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A Single Biosensor for Simultaneous Quantification of Glucose and 

pH in a Rat Brain of Diabetic Model using Both Current and Poten-

tial Outputs 

Shuai Li, Anwei Zhu,* Tong Zhu, John ZH. Zhang, Yang Tian* 

Shanghai Key Laboratory of Green Chemistry and Chemical Processes, School of Chemistry and Molecular Engineering, 

East China Normal University, Dongchuan Road 500, Shanghai 200241, P.R. China  

ABSTRACT: Glucose and pH are two important indicators of diabetes mellitus. However, their dynamic changes at the same time 

in brain are still not clear, mainly due to a lack of a single biosensor capable of simultaneous quantification of two species in a live 

rat brain. In this work, a selective and sensitive ratiometric electrochemical biosensor was developed for simultaneously quantifying 

glucose and pH using both current and potential outputs in a rat brain of diabetic model. Here, glucose oxidase was first employed as 

a specific recognition element for both glucose and pH because the active center (FAD) could undergo a 2H+/2e- process.  Moreover, 

an insensitive molecule toward pH and glucose was used as an inner-reference element to provide a built-in correction to improve 

the accuracy. The ratio between the oxidation peak current density of glucose and that of ABTS gradually increased with increasing 

concentration of glucose, and showed a good linearity in the range of 0.3-8.2 mM. Meanwhile, the mid-potential difference between 

glucose oxidase and 2, 2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) positively shifted with pH decreasing, leading to 

accurate determination of pH in the linear range of 5.67-7.65. Thus, combined with the unique properties of carbon fiber microelec-

trode including easy to insert and good biocompatibility, the developed single biosensor was successfully applied to detect pH and 

glucose at the same time in hippocampus, striatum, and cortex in a live rat brain of diabetic model.                                                          

Since glucose provides almost exclusive metabolic energy for 

brain and may activate neurons in the peripheral and central 

nervous systems, dysfunction of glucose metabolism can trigger 

wide spread disease of the peripheral and central nervous sys-

tems as well as cardiovascular disease, nephropathy, retinopa-

thy.1-3 Indeed, decreased glucose metabolism usually precede 

the emergence of brain pathology and cognitive impairment.4,5 

On the other hand, under a condition of diabetes mellitus, mito-

chondria, mainly responsible for the synthesis of ATP required 

for neural cell function, has also been found to produce much 

larger amounts of H+. This large amount of H+ is released via 

various types of ion transporters to the extra-cellular space, re-

sulting in lowered pH of the interstitial fluid.6,7 Note that even 

a slight change in pH can cause severe effects on the biochem-

ical, ion-regulatory, or electrical machinery of nerve and glial 

cells. Brain acidosis will augment cell death under various 

pathological conditions.8,9 Although both glucose and pH are 

involved in diabetes mellitus, attempts so far to simultaneous in 

vivo monitoring of pH and glucose for exploring their relation-

ship still have not been reported. Therefore, new tactics toward 

in vivo analysis of pH and glucose in diabetic rat brain are 

highly desired and crucial to the field. 

Up to now, several efficient approaches for determination of 

glucose or pH alone have been developed, including fluores-

cence sensing,9-13 electrochemical assays,14-18 and colorimet-

ric.19 Among these approaches, electrochemical technique 

shows obvious advantages in sensitivity and simplicity, partic-

ularly for real-time measurements and in vivo analysis.20-22 We 

have recently developed a single biosensor for monitoring two 

species (Cu2+ and L-Cysteine) in live rat brain based on an elec-

trochemical signal switching on and off.23,24 However, the strat-

egy could not simultaneously detect two molecules in vivo. Kim 

have reported a skin-mounted graphene-hybrid device arrays to 

simultaneous monitor glucose and pH in sweat.25 But two inde-

pendent functional units (glucose oxidase and polyaniline) were 

required to sense glucose and pH respectively by different ana-

lytical principles and the biosensor was unavailable for in vivo 

determination in brain.  

Herein, a single ratiometric biosensor with high accuracy, 

sensitivity and selectivity was first developed for simultane-

ously quantifying the levels of pH and glucose using both cur-

rent and potential outputs in a live rat brain of diabetic model. 

Glucose oxidases (GOD) have been widely used in the design 

of glucose biosensor due to their specificity to glucose.26,27 The 

electrochemical response of GOD on electrodes originated from 

the redox reaction of FAD encapsulated in the enzyme molecule. 

