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A newly developed electrochemical biosensor for the determination of superoxide anions (O, ") released
from cancer cells using potassium-doped multi-walled carbon nanotubes (KMWNTs)-1-butyl-3-
methylimidazolium hexafluorophosphate ((BMIM]PFj) ionic liquid composite gels is demonstrated.
The KMWNTs-[BMIM]PFg can electrocatalyze oxygen reduction to generate a strong current signal
in neutral solution. Compared with KMWNTs without [BMIM]PFs or MWNTs—{BMIM]PF4
composites, the KMWNTs-[BMIM]PF¢ can enhance the oxygen reduction peak current by 6.2-fold
and 2.8-fold, which greatly increases the detection sensitivity of oxygen. Then, O, biosensors are
fabricated by mixing superoxide dismutase (SOD) in the KMWNTs-[BMIM]PF gels via monitoring
oxygen produced by an enzymic reaction between SOD/O,~ without the help of electron mediators. The
resulting biosensors show a linear range from 0.04 to 38 uM with a high sensitivity of 98.2 pA mM ™,
and a lower detection limit of 0.024 pM. The common interferents such as hydrogen peroxide (H,0,),
ascorbic acid (AA), uric acid (UA), and metabolites of neurotransmitters, do not interfere with the
detection of O, . The proposed biosensor is tested to determine O, in vitro and from liver cancer and
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leukemia cells and shows good application potential in biological electrochemistry.

Introduction

Reactive oxygen species (ROS), including the superoxide anion
(O57), hydrogen peroxide (H,0O,), the hydroxyl radical (OH) and
peroxynitrite (ONOO™), and so on, lead to oxidative damage to
lipids, proteins and nucleic acids, resulting in mutagenesis and
cell death.! O,~, the primary component of the so-called ROS, is
generated as a reduced intermediate of molecular oxygen in
significant quantities in a variety of biological systems. Under
normal physiological conditions, O, is produced at a rate that is
matched by the capacity of tissue to catabolize them, thus
holding a rather low and undetectable endogenous physiological
concentration. However, increases in the activity of O, occur-
ring in response to traumatic brain injury,>* ischemia-reperfu-
sion and hypoxia, which exceeds the body’s natural ability to
deal with the potentially cytotoxic species, may be involved in the
etiology of aging, cancer, and progressive neurodegenerative
diseases such as Parkinson’s disease.*!° Additionally, O, can
easily form OH in the presence of transition metal ions such as
Fe?* and Cu?" and react with NO to produce ONOO-,"**** which
have also been implicated in the pathogenesis of atherosclerosis
and neurodegenerative diseases. As a consequence, O, is of
great significance in the determination of cellular damage, and
a selective and sensitive method for durable and reliable
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measurement of O, is essential and very useful for facilitating
investigations on free-radical biochemistry and the pathology
and physiology of diseases relevant to ROS.

Superoxide dismutase (SOD) has been well addressed for the
dismutation of O, to O, and H,O, with strong activity and great
specificity, and this strategy was recently used to develop O,
sensors.'*2° Most of the sensors are based on monitoring the
oxidation current of H,O, produced from O, dismutation
catalyzed by SOD. In these sensors, high potentials (>0.6 V
versus SCE) which usually cause the simultaneous oxidation of
some coexisting electroactive species in biological samples, e.g.,
AA and UA, are required. More importantly, H,O, is a metab-
olite of the degradation of O, as well as a product from the
enzymatic reaction of endogenous oxidases such as monoamine
oxidase and L-amino acid oxidase.*''? Thus, it is necessary to
differentiate the signals of H,O, produced by SOD catalytic
dismutation of Oy~ from H,0, endogenously present in biolog-
ical systems. The interference from the coexisting electroactive
species and endogenous H,O, greatly limit the practical appli-
cations of sensors determining O, in biological systems.*?!-?
Several approaches have been developed to try to solve the
interference effects and overlap signals from endogenous H,O,
to enhance the selectivity for these types of sensors: a H,O»-
impermeable Teflon membrane,?® combination with horseradish
peroxidase,* the entrapment of SOD between two membranes,*
and the incorporation of SOD in a polypyrrole film***’ or the use
of a poly-m-phenylenediamine membrane,® but the sensitivity
and the response rate decreased. At this point, a two-channel
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sensor, which is capable of simultaneous detection of O, and
H,0,, was proposed.'® However, the difference in amperometric
response of two independent electrodes to H,O, makes it difficult
to obtain a net response of O, at the sensor for both O, and
H,O0,. In addition, the third-generation biosensors for O, based
on direct electron transfer of proteins have paved an elegant way
to detect O, due to excellent selectivity and high sensitivity, in
which SOD were widely employed, but direct contact between
enzymes and electrodes often leads to significant structural and/
or functional changes of the enzymes.!® To challenge these key
analytical problems, enzymatically generated oxygen can be
monitored based on its reduction because the electrochemical
reduction of oxygen that occurred at a relatively negative
potential does not give rise to interference from those anodic
interfering species like UA, AA. More noteworthy, the reductive
potential of H,O, is commonly more negative than that of
oxygen;' therefore, it is very easy to detect oxygen free from the
interference of H,O, at those negative potentials, regardless that
H,0, exists extensively in the biological system and is associated
with the formation of H,0,. Moreover, it is also very easy to
eliminate the interference from oxygen in biological systems by
bubbling nitrogen or other inert gases for the determination of
O, in vitro. However, electrocatalytic reduction of oxygen at
conventional electrodes usually suffers from poor kinetics. So it
is very significant to exploit a novel material with superior
performance for the reduction of oxygen as well as develop
a highly selective biosensor with micromolar or even nanomolar
sensitivity to provide quantitative information on O, concen-
trations for tracking the role that O, plays in physiological and
pathological processes.

