanocomposite (Inset), and
(D) Online Electrochemical Detecting System for In Vivo
Monitoring
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nanoparticles as the biosensing unit, the dehydrogenase-based
electrochemical biosensors could be simply and reproducibly
prepared by one-step confinement of the ICP biosensing
nanoparticles onto a substrate. Moreover, other kinds of
dehydrogenases, rather than GDH, are also possibly encapsu-
lated into the polymer nanoparticles together with the
electrocatalysts and the cofactor. As a consequence, the ICP-
based protocols could be explored to be general for the
development of dehydrogenase-based electrochemical biosen-
Sors.

Stimulated by the excellent properties of the protocols
mentioned above, we wish to develop a new electroanalytical
platform for the continuous in vivo monitoring of physiolog-
ically important species in the cerebral systems with the ICP-
based biosensing technology. To achieve simple-in-preparation
and robust-in-operation biosensors, providing efficient bioelec-
trocatalytic activity for biosensing applications, we previously
drop-coated the ICP-based biosensing units onto a substrate
electrode to form dehydrogenase-based electrochemical bio-
sensors.® However, the poor electronic conductivity of the ICP
nanoparticles themselves would not allow electron transport for
most of the ICP nanoparticles at a flat, smooth electrode
surface, as they are far away from the conducting substrate, as
shown in Scheme 1 B (left panel). To validate well this kind of
simply synthesized and bioelectrochemically active ICP nano-
particles for highly sensitive and selective in vivo monitoring,
this study hybridizes the bioelectrochemically active ICP
nanoparticles with carbon nanotubes to form a three-dimen-
sional (3D) conducting framework, allowing an efficient
electron transport for almost all ICPs since the ICPs can find
a nearby conducting wire, regardless of the distance between
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the ICPs and the electrode (Scheme 1 B, right panel). Thus,
the use of carbon nanotubes to conduct the ICP nanoparticles
onto the electrode substantially increases the sensitivity of the
as-prepared biosensors. Compared with other conductive
biointerfaces such as those incorporating gold nanoparticles
and/or conductive polymers,” the as-prepared ICP/SWNT
biointerface contains all biosensing elements and efficiently
transduces biorecognition events into an electric signal, which
greatly simplifies the ICP/SWNT-based biosensors fabrication
and, more remarkably, minimizes the biosensor-to-biosensor
deviation. In addition, rather than glucose that is used as an
example in this study, other kinds of physiologically important
species such as glutamate and lactate are also potentially
detectable with this ICP-based biosensing strategy. Thus, this
study offers a new analytical platform for the understanding of
chemical events involved in some physiological and patho-
logical processes.

B EXPERIMENTAL SECTION

Reagents and Solutions. p(+)-Glucose, S-nicotinamide
adenine dinucleotide (NAD"), 2-[4-(hydroxyethyl)-1-pipera-
zinyl] ethanesulfonic acid (HEPES), and glucose dehydrogen-
ase (GDH, EC 1.1.147, from Pseudomonas sp.) were all
purchased from Sigma and used as supplied. Tb(NO;);-6H,0
was purchased from Aladdin. Methylene green (MG) was
purchased from Beijing Chemical Company (Beijing, China).
Single-walled carbon nanotubes (SWNTs, <2 nm in diameter
and 0.5-50 ym in length) were purchased from Shenzhen
Nanoport Company, Ltd. (Shenzhen, China). Prior to use,
SWNTs were purified by refluxing the as-received SWNTs in
2.6 M nitric acid for S h, followed by centrifugation,
resuspension, filtration, and air-drying to evaporate the solvent.
The purified SWNTSs were further heated under vacuum at 500
°C for 2 h. Artificial cerebrospinal fluid (aCSF) used as the
perfusion solution for in vitro experiments and in vivo
microdialysis was prepared by mixing NaCl (126 mM), KCl
(24 mM), KH,PO, (0.5 mM), MgCl, (0.85 mM), NaHCO,
(27.5 mM), Na,SO, (0.5 mM), and CaCl, (1.1 mM) into Milli-
Q water. Other chemicals were of at least analytical grade and
were used as received. All aqueous solutions were prepared with
Milli-Q water.