Meanwhile, FAD is known to undergo a two-electron coupled 

with two-proton redox reaction. As shown in Scheme 1, GOD 

was first employed as a specific recognition element for both 

pH and glucose, through current and potential outputs. Mean-

while, an insensitive molecule toward pH and glucose, 2, 2′-

azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) 

served as reference signal for providing built-in correction to 

avoid brain environmental effect. In addition, a stable platform 

consisting of single-walled carbon nanotube (SWNT) assem-

bled on carbon fiber microelectrode (CFME) greatly improved 

the direct electron transfer of GOD for quantification of pH and 
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glucose.28-30 Accordingly, a single ratiometric biosensor was de-

veloped for simultaneous determination of pH and glucose with 

high selectivity, accuracy, and sensitivity. On one hand, the ra-

tio between the oxidation peak current density of glucose and 

that of ABTS gradually increased with increasing concentration 

of glucose, and showed a good linearity in the range of 0.3-8.2 

mM. On the other hand, the mid-potential difference between 

glucose oxidase and t ABTS positively shifted with pH decreas-

ing, leading to accurate determination of pH in the linear range 

of 5.67-7.65, which fulfills the requirements for in vivo detec-

tion in the biological system. Finally, combined with unique 

properties of CFME including easy to insert and good biocom-

patibility in the live brain,18,31,32 the developed single biosensor 

was successfully applied in directly evaluating the levels of pH 

and glucose in a live rat brain of diabetic model.  

 
 

Scheme 1. The developed ratiometric electrochemical biosen-

sor for simultaneous detection and real-time quantification of 

pH and glucose sensor in a rat brain. 

 

EXPERIMENTAL SECTION 

Reagent and Chemicals. Glucose oxidase (GOD, EC 1.1.3.4, 

type X-S, 100-250 units/mg, from Aspergillus niger), β-ᴅ(+)-

glucose, 2, 2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) 

(ABTS), Phosphate Buffered Saline (PBS, 10 mM), glutaralde-

hyde (GA, 50%), uric acid (UA), ascorbic acid (AA), dopamine 

(DA), DOPAC, 30% hydrogen peroxide (H2O2) NaNO2, and 

NaClO were purchased from Sigma-Aldrich. ʟ-arginine (Arg), 

ʟ-cysteine (Cys), ʟ-lysine (Lys), ʟ-histidine (His), ʟ-glutamine 

(Glu), ʟ-isoleucine (Iso), ʟ-leucine (Leu), glycine (Gly), ʟ-thre-

onine (Thr), ʟ-valine (Val), ʟ-methionine (Met), ʟ-serine (Ser), 

ʟ-phenylalanine (Phe), 5-hydroxyindole-3-acetic acid (5-

HIAA), 3-methoxytyramine hydrochloride (3-MT), adenosine 

5’-triphosphate disodium salt hydrate (ATP), homovanillic acid 

(HVA), ʟ-tyrosine, ᴅʟ-lactic acid and tyramine were purchased 

from Sigma Aldrich. Metal chloride salts including NaCl, KCl, 

CaCl2, AlCl3, ZnCl2, PbCl2, MgCl2·6H2O, CuCl2·2H2O, 

BaCl2·2H2O, FeCl3·6H2O, FeCl2·4H2O, CoCl2·6H2O, 

CdCl2·2.5H2O, NiCl2·6H2O, and CrCl3·6H2O were purchased 

from Aladdin Chemistry Co. Ltd. (Shanghai, China). Single-

walled carbon nanotube (SWNT) were purchased from Na-

noport Co. Ltd. (Shenzhen, China). Prior to use, SWNT were 

purified by refluxing the as-received SWNT in 2.6 M nitric acid 

for 5 h followed by centrifugation, resuspension, filtration, and 

air-drying to evaporate the solvent. Artificial cerebrospinal 

fluid (aCSF) was prepared by mixing NaCl (126 mM), KCl (2.4 

mM), KH2PO4 (0.5 mM), MgCl2 (0.85 mM), NaHCO3 (27.5 

mM), Na2SO4 (0.5 mM), and CaCl2 (1.1 mM) into MilliQ water. 

The solution pH was adjusted to 7.4 using HCl and NaOH so-

lution under regulation of pH meter. All chemicals were of an-

alytical grade and commercially available. All aqueous solu-

tions were prepared with Milli-Q water (18.2 M Ω cm, Milli-

pore). 

In the selectivity test, superoxide anion (O2˙
-) was generated 

by dissolving 10 µM KO2 in the DMSO solution. Hydroxyl rad-

ical (˙OH) was produced by the Fenton reaction (H2O2: Fe2+ = 

6:1). Singlet oxygen (1O2) was generated by H2O2 (10 µM) re-

acted with NaClO (10 µM). Alkyl peroxyl radical (ROO˙) was 

chemically generated by thermolysis of 10 µM AAPH in air-

saturated solution at 310 K. Hypochlorite anion (ClO-) was sup-

plied by NaClO (10 µM). Peroxynitrite (ONOO-) was produced 

by mixing 10 µM NaNO2 and 10 µM H2O2. 