Recently, chemical doping is a leading potential strategy to
enrich free charge-carrier densities and enhance the electrical or
thermal conductivities in carbon materials.**' Many studies
have demonstrated the achievements of chemical doping of
carbon nanotubes.?*™** Among the numerous potential dopants,
K is considered as an excellent element for the chemical doping of
carbon nanotubes with a modified structure or morphology,
resulting in changed electrical, mechanical, and chemical prop-
erties of carbon nanotubes.?****! Moreover, K-doped multi-
walled carbon nanotubes (KMWNTs) have demonstrated that K
doping could enhance the biocompatibility and sensitivity of
carbon nanotubes in biosensing applications. As with the
MWNTSs,*? the KMWNTs typically assemble to give bundles,
which are heavily entangled with one another to form agglom-
erates. These structural aspects give KMWNTs relatively poor
mechanical and electroconductive properties. To modify their
chemical and physical properties, one could expect much greater
performance of KMWNTSs on composite materials. Organic
cations, which potentially interact with 7t-electronic compounds
through so-called “cation—7t” interactions are focued.** At this
point, ammonium ion-based molten salts**** have attracted great
interest, because they are fluid at room temperature with non-
volatility, in sharp contrast with ordinary organo- and hydrogels,
are highly stable and can retain their physical properties, thus
can be directly used as media for processing. We found that the
room-temperature ionic liquid (RIL) of imidazolium ions,*
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]
PF¢), upon being ground with KMWNTs, forms physical gels
(bucky gels). More importantly, the ionic liquid has great

promise in green chemistry applications and in electrochemical
applications, particularly, because of its high stability, high
electrochemical conductivity, and very low vapor pressure.**8
Also it has wide solubility which is quite helpful for the disper-
sion of KMWNTs. In addition, high biocompatibility and
exchangeability of the counter-anions in RIL, e.g., with nega-
tively charged enzymes, are much favorable for further immo-
bilization of biomolecules.

As bucky gels appear to possess high potential utilities in
materials sciences, we employed [BMIM]PF4 and found that
finely dispersed KMWNTs can cause better mechanical and
electroconductive properties of the materials. In the present
work, we report detailed accounts of the preparation, micro-
structures, and electroconductive properties of the KMWNTs—
[BMIM]PF; bucky gels. The gels as oxygen reduction reaction
catalysts show a strong reduction signal in neutral solution. Thus
they could be employed as highly selective oxygen sensors in
a more positive potential (—0.3 V) than non-modified electrodes.
Furthermore, by utilizing the excellent electroreduction property
toward oxygen, we have developed a highly specific biosensor for
O, based on the SOD-modified KMWNTs-[BMIM]PF,
composite gels. This biosensor exhibited ease of fabrication and
excellent performance, such as fast response, good stability and
reproducibility, and low detection limit. More importantly, the
biosensor has great benefits for the detection of O, with a rela-
tively high selectivity, avoiding not only some coexisting inter-
ferences like AA, UA, and metabolites of some
neurotransmitters but also more noteworthy interference, H,O,.
The developed biosensor was used to measure O, released from
living cells, which could be very important as there is increasing
evidence that O, released from biological systems may have
a role in the etiology of aging, cancer, and progressive neuro-
degenerative diseases such as Parkinson’s disease.>™®