Synthesis of ICP Nanoparticles and Their Composites
with SWNTs. Synthesis of bioelectrochemically active ICP
nanoparticles was performed as reported in our earlier study.’®
Briefly, an aqueous solution of Tb(NO;);-6H,0 was added into
the HEPES buffer (pH 7.4) containing NAD*, MG, and GDH
to form a white precipitate. The obtained precipitate was then
purified by centrifugation and washed several times with Milli-
Q water to give the ICP nanoparticles, in which all biosensing
elements including MG electrocatalysts, NAD* cofactor, and
GDH were adaptively included and encapsulated during the
self-assembly process of NAD* and Tb*". To prepare the
nanocomposite of the ICP nanoparticles and SWNTs, aqueous
dispersions of SWNTs (2 mg/mL) and ICPs (5 mg/mL) were
mixed with a volume ratio of 1:2. The resulting mixture was
then sonicated for 2 h to give a homogeneous ICP/SWNT
dispersion that was used for the biosensor preparation.

In Vitro Electrochemical Measurements. All electro-
chemical experiments were performed with a computer-
controlled electrochemical analyzer (CHI 832B, Chenhua,
China) in a thin-layer radial flow cell with aCSF as the
perfusion solution. Glassy carbon (GC, 6 mm diameter)
electrodes and the thin-layer radial electrochemical flow cell
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used for the electrochemical measurements were both
purchased from Bioanalytical Systems Inc. (BAS). The thin-
layer radial electrochemical flow cell consists of a thin-layer
radial flow block with a 50 ym gasket, a GC electrode as a
working electrode, stainless steel as a counter electrode, and a
Ag/AgCl electrode (3 M NaCl) as a reference electrode. Prior
to the surface confinement of the ICP/SWNT nanocomposite
onto GC electrodes, the electrodes were polished first with
emery paper and then with aqueous slurries of fine alumina
powder (0.3 and 0.05 um) on a polishing cloth and were finally
rinsed with ethanol and Milli-Q water under an ultrasonic bath,
each for S min. After that, 10 uL of the ICP/SWNT dispersion
was drop-coated onto GC electrodes to form the ICP/SWNT-
based biosensors. For comparison, the same amount of pure
ICP dispersion (i.e., without SWNTs) was also drop-coated
onto GC electrodes to form the ICP-based biosensors.
Moreover, the biosensors were also prepared by conventional
procedures first through adsorption of MG and NAD" and then
cross-linking GDH onto SWNTs, as reported in our early
study.® In this case, a MG/NAD*/SWNT composite was
prepared by mixing 2 mg of SWNTs, 40 mg of MG, and 40 mg
of NAD" into 4 mL of water while being stirred for 48 h at
room temperature, and the resulting mixture was then filtered
with a Millipore filter (0.4S pm, Millipore) and washed with
water to remove NAD* and MG nonadsorbed onto SWNTs.
The obtained sample was finally dried at 40 °C under vacuum
overnight to obtain the MG/NAD*/SWNT nanocomposite.
The synthetic composite was dispersed into water with
sonication to obtain a homogeneous dispersion (2 mg/mL).
A 10 uL sample of the dispersion was drop-coated onto GC
electrodes, and the electrodes (i.e, MG/NAD"/SWNT-
modified GC electrodes) were then air-dried. To prepare the
electrochemical biosensors based on the MG/NAD*/SWNT-
modified GC electrodes, 2 uL of GDH (10 mg/mL) aqueous
solution was mixed with 1 uL of 1% BSA aqueous solution and
1 uL of 1% glutaraldehyde and the resulting mixture was totally
coated onto the MG/NAD*/SWNT-modified GC electrodes to
give the electrochemical biosensors (i.e, conventional integra-
tive biosensors). All biosensors were stored in a dry state at +4
°C when not in use.