Preparation and Modification of Electrodes. Carbon fiber 

microelectrode (CFME) was prepared as below. Briefly, a glass 

capillary (i.d. 1.2 mm, length 100 mm) was pulled into two con-

ical capillaries with 10-30 μm orifice diameter. A single carbon 

fiber (8 μm in diameter, Tokai, Japan) was adhered to a bare 

copper wire by silver conducting adhesive and vacuum dried. 

Then, the carbon fiber was carefully inserted into the capillary. 

Both ends of the capillary were sealed with 1:1 (v:v) of eth-

ylenediamine and epoxy resin, and the excessed epoxy on the 

exposed fiber was removed with acetone. After that, CFME was 

dried at 120ºC for 2 hours and the exposed carbon fiber was cut 

to ~500 μm in length under a microscopy. Prior to modification, 

CFME was sonicated in acetone, 3.0 M HNO3, 1.0 M KOH, and 

ultrapure water sequentially to remove the impurities on the sur-

face of electrode. Then, CFME was electrochemical activated 

in 0.5 M H2SO4 as follows, first with amperometry method at 

+2.0 V for 30 s, -1.0 V for 10 s, and then with cyclic voltamme-

try within a potential range from 0 V to 1.0 V at a scan rate of 

0.1 V s-1 until the cyclic voltammogram was stable. 

For functional modification, CFME was first modified with 

SWNT according to a reported method33,34. In order to enhance 

the dispersibility of carbon nanotubes, the single-walled carbon 

nanotube (SWNT) were oxidized and shortened with 2.6 M ni-

tric acid for 5 h. The acidification treated SWNT can disperse 

in aqueous solution uniformly. In briefly, one drop of a homo-

geneous dispersion of SWNT (1 mg mL-1) was dripped onto a 

smooth glassy plate, and then electrodes were carefully im-

mersed and rolled in the droplet for about 1 min under a micro-

scope. Close attention should be paid not to break carbon fibers 

during this process. The SWNT-modified electrode was air 

dried, and then thoroughly rinsed with ultrapure water to re-

move any loosely adsorbed SWNT on the surface before  
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further modification. The SWNT-modified CFME was denoted 

as SWNT/CFME. Then, the SWNT/CFME was immersed into 

5 mM ABTS aqueous solution for about 10 min and rinsed with 

ultrapure water and dried by nitrogen. The obtained electrode 

was defined as ABTS/SWNT/CFME. Finally, 

ABTS/SWNT/CFME was immersed into 10 mM PBS contain-

ing 5 mM GOD and 1% GA and BSA for 4 h, rinsed with ul-

trapure water and dried by nitrogen, and the electrode was de-

fined as GOD/ABTS/SWNT/CFME.  

Apparatus and Measurements. X-ray photoelectron spec-

troscopy (XPS) investigation was conducted with PHI-5000C 

ESCA system (Perkin Elmer) with Mg Kа radiation. SEM im-

ages were taken using Hitachi S-4800 scanning electron micro-

scope (Hitachi, Tokyo, Japan). Fourier transform infrared spec-

troscopy (FTIR, Nicolet iS10, Thermo Electron, America) was 

used to characterize modification of ABTS and GOD. Electro-

chemical measurements were carried out using Electrochemical 

station CHI660A (CH Instruments Shanghai, China) with a 

three-electrode system, in which CFME was employed as a 

working electrode, Pt wire as a counter electrode and Ag/AgCl 

electrode as a reference electrode. All measurements were per-

formed at ambient temperature. 

In Vivo Detection. All animal experiments were conducted 

with approval of the Animal Ethics Committee in East China 

Normal University, China. Streptozocin (STZ) induced dia-

betic rats (200 - 300 g adult male Wistar rat) were purchased 

from Shanghai SLAC Laboratory Animal Co. Ltd. Rats’ surger-

ies were performed as follows. The rats were anesthetized uti-

lizing chloral hydrate (predose of 330 mg/kg). The rats were 

placed on a heating pad to hold the body temperature and fixed 

in a stereotaxic frame (Beijing Tide-Gene Biotechnology De-

velopment Center). The GOD/ABTS/SWNT /CFME electrode 

was implanted in the left striatum (AP = 2.0 mm, L = 2.5 mm 

anterior to bregma, and V = 6.0 mm below dura), the cortex (AP 

= 0.2 mm, L = 5.6 mm from bregma, V = 2.0 mm below dura), 

the dorsal hippocampus (AP = 5.0 mm, L = 5.0 mm from 

bregma, V = 1.5 mm below dura), according to standard stere-

otaxic procedures. Reference and counter electrodes were intro-

duced through a 2 mm plastical cannula positioned into the dura 

of the brain. In the process of operation, extra chloral hydrate 

(100 mg/kg) were injected as required and the body temperature 

of the animals was maintained at 37°C. 