Experimental section
Materials

Multi-walled carbon nanotubes (MWNTs, 95%, d < 10 nm) were
provided by Shenzhen Nano-tech port Co. (China). 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM]PFg, 99%)
was purchased from Shanghai Cheng Jie Chemical Co. Ltd.
(China). Superoxide dismutase (SOD, EC 1.15.1.1) from bovine
erythrocytes was commercially available from Sigma (USA).
Potassium superoxide (KO,), potassium (K), phenanthrene, 1,2-
dimethoxyethane (1,2-DME), dimethylsulfoxide (DMSO),
glucose (GC), L-ascorbic acid (AA), uric acid (UA), lactic acid
(LA), glutamic acid (GA) and lipopolysaccharide (LPS) were
obtained from Sigma-Aldrich (USA). Acridine orange (AO) and
ethidium bromide (1% w/v, EB) were purchased from Amresco
(USA). The O, solution was obtained from a 0.01 M stock
solution of KO,, which was prepared by adding 1.41 mL of
DMSO (stored together with a 4 A molecular sieve (Roth,
Karlsruhe, Germany) to 1.0 mg KO,, sonicating for 5 min and
then putting an additional 4 A molecular sieve in the solution to
exclude H,O. All other chemical materials were of analytical
grade and used without further purification in experiments.
Ultra-pure water which was obtained from a Milli-Q water
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purifying system was used for the preparation of all aqueous
solutions.

Apparatus

Transmission electron microscopy (TEM) micrographs were
obtained on a JEOL JEM-3011 transmission electron micro-
scope. X-ray photoelectron spectroscopy (XPS) measurements
were performed with an Ultra Axis spectrophotometer (Kratos
Analytical Ltd., Manchester, UK) equipped with a mono-
chromatic Al Ka source operated at 150 W. Resonance Raman
spectra were measured on a LabRAM HR 800 Raman spectro-
photometer (Jobin Yvon, France). Fluorescence microimagings
were recorded on a DMIRE?2 inverted fluorescence microscope
(Leica, Germany) equipped with a DP71 CCD (Olympus,
Japan). Electrochemical measurements were performed on
a computer-controlled electrochemical analyzer (CHI 660C,
Shanghai Chenhua Apparatus, China). Linear sweep voltam-
metry and amperometric current-time curve measurements were
carried out in 0.1 M phosphate buffer solution (PBS, pH 7.4) and
cyclic voltammetry measurements were carried out in 0.1 M KCl
solution containing 5.0 mM K;[Fe(CN)g]/K4[Fe(CN)g], respec-
tively, at room temperature (25 + 2 °C) using a conventional
three-electrode system with a glassy carbon electrode (GCE) as
a working electrode, a platinum foil as an auxiliary electrode, and
a saturated calomel electrode (SCE) as a reference electrode.

Synthesis of KMWNTs

The KMWNTs were synthesized according to chemical
K-doping at room temperature.>* In brief, MWNTSs were
pretreated by sonicating in a mixture of concentrated sulfuric
acid-nitric acid (3: 1, v/v) for about 4 h. The treated MWNTs
were filtered and washed with ultra-pure water, and then dried in
a vacuum at 60 °C. After that, the phenanthrene/K solution
complex was made by reacting K (200 wt% to MWNTs) with
0.2 M of phenanthrene (98%) in 20 mL of 1,2-DME (99.5%)
solution. Then, the treated MWNTs (20 mg) were added to the
phenanthrene/K solution complex for the K-doping into
MWNTs. Finally, the reaction was conducted for 48 h with
stirring using a magnetic bar at 500 rpm at room temperature.
The resulting product was thoroughly washed several times with
ethanol, and then dried at 60 °C under air atmosphere.

Preparation of modified electrodes

Glassy carbon electrodes (GCE, d = 3 mm, ca. 0.07 cm?) were
abraded with fine SiC paper and polished to a mirror-like surface
with 1.0 and 0.3 pm alumina slurry, and then sonicated in water
and absolute ethanol for 2 min, respectively, and dried at room
temperature. KMWNTs (2 mg) were suspended in a RIL
([BMIM]PF¢) (0.4 mL), and the mixture was ground with an
agate mortar for 15 min, where the suspension gradually turned
into a glossy, black paste. The resulting paste was centrifuged at
10 000 rpm for 30 min, followed by the removal of excess liquid,
to isolate a gel phase. Then, the KMWNTs-[BMIM]PF,
composite gels were coated on the pretreated GCE by rubbing
the electrode over the gels. The superoxide biosensor was
prepared using 0.5 mg of SOD for every 2 mg of the composite
material. Here, because the isoelectric point, I, of SOD is 5.5, it is

net negative at pH > /,, and would exchange the PFs~ anion on
KMWNTs-[BMIM]PF¢ to SOD, which allows a more general
electrostatic interaction between [BMIM]PF4 functionalized
KMWNTs and SOD. Briefly, the composite gels were prepared
first and then the enzyme was added, and the gels were mixed for
another 15 min. Finally, the KMWNTs-[BMIM]PF¢-SOD
composites were coated on the pretreated GCE by rubbing the
electrode over the hybrid composites. To obtain a homogeneous
thin film, the coating was further smoothed with a spatula and
the modified amount was controlled to 0.5 mg by weighing.
Additionally, the modified electrodes were rinsed carefully with
ultra-pure water prior to each measurement.