Animal Surgery and Online Monitoring of Glucose in
Brain Microdialysates. To demonstrate the validity of the
ICP/SWNT-based biosensors prepared in this study for
continuous in vivo monitoring of glucose, in vivo microdialysis
was directly coupled to a thin-layer radial electrochemical flow
cell, in which the ICP/SWNT-based electrochemical biosensor
was used as the detector to form an online detecting system for
near real-time monitoring glucose in the brain microdialysates
of guinea pigs. Brain microdialysates and external solutions
were delivered from syringes and pumped through tetrafluoro-
ethylene hexafluoropropene (FEP) tubing by a microinjection
pump (CMA 100, CMA Microdialysis AB, Stockholm,
Sweden) (Scheme 1 D). Brain microdialysates were sampled
from the brain of guinea pigs with pure aCSF as the perfusion
solution at 2 uL/min. The ICP/SWNT-based biosensors were
polarized at +0.20 V for the continuous monitoring of glucose
in the brain microdialysates.

Surgeries for in vivo microdialysis was performed with the
methods reported previously.” Briefly, adult male guinea pigs
(300—400 g) obtained from Health Science Center, Peking
University, were housed on a 12:12 h light—dark schedule with
food and water ad libitum. The animals were anaesthetized with
pentobarbital (345 mg/kg, ip.) and positioned onto a
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stereotaxic frame. The microdialysis guide cannulas (BAS)
were implanted in the striatum (AP = 0 mm, L = 3 mm from
bregma; V = 4.5 mm from dura) using standard stereotaxic
procedures. The guide cannula was kept in place with three
skull screws and dental cement. Stainless steel dummy blockers
were inserted into the guide cannula and fixed until the
insertion of the microdialysis probe (CMA, dialysis length, 2
mm; diameter, 0.24 mm). Throughout the surgery, the body
temperature of the animals was maintained at 37 °C with a
heating pad. Immediately after the surgery, the guinea pigs were
placed into a warm incubator individually until they recovered
from the anesthesia. The guinea pigs were allowed to recover
for at least 24 h before in vivo microdialysis sampling. The
microdialysates were continuously sampled and continuously
monitored with the online detecting system after the
microdialysis probe was implanted in the guinea pigs brain
and equilibrated through perfusing aCSF for at least 90 min.

B RESULTS AND DISCUSSION

Formation of 3D Conducting Framework. SWNTs were
used to construct the 3D conducting framework because of
their good electronic conductivity and structural properties, of
which the former actually enables the nanostructures to be used
for electron exchanging between the ICP nanoparticles and the
electrode, while the latter makes it possible to transfer electrons
from the frameworks to the conducting substrate (Scheme 1 B,
right panel). In addition, the uses of SWNTs could efficiently
enlarge the effective surface area of the electrode and thus
enhance the response sensitivity. As demonstrated in our
previous study,’ the bioelectrochemically active ICP nano-
particles were synthesized based on the coordination chemistry
between the N atoms in the imidazole ring and phosphate
groups of NAD" with Tb*" to form the Tb-NAD" network, in
which MG and GDH were adaptively coencapsulated in the
Tb-NAD"* framework during the self-assembly process (Scheme
1 A).° The ICP nanoparticles synthesized with our method
were colloidal spheres with diameters ranging from about 50 to
100 nm (Scheme 1 C). The hybridization of SWNTs with the
ICP nanoparticles eventually forms an ICP/SWNT nano-
composite, in which the ICP nanoparticles are either adsorbed
on the surface of SWNTSs or entrapped in the SWNT network
(Scheme 1 C, inset). This structural property of SWNTS
substantially makes it possible to form 3D conducting ICP/
SWNT framework, in which SWNTs serve as wires to
electrochemically conduct ICP nanoparticles to the conducting
substrate, enabling almost all ICP nanoparticles bioelectro-
chemically active for catalyzing the oxidation of glucose with a
higher efficiency than that with the pure ICP nanoparticles (i.e.,
without hybridization with SWNTs). This feature largely
improves the sensitivity of the ICP-based biosensors for the
glucose measurements, as typically depicted in Figure 1. In the
continuous-flow system (Scheme 1 D), the ICP-based
biosensor produces a very small current response (about 1.5
nA) toward 1.0 mM glucose. Moreover, the current response
decreases gradually as a function of time, mainly because of the
poor stability of the ICP nanoparticles confined onto the
electrode, while the ICP/SWNT-based biosensor exhibits a
largely enhanced current response toward glucose (i.e., 298 nA)
under the same conditions as those employed for the ICP-
based biosensor. Furthermore, the current response remains
almost unchanged in the experimental timescale employed in
this study (Figure 1 B), indicating that the hybridization of
SWNTs with the ICP nanoparticles also remarkably increases