Cell line and culture

The concentration of O, released from human leukemia (HL-
60) and liver cancer (SMMC-7721) cells was determined using
the modified electrode. Cells were grown at 37 °C in RPMI 1640
medium (GIBCO) supplemented with 10% (v/v) fetal bovine
serum (FBS, GIBCO), 60 pg mL~! penicillin, and 100 pg mL~'
streptomycin in a 5% CO, environment. After 24 h, the cells were
collected and separated from the medium by centrifugation at
1000 rpm for 5 min and then washed twice with sterile PBS
(pH 7.4). The sediment was resuspended in PBS to obtain
a homogeneous cell suspension at a certain concentration. The
cell number was determined using a Petroff Hausser cell counter
(USA). For O, detection, cells were treated with 50 ng mL~" of
LPS for a period of 0-96 h. Then, cells (10° cells cm~?) were
centrifuged and the cultured supernatants were collected and
used for O, analysis by bubbling nitrogen to remove oxygen.
Next, the recovery measurements were carried out according to
the following procedures. The two different cells samples (HL-60
and SMMC-7721 cells supernatants) were prepared, and certain
amounts of O, (0.2, 0.3 and 0.6 pM) were added. The concen-
trations of O, in the total sample mixtures were measured by the
amperometric current-time curve method by comparing the
current values to a calibration curve. Recovery was then calcu-
lated by the ratio of measured amount and added amount. Each
sample was analyzed in quintuplicate.

Results and discussion

Characterization of the KMWNTSs and KMWNTs—|[BMIM|PF¢
composite gels

KMWNTs have been synthesized according to chemical K-
doping at room temperature. XPS is a powerful tool to identify
the states of the elements in bulk material. According to the
analysis of binding energy (BE) values, we can confirm the nature
of the binding between carbon and potassium. As shown in
Fig. 1A, no K peaks are observed for MWNTs. However, K
peaks in the spectra of KMWNTs are observed at BE =293.2 eV
(K 2ps;) and 296.0 eV (K 2p;») (Fig. 1B). The two peaks
correspond to a spin—orbit split doublet, which can be ascribed to
the K oxides and cations, respectively.***>5° Thus, only one K
species is observed in the metal-doping process. The highly
reactive K atoms can readily react with the surface migrated
oxygen from the bulk of the MWNTSs to form an oxidized
interfacial layer. Potassium cations, resulting from charge
transfer interactions between the K atoms and the MWNTs
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Fig. 1 XPS K 2p spectra of (A) MWNTs and (B) KMWNTs; C 1s
spectra of (C) MWNTs and (D) KMWNTs.

backbone may also have contributed in part to this peak
component. At higher coverage of K, the K 2p core-level spec-
trum also reveals the contribution of the metallic K, with the BE
for its K 2ps/, peak component lying at about 294.4 ¢V.**° The
result is in agreement with intercalation by substitution, which is
based on an ion transfer rather than on an electron transfer, as is
shown to happen in intercalation by reduction.**-** Moreover,
such doped K species would decorate the MWNTs and introduce
a change in the Fermi level and charge transfer, engendering
doping effects, opening the band gap and increasing the
conductivity of MWNTSs.*?> Therefore, K doping might play an
important role in regulating the electronic properties and further
enhancing the electrocatalytic activity of MWNTs in electro-
chemical systems. The K-doping concentration is 8.65 at% in the
MWNTs, which is much higher than those of DWNTs (3.2 at%)
and SWNTs (0.12 at%).’>*

On the other hand, XPS of C 1s ranging from 280 to 290 eV is
shown in Fig. 1C and D. Generally, there are several different C
groups in pretreated MWNTSs, which are characterized by the
appearance of several spectral peaks: C-C and C-H at 284.6 eV,
C-0 at 285.9 ¢V and C=0 at 287.3 eV. The C 1s strong peak at
284.6 €V, which is consistent with sp? graphite carbon, did not
significantly change, but the at% of C 1s of the KMWNTs
decreased compared with that of the undoped MWNTs. Addi-
tionally, the intensity peaks characteristic of the C=O groups
increased, but those characteristic of C—-C decreased, indicating
that doping not only introduced K into host MWNTs but also
increased the content of oxygen. From the XPS spectra of O 1s
before and after K doping (Fig. 2A and B) (C-O at 533.9 eV,
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Fig. 2 XPS O 1s spectra of (A) MWNTSs and (B) KMWNTs.

C=0at 532.5eV, and O-C=0 at 531.6 eV**%), we can see, after
K doping, the oxygen content was 23.47 at%, which is higher
than the undoped MWNTs (10.07 at%). This also indicates that
the K-doping exhibits a strong charge transfer interaction with
carbon atoms and the oxygen atoms.