dx.doi.org/10.1021/ac303743a | Anal. Chem. 2013, 85, 4007—4013



Analytical Chemistry

ICP-Based Biosensor

Glucose

ICP/SWNT-Based Biosensor
aCSF

Glucose

Conventional Integrative Biosensor

aCSF

Glucose

\

Figure 1. Current responses recorded with the online detecting
system, with the (A) ICP-based, (B) ICP/SWNT-based, and (C)
conventional integrative biosensors as the detector, toward 1.0 mM
glucose. The (A) ICP-based, (B) ICP/SWNT-based, and (C)
conventional integrative biosensors were prepared by drop-coating
10 uL aqueous dispersion of ICP nanoparticles, ICP/SWNT
nanocomposite, and MG/NAD*/SWNT nanocomposite onto GC
electrodes, respectively. Glucose standard in the aCSF was perfused
into the system at a perfusion rate of 2 #L/min. The biosensors were
polarized at +0.20 V vs Ag/AgCl electrode.

the stability of the as-prepared biosensors. This comparison
strongly demonstrates that the use of SWNTs to hybridize with
the ICP nanoparticles eventually forms a 3D conducting
framework that could actually “wire” more ICP nanoparticles
onto the electrode, providing efficient bioelectrocatalysis
toward glucose oxidation with a largely enhanced current
output and operation stability in the continuous-flow system.

We should note that, as demonstrated in our previous
studies,® the special electronic and structural properties of
SWNTs well-enabled their ability to serve as the support for
NAD" cofactor and MG electrocatalyst through the hydro-
phobic and/or charge-transfer interaction(s), providing a
simple approach to the preparation of integrative dehydrogen-
ase-based electrochemical biosensors (i.e., conventional inte-
grative biosensors). Nevertheless, the advantages of the ICP/
SWNT-based biosensors prepared in this study are still
remarkable in terms of the improved sensitivity and stability
and simplified fabrication procedures of the ICP/SWNT-based
electrochemical biosensors. For example, as displayed in Figure
1 C, the current response obtained at the conventional
integrative biosensor toward glucose was lower and less stable,
as compared with that at the ICP/SWNT-based biosensor,
suggesting that the strategy demonstrated here greatly improves
the sensitivity and stability of the biosensors and simplifies the
biosensor fabrication as well.
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To further demonstrate the formation of the 3D conducting
framework by hybridizing SWNTs with the ICP-based
biosensing units, we changed the amounts of pure ICP
nanoparticles or ICP/SWNT nanocomposites drop-coated
onto the electrode surface and compared the current responses
of the as-prepared biosensors toward glucose in the continuous-
flow system. As depicted in Figure 2, in the same continuous-
flow system, both the ICP- and ICP/SWNT-based biosensors
were responsive toward glucose with current responses
increasing with increasing amounts of ICP nanoparticles or