KMWNTs gels of RILs, which may be called “bucky gels of
ionic liquids”, with a wide range of potential applications as
a component, can be prepared readily. Typically, when
a suspension of KMWNTs in [BMIM][PFg] was ground with an
agate mortar and centrifuged, a transparent liquid phase, iden-
tified as pure [BMIM][PF¢], was separated from a black gel phase
containing both [BMIM][PF¢] and KMWNTs. The black phase
was highly viscous and did not drop when the centrifuge capsule
was turned upside down (Fig. 3). As the amount of [BMIM][PF]
increased, the colorless upper phase increased in volume, while
the quantity of the lower black phase (gel phase) remained
almost unchanged. When the amount of [BMIM][PF¢] in the
starting suspension was smaller than 0.2 mL, no ionic liquid
phase separated even upon prolonged centrifugation. The gel
phase was estimated to entrap up to 4.45 x 10*° molten salt
molecules per 1 mg of KMWNTs (1 wt%).

Fig. 4 shows high-magnification transmission electron micro-
scope (TEM) images of chemically synthesized KMWNTSs and
KMWNTs—{BMIM]PF4 composite gels. As can be seen from
Fig. 4A, there are some defects on the outer wall of the as-
synthesized KMWNTs with a diameter of about 10 nm, resulting
in rugged graphene sheets. It has previously been reported that
the doping of metal ions depends directly on the structural order
and morphologies of MWNTs. Indeed, MWNTs with a diameter
of 14 nm (40-layer walls) did not react with intercalation, while
those with a diameter of 5 nm (4-layer walls) reacted strongly
with intercalation, resulting in the formation of nanoflakes, due
to the breaking up of the tubes.?***% In our case, the MWNTs
have a diameter of about 10 nm (9-layer walls). Therefore, some
disruption at the outer walls of the tubes could be frequently
observed, but scarcely any evidence of severance was found along
the tube axis. In Fig. 4B, TEM microscopy revealed that the
heavily entangled KMWNTSs bundles, upon grinding in ionic
liquid, are exfoliated to give very ordered bundles, suggesting the
KMWNTs were dispersed in the [BMIM][PFg] to form a homo-
geneous gel.

The Raman spectrum of the MWNTs (curve a, Fig. 5) shows
the characteristic MWNTs peaks at around 1355 cm~!, which is
related to the disorder mode (D-band), and at around 1595 cm™!,
which presents the tangential modes (G-band). Compared with
the MWNTSs, the relatively increased intensity of the disorder

‘ } bucky gel phase
} ionic liquid phase

Fig. 3 Pictures of the phase-separation behavior of a bucky gel of
[BMIM][PF¢]: 2 mg of KMWNTs was ground with 0.2, 0.4, 0.6, 0.8, and
1.0 mL (left-to-right) of [BMIM][PF] for 15 min, and the resulting black
pastes were centrifuged.
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Fig. 4 High magnification TEM images of (A) KMWNTs and (B)
KMWNTs-[BMIM]PF4 composite gels.
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Fig. 5 Raman spectra of (a) MWNTs, (b) KMWNTs, (¢) MWNTs—
[BMIM]PF; and (d) KMWNTs-[BMIM]PF.

mode is diagnostic of disruptions in the hexagonal framework of
MWNTs.5*® The Raman spectrum of the KMWNTSs showed
a disorder-induced D band at A = 1357 cm™' and a tangential
stretch G band at A = 1598 cm™' (curve b, Fig. 5), with an
intensity ratio Ip/Ig = 0.93. This value was much higher than the
0.47 for the MWNTs, indicating that K-doping was very effective
in introducing defects into the structure of the MWNTs. In
comparison with MWNTs, the D and G bands of MWNTs—
[BMIM]PFg slightly shifted to A = 1351 and 1593 cm™! (curve c,
Fig. 5), respectively, which could be associated with [BMIM]PF¢
bound to the MWNTs. Moreover, the values of Ip/Ig for the
MWNTs and MWNTs-[BMIM]PFs did not show obvious
differences, thus indicating that the functionalization of
MWNTs with [BMIM]PF; did not destroy the structure of the
MWNTs. Similarly, the D and G bands of KMWNTs-[BMIM]
PFg slightly shifted to A = 1353 and 1594 cm™! (curve d, Fig. 5),
respectively. The values of Ip/lg for the KMWNTs and
KMWNTs-[BMIM]PFg remain unchanged upon gelation. From
these spectral profiles, we conclude that the gelation is triggered
only physically, without chemical denaturation of MWNTSs or
KMWNTs.