ICP-Based Biosensor
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Figure 2. Current responses recorded with the online detecting
systems, with the (A) ICP- and (B) ICP/SWNT-based biosensors as
the detectors, toward 1.0 mM glucose. The (A) ICP-based and the (B)
ICP/SWNT-based biosensors were prepared by drop-coating different
amounts (indicated in the figure) of ICP nanoparticles and ICP/
SWNT nanocomposites onto GC electrodes, respectively. (C) Plots of
the current responses obtained at the ICP-based (A) and the ICP/
SWNT-based (@) biosensors in the continuous-flow system toward
1.0 mM glucose against the amounts of ICP nanoparticles and ICP/
SWNT nanocomposites one-time drop-coated onto GC electrodes.
Other conditions were the same as Figure 1.
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ICP/SWNT nanocomposites drop-coated onto GC electrodes.
However, a comparison of the current responses obtained with
the (A) ICP-based and (B) ICP/SWNT-based biosensors
reveals several striking differences: (1) under the same
conditions employed here, the current responses obtained at
the ICP/SWNT-based biosensors were much larger than those
at the ICP-based biosensors. For example, the ICP-based
biosensors produce very small current responses toward
glucose (typically several nanoampere) regardless of the
amount of ICP nanoparticles applied onto the electrodes,
while the ICP/SWNT-based biosensors produce largely
enhanced current responses toward the same concentration
of glucose (almost at a microampere level), as can be seen from
Figure 2 B. (2) Compared with those at the ICP-based
biosensors, the current responses at the ICP/SWNT-based
biosensors were relatively stable. For instance, within the
timescale employed in this study, the current responses
recorded at the ICP-based biosensors were decreased by
about 15% relative to the initial values, while those at the ICP/
SWNT-based biosensors remains almost unchanged. (3) More
strikingly, as depicted in Figure 2 C, the current responses
achieved at the ICP-based biosensors tend to level oft with
increasing the amount of the ICP nanoparticles applied onto
the electrodes (A). In contrast, the current responses obtained
at the ICP/SWNT-based biosensors dramatically increase with
increasing amounts of the ICP/SWNT nanocomposite drop-
coated onto the electrodes (@). These comparisons virtually
indicate that the hybridization of SWNTSs with the ICP-based
biosensing units greatly enhances the sensitivity and stability of
the as-prepared biosensors toward glucose.

The sensitivity enhancement was elucidated by the formation
of a 3D conducting framework through the hybridization of
SWNTs and the ICP nanoparticles. As mentioned above, in the
as-formed ICP/SWNT nanocomposite, SWNTs act as “wires”
for electrochemically conducting almost all ICP biosensing
nanoparticles onto the conducting substrate, successfully
transducing biorecognition events occurring inside single ICP
nanoparticle into the current readout. The largely enhanced
sensitivity, along with the remarkably improved stability and the
simple-in-preparation feature and the inherent selectivity of
biosensors, substantially makes the biosensors prepared in this
study very attractive for in vivo measurements, as demonstrated
below.

Linearity, Reproducibility, and Stability. Figure 3
displays typical current responses obtained with the online
detecting system with the ICP/SWNT-biosensor as the
detector toward glucose. With aCSF as the perfusion solution
and at a perfusion rate of 2 yL/min, the system produces well-
defined current responses toward glucose (Figure 3 A). The
dynamic linear range for glucose with the ICP/SWNT-
biosensor was from 50 to 1000 uM [I (nA) = 0.35Cucos
(uM) — 3.61, y = 0.98]. The reproducibility and stability of the
online detecting system with the ICP/SWNT-based biosensor
as the detector were also studied with standard solutions of
glucose. With aCSF as the perfusion solution and at a perfusion
rate of 2 uL/min, the relative standard deviation (RSD) of the
repeated measurements of glucose standard (300 uM) was
2.0% (n = 8) (Figure 3 B). In addition, the system developed
here was quite stable for the continuous measurements of
glucose; the current responses for glucose remain unchanged
for the continuous monitoring of glucose (300 uM) for at least
2 h (Figure 3 C). In addition, the online system was also stable
for the discontinuous measurements of glucose; the current
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Figure 3. (A) Current responses obtained with the online detecting
system with ICP/SWNT-based biosensor as the detector toward
glucose with different concentrations indicated in the figure. Current
responses (B) repeatedly and (C) continuously recorded with the
online detecting system toward the glucose standard (300 yM). The
ICP/SWNT-based biosensor was prepared by drop-coating 10 uL of
ICP/SWNT nanocomposites onto GC electrodes. Other conditions
were the same as Figure 1.

responses for glucose were not changed obviously for the
measurements of glucose (300 M) for at least 10 days with
continuous monitoring for at least 4 h each day (data not
shown). The high sensitivity, good stability, and reproducibility
and the ease-in-preparation feature of biosensors substantially
enable the as-established online detecting system for reliable
and durable in vivo monitoring of glucose in the cerebral
systems, as demonstrated below.