To investigate the effect of the KMWNTs-[BMIM]PF¢
composite film on the electron transfer kinetics of the redox
probe at the electrode interface, cyclic voltammograms of the
KMWNTs-[BMIM]PF4/GCE in 0.1 M KCl solution containing
5 mM K;[Fe(CN)g)/K4[Fe(CN)g] are shown in curve e, Fig. 6.
The peak currents greatly increased compared with those of the
MWNTs-[BMIM]PF¢/GCE (curve d, Fig. 6), KMWNTs/GCE
(curve c, Fig. 6), MWNTSs/GCE (curve b, Fig. 6) and bare GCE
(curve a, Fig. 6). The potential differences of the peak-to-peak
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Fig. 6 Cyclic voltammograms of (a) the bare GCE, (b) the MWNTs/
GCE, (c) the KMWNTSs/GCE, (d) the MWNTs-[BMIM]PF¢/GCE and
(e) the KMWNTs-[BMIM]PF¢/GCE in 0.1 M KCl solution containing 5
mM K;[Fe(CN)g)/Ky[Fe(CN)g]. Scan rate: 50 mV s~

(Dgp) at the KMWNTs-[BMIM]PF¢/GCE, MWNTs-[BMIM]
PF¢/GCE, KMWNTs/GCE, MWNTs/GCE and bare GCE are
82, 85,90, 92 and 93 mV, respectively. Both the small differences
between these Dgp and the changes in peak currents showed that
the KMWNTs-[BMIM]PF, composite gels effectively accelerate
the electron transfer between Fe(CN)g* "~ and the electrode.

Electrocatalytic reduction of dissolved oxygen

A comparison of the electrocatalytic reduction of oxygen at
different electrodes in air-saturated 0.1 M pH 7.4 PBS with the
potential range from +0.2 to —0.8 V is shown in Fig. 7. The
reduction current of dissolved oxygen increased with the order of
bare GCE < [BMIM]PF¢/GCE < MWNTs/GCE < KMWNTs/
GCE < MWNTs-[BMIM]PF¢/GCE < KMWNTs-[BMIM]PF¢/
GCE. The electrocatalytic reduction peak potentials both shifted
positively to ca. —0.30 V at the MWNTs-[BMIM]PF¢/GCE
(curve e, Fig. 7) and KMWNTs-[BMIM]PF¢/GCE (curve f,
Fig. 7). The peak current at the KMWNTs-[BMIM]|PF¢/GCE is
much higher than those of others. Moreover, the KMWNTs—
[BMIM]PF¢ modified electrode showed no obvious reduction
peak in nitrogen-saturated PBS (curve a, inset of Fig. 7), whereas
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Fig. 7 (A) LSV for the oxygen reduction at (a) the bare/GCE, (b) the
[BMIM]PF4/GCE, (c) the MWNTs/GCE, (d) the KMWNTSs/GCE, (e)
the MWNTs-[BMIM]PF¢/GCE and (f) the KMWNTs-[BMIM]|PF¢/
GCE recorded in air-saturated 0.1 M pH 7.4 PBS. Inset: LSV of the
KMWNTs-[BMIM]PF¢/GCE in 0.1 M pH 7.4 nitrogen-saturated PBS
(a), nitrogen-saturated PBS containing 0.264 mM H,O, (b), air-saturated
PBS (c¢) and air-saturated PBS containing 0.264 mM H,O, (d).
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a great increase of the reduction peak current was observed in
air-saturated PBS (curve c, inset of Fig. 7). Additionally, the
saturated concentration of dissolved oxygen in water was
0.264 mM. When the same concentration of H,O, was added to
nitrogen-saturated (curve b, inset of Fig. 7) and air-saturated
PBS (curve d, inset of Fig. 7) at the KMWNTs-[BMIM]PF¢/
GCE, respectively, the linear sweep voltammograms have no
obvious change between curve a and b and curve ¢ and d in the
potential range from —0.8 to +0.2 V, indicating the KMWNTs—
[BMIM]PF¢ modified electrode is insensitive to H,O,. Clearly,
the electrocatalytic reduction of oxygen at the KMWNTs-
[BMIM]PF4¢/GCE showed a synergic effect of KMWNTSs and
[BMIM]PF¢ which possessed superior electrocatalytic ability for
the reduction of dissolved oxygen.

The corresponding calibration curves for the detection of
oxygen in nitrogen-saturated PBS with successive addition of
varying concentrations of air-saturated PBS at different elec-
trodes are shown in Fig. 8. The sensitivity of the KMWNTs—
[BMIM]PF¢/GCE to the reduction of dissolved oxygen was
156.7 uA mM~! (curve e, Fig. 8), which was larger than those of
57.8, 17.8 and 11.6 pA mM~', respectively, for the MWNTs—
[BMIM]PF¢/GCE (curve d, Fig. 8), KMWNTs/GCE (curve c,
Fig. 8) and MWNTSs/GCE (curve b, Fig. 8) at —0.3 V for the
reduction of dissolved oxygen. Almost no electrochemical
response was observed at the bare/GCE (curve a, Fig. 8). The
linear response range of the KMWNTs-[BMIM]PFs/GCE to
oxygen concentration was from 0.0264 to 39.4 uM (R = 0.999).
The detection limit was 0.01 uM (S/N = 3). Hence, the
as-prepared KMWNTs-[BMIM]PF¢ composite gels could be
a promising material for O,~ sensing.