Selectivity and Online Monitoring of Glucose in the
Brain Microdialysates. As described previously,' the online
electrochemical methods bear advantages over other kinds of
electrochemical methods employed for in vivo analysis in terms
of their simplicity both in the operation mechanism and in the
experimental procedures, sample freshness maintenance, largely
reduced animal numbers, and as such, physiological and
pathological usefulness. However, the abrogation of sample
collection and separation procedures actually requires the
online electrochemical detecting systems to have a high
selectivity. As documented in the previous studies,” a variety
of electrochemically active species, such as dopamine, 3,4-
dihydroxyphenylacetic acid, uric acid, and S-hydroxytryptamine
endogenously coexisting in the brain could be readily oxidized
electrochemically at the detectors and may thus potentially
interfere with the online monitoring of glucose in the brain
microdialysates in this study. In our in vitro experiments, we
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found that the perfusion of dopamine (2 uM), 3,4-
dihydroxyphenylacetic acid (5 M), S-hydroxyltrypatamine (2
uM), or uric acid (10 uM) did not produce obvious current
response with the online detecting system (data not shown),
demonstrating that these species do not interfere with glucose
measurements. However, such in vitro selectivity tests may not
be very essential for in vivo analysis of neurochemicals in the
cerebral systems because of the chemical complexity of the
cerebral systems. The chemical complexity in the cerebral
systems substantially necessitates in vivo selectivity studies, as
demonstrated in our early studies.****'°® To accomplish such a
purpose in this study, we synthesized infinite coordination
polymer nanoparticles containing no GDH (ie, MG/Tb-
NAD* ICP) with the procedures reported in our early study®
and hybridized the GDH-free ICP nanoparticles with SWNT's
to form the nanocomposite. The nanocomposite was then
confined onto GC electrode to form a GDH-free ICP/SWNT-
based sensor that was thus used as the detector for the online
detecting system. As depicted in Figure 4 (red curve), the

GDH-Free ICP/SWNT-Based Biosensor

.
1
ICP/SWN1-Based Biosensor

1500 s

1
aCSF

Microdialysate

Figure 4. Current responses continuously recorded with the online
electrochemical detecting systems with the GDH-free ICP/SWNT-
based (red curve) and ICP/SWNT-based (black curve) biosensors, as
the detectors for the brain microdialysate of the guinea pigs. Other
conditions were the same as Figure 1.

switching of the perfusion solution from aCSF to the brain
microdialysates continuously sampled from the striatum of
guinea pigs did not produce an obvious current response,
relative to the background current level, suggesting the other
neurochemicals endogenously existing in the brain were not
electrochemically oxidized or reduced at the GDH-free ICP/
SWNT-based sensor. This result substantially demonstrates
that the as-established online electrochemical detecting system
with the ICP/SWNT-based biosensors as the detector was very
selective toward glucose monitoring in the striatum of guinea
pigs. As typically depicted in Figure 4 (black curve), the online
system produces a well-defined current response toward
glucose in the microdialysate, continuously sampled from the
striatum of guinea pigs. Moreover, the current response was
relatively stable as the function of time was not changed upon
the continuous monitoring of the brain microdialysates for
more than 1.5 h. The basal level of glucose was determined to
be 0.31 + 0.03 mM (n = 3), which was almost consistent with
those reported in the literature.""

B CONCLUSIONS

By efficiently hybridizing SWNTs with bioelectrochemically
active ICP biosensing units, we have successfully demonstrated
a new and simple route to the preparation of highly sensitive
electrochemical biosensors. The sensitivity enhancement of the
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biosensors has been elucidated through the formation of a 3D
conducting framework consisting of SWNTs and ICP nano-
particles, in which the presence of SWNTs largely facilitate
efficient electron transport for almost all ICPs confined onto
the electrode since the ICPs can easily find a nearby conducting
wire, even though they are far from the electrode. The ICP/
SWNT-based biosensors prepared by simply drop-coating the
ICP/SWNT nanocomposite onto a conducting substrate
exhibit highly selective, stable, and reproducible responses
toward glucose. By using the simply prepared ICP/SWNT-
based biosensors as the detector, we have successfully
established an online electrochemical detecting system for in
vivo electrochemical monitoring of glucose in the brain of
guinea pigs. This study essentially offers a technically simple yet
effective electrochemical approach to in vivo measurements of
neurochemicals in the brain of living animals, which is believed
to find wide applications in the understanding of chemical
events involved in some physiological and pathological
processes.
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