Analytical performances of the KMWNTs—|BMIM]|PFs-SOD/
GCE

KMWNTs-[BMIM]PFs composite gels offer a markedly
decreased overvoltage for the dissolved oxygen reduction to
allow low-overpotential amprometric measurement. This is of
considerable interest to the operation of oxidase-based amper-
ometric biosensors because oxygen will be produced during the
enzyme/superoxide reaction. With the addition of O,~, the SOD
can chemically catalyze the oxidation of O, to O, and H,0,. As
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Fig. 8 Calibration plots of (a) the bare/GCE, (b) the MWNTs/GCE, (c)
the KMWNTSs/GCE, (d) the MWNTs-[BMIM]PF4/GCE and (e) the
KMWNTs-[BMIM]PF¢/GCE against the concentration of O,. Applied
potential: —0.3 V.

a result, the concentration of O, can be indirectly detected by
the determination of the liberated oxygen in the reaction.

Fig. 9 displays the amperometric response of the KMWNTs—
[BMIM]PF¢-SOD/GCE with the successive addition of deoxy-
genated KO, solution to 0.1 M pH 7.4 PBS at —0.3 V. When KO,
is added to the nitrogen-saturated buffer solution, the reduction
current rises steeply to achieve 95% of the steady current in less
than 3 s. Additionally, no obvious detection signal can be
observed at the KMWNTs{BMIM]PFs/GCE (free of SOD)
with the addition of deoxygenated KO, solution. This suggests
that the amperometric response of the KMWNTs-[BMIM]PF¢—
SOD/GCE upon the addition of KO, is ascribed to the O,
produced during the enzyme/superoxide reaction.

The linear response range of the KMWNTs-[BMIM]|PF¢—
SOD/GCE to O,  concentration was from 0.04 to 38 uM
(R =0.998) (inset A of Fig. 9). The detection limit was 0.024 M
(S/N = 3). The sensitivity of the KMWNTs-[{BMIM]PF-SOD/
GCE for the detection of O,~ was 98.2 pA mM~!, which was
much larger than those of 17.1 + 0.4 pA mM~' for ZnO
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Fig. 9 A current-time curve of the KMWNT-[BMIM]PF¢-SOD/GCE
with the successive addition of deoxygenated KO, (indicated by arrows
for marked concentrations: ¢ =0.04n M, I — I, n =1, 2,4, 8, 16, 18, 20;
III — IV, n = 30, 40, 50, 60; V — VI, n = 80, 100, 120, 140, 160, 180, 200;
VII, n = 2000) in a stirred 0.1 M pH 7.4 nitrogen-saturated PBS at
—0.3 V. Inset: (A) a calibration plot illustrating the linear electrode
response to KO, addition; (B) the selectivity profile of the KMWNTs—
[BMIM]PF¢-SOD/GCE over interfering species of GC (5 mM), UA
(0.1 mM), AA (0.1 mM), LA (0.1 mM), GA (0.1 mM) and H,0,
(0.2 mM) as well as O,~ (20 pM) at —0.3 V.
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Fig. 10 The time-dependent concentration of O, released from HL-60
and SMMC-7721cells (10° cells cm~) after treatment with 50 ng mL~'
LPS. The insets show images of HL-60 and 7721cells (48 h) recorded with
a DMIRE?2 inverted fluorescence microscope.
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Table 1 Recovery measurements of O, released from HL-60 and SMMC-7721cells (10° cells cm—2) using the developed method

Sample no. Added amounts (uM) Measured amounts (uM)“ Recovery (%) RSD (%)
HL-60 cell 0.2 0.196 98.0 3.04

0.3 0.307 102.3

0.6 0.611 101.8
SMMC-7721 cell 0.2 0.202 101 3.33

0.3 0.305 101.7

0.6 0.617 102.8

“ Values determined from the KMWNTs-[BMIM]|PFs-SOD/GCE; an average value of the response of five measurements is shown for each sample.

nanodisks and 12.4 nA mM~! for nickel oxide modified elec-
trodes.”® The stability of the KMWNTs-[BMIM]PFs-SOD/
GCE was examined in 0.1 M pH 7.4 PBS with 10 uM O, at
—0.3 V. The relative standard deviation (RSD) was 2.9% for five
successive measurements. The fabrication reproducibility of five
electrodes, made independently, showed an acceptable repro-
ducibility with a RSD of 3.4% for the current signal of 10 uM
O,". Moreover, the electrodes were stored in 0.1 M pH 7.0 PBS
at 4 °C in a refrigerator with periodical measurements, and they
remained stable during the first week. After one month, the
biosensors still retained 80% of the initial sensitivity, which is due
to the good durability and biocompatibility of the KMWNTs—
[BMIM]PF¢ composite gels, thus providing a perfect microen-
vironment for SOD to retain its bioactivity.

In real samples, there are some coexisting electroactive species
such as glucose (GC), UA, AA, lactic acid (LA), glutamic acid
(GA), etc. that might affect the biosensor’s response. The selec-
tivity and anti-interference advantages of the biosensor are
demonstrated (inset B of Fig. 9). A well-defined O, response is
observed at the biosensor, whereas relevant physiological levels
of UA, AA, LA, GA (0.1 mM), and GC (5 mM) result in
negligible signals. Additionally, in biological systems, H,O, is
a metabolite in the degradation of O, and a product of enzyme
reactions of endogenous oxidase such as monoamine oxidase and
L-amino acid oxidase. Moreover, H,O, is one of the main
byproducts in the enzyme-catalytic system which can catalyze
O, to generate O,. Therefore, the specificity of the sensor
against H,O, is of great importance in its application for the
determination of O, in biological systems as well as in its cali-
bration. Thus, the interference from H,O, was also examined
(inset B of Fig. 9). As shown, no current response was observed
for 0.2 mM H,0,. Therefore, a highly selective response to O, is
obtained without the use of a perm-selective membrane or
enzymatic preoxidation.

Determination of O, released from HL-60 and SMMC-7721
cancer cells

To evaluate its applicability, the biosensor was used for the
determination of the concentrations of O, released from HL-60
and SMMC-7721 cancer cells. The results indicated that the

O, concentrations from HL-60 and SMMC-7721 cells
(10° cells cm~2?) are ca. 0.01 and 0.015 uM (Fig. 10), respectively,
which are in agreement with the previous report that the physi-
ological concentration of O,~ is in the range of 10~* M.® The
developed method was also used to measure O, released from
lipopolysaccharide (LPS) treated HL-60 and SMMC-7721 cells.

Fig. 10 depicts the time course experimental results with LPS
loading. The values of O, from HL-60 and SMMC-7721 cells
are significantly increased after treatment with 50 ng mL~' LPS
for 8 h, and reach the highest values (ca. 0.12 uM) at 48 h, as
reported in the literature.’” Afterwards, the concentrations
decrease gradually and reach relatively stable values (ca. 0.06
puM). Therefore, the proposed method could be used to study the
cellular kinetics of O, .

To evaluate the precision of the O, concentrations produced
by HL-60 and SMMC-7721 cells detected with the developed
method, recovery measurements were carried out. After 48 h
stimulation by LPS, two samples from HL-60 and SMMC-7721
cells with different concentrations were prepared, and certain
amounts of O, were added. The results are presented in Table 1.
The average recoveries for the two different samples are 100.7%
and 101.8%, respectively, and the RSD are 3.04 and 3.33%,
respectively, indicating that the developed approach has high
accuracy in measuring O, concentrations released from HL-60
and SMMC-7721 cells. These observations substantially
demonstrate that the developed method represents a new bio-
sensing platform for reliable determination of O,~ in vitro and
from cancer cells and could be potentially useful for further
physiological and pathological studies.

Conclusions

A novel composite material made from mixing KMWNTs with
a RIL ([BMIM][PFg]) has been designed to construct a highly
specific biosensor for selective measurement of O, . The
KMWNTs-[BMIM]PF composite gels showed good dispersion
of KMWNTs in [BMIM]PFy by “cation—7” interactions. The
presence of KMWNTs and [BMIM]PFg produces a synergic
effect that accelerates the electron transfer between the redox
probe and the electrode. More importantly, the KMWNTs—
[BMIM]PF¢ modified electrode showed a marked -electro-
catalytic activity toward oxygen reduction in neutral solution.
Therefore, the composite film can be used for monitoring oxygen
and further constructing O, biosensors. This is of great
advantage in the measurement of O,", especially in biological
systems, due to the KMWNTs-[BMIM]PF¢ composite gels
having a high specificity against AA, UA, H,0,, and metabolites
of some neurotransmitters. The obtained results demonstrate
that the present sensor is very promising for the durable and
reliable measurement of O, in vitro and from cancer cells, such
as liver cancer and leukemia cells. This work is anticipated to
open a new possibility in the investigation of KMWNTs
composite gels of imidazolium ion-based ionic liquids and
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promote their application in biosensor construction for the
highly selective measurement of O, in biological systems.
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