RESULTS AND DISCUSSION 

Figure 1A shows typical SEM image of CFME modified with 

SWNTs (SWNT/CFME). It is clear that SWNTs were assem-

bled on CFME surface with diameter of 20 nm. Then, the inner 

reference element – ABTS and responsive element – GOD were 

immobilized onto SWNT/CFME electrode, as illustrated in 

Scheme 1. The modification processes were traced by XPS 

(Figure 1B and 1C) and FTIR spectra (Figure 1D). The obser-

vation of S2p (162.5 eV, 167.5 eV) and N1s (398.3 eV, 400.5 eV, 

402.5 eV) in Figure 1B and 1C (cure b) demonstrates the suc-

cessful modification of ABTS on SWNT/CFME surface. S2p 

peaks located at 162.5 eV and 167.5 eV were ascribed to sulfide 

groups (C-S-C) and the oxidized sulfur groups (C-SO3
-), respec-

tively. N1s peaks observed at 398.3 eV, 400.5 eV, and 4 02.5 eV 

were attributed to C=NH, C-NH2, and protonated N (NH4
+).35,36 

This observation was further evident  

 

 

Figure 1. (A) SEM images of SWNT/CFME and the enlarged 

SWNT on CFME (Inset). (B and C) XPS spectra for (B) N 1s, 

(C) S 2p, at (a) SWNT/CFME and (b) ABTS/SWNT/CFME 

surfaces. (D) FTIR spectra of (a) SWNT/CFME, (b) 

ABTS/SWNT/CFME, and (c) GOD+ABTS/SWNT/CFME sur-

faces. 

by FTIR spectrum shown in Figure 1D, in which the peak lo-

cated at 1614 cm-1 corresponds to C=N stretching vibration and 

the peaks between 1250 cm-1 and1000 cm-1 represent S=O and 

S-O stretching in the -SO3 group of ABTS.37 All the results con-

firm ABTS was stably assembled onto SWNT/CFME surface. 

Finally, GOD molecules were immobilized onto 

ABTS/SWNT/CFME electrode. The modification was proved 

by FTIR (curve c in Figure 1D). The peak located at 1633 cm-1 

corresponds to C=O stretching vibration of amide. The band ob-

served at 1544 cm-1 was ascribed to N-H bending with a contri-

bution from C-N stretching vibrations of amide. The peak ob-

tained at around 3276 cm-1 was assigned to N-H stretching vi-

brations of amide. The peak located at 1420 cm-1 was attributed 

to N5H in-plane bending vibration in FAD group. All these data 

indicate the successful modification of GOD on SWNT sur-

face.38-40 Moreover, the bioactivity of GOD molecules was 

maintained on ABTS/SWNT/CFME electrode.41 

Cyclic voltammogram (CV) was then carried out to track 

each modification step. As demonstrated in Figure 2, only one 

pair of redox peak with mid-point potential (E1/2) of 556 mV vs. 

Ag/AgCl was observed for ABTS/SWNT/CFME electrode in 

aCSF (pH 7.4), while no obvious redox peaks were obtained at 

CFME and SWNT/CFME electrodes. The data suggest that the 

observed peak at 556 mV (E1/2) was attributed to redox peak of 

ABTS adsorbed on SWNT/CFME electrode. Furthermore, a 

pair of stable and well-defined reversible redox peak with E1/2 

of -436 mV vs. Ag/AgCl was obtained at 

GOD+ABTS/SWNT/CFME electrode (curve d), which was 

originated from direct electron transfer reaction of GOD (the 

conversion of FAD/FADH2 center). This direct electron transfer 

could not be observed at GOD-modified electrode without 

SWNTs. The peak separation (∆Ep) of GOD was estimated to 

33 mV at scan rate of 100 mV s-1 and the ratio between anodic 

current and cathodic one was found to be much greater than 

1.0. The observation indicates that GOD on the 
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ABTS/SWNT/CFME displayed a quasi-reversible electro-

chemical reaction despite its large molecular structure.42 Both 

anodic and cathodic peak currents of GOD increased linearly 

with scan rates ranging from 10-400 mV s-1 (Figure S1). The 

result demonstrates that the redox reaction is a surface-confined 

redox process. The apparent electron-transfer rate constant (ks) 

was estimated to be (6.8 ± 1.6) s-1. This value was 

higher than those previously reported glassy carbon electrode 

modified with CNTs.43 

 

Figure 2. Cyclic voltammograms (CVs) obtained at (a) CFME, 

(b) SWNT/CFME, (c) ABTS/SWNT/CFME, and (d) 

GOD+ABTS/SWNT/CFME electrodes in aCSF solution (pH 

7.4) with a scan rate of 100 mV s-1. 

 

It is well known that direct electron transfer of GOD is a two-

electron along with two-proton reaction that undergoes a redox 

reaction as Equation (1): 

GOD (FAD) + 2H+ + 2e−     GOD (FADH2)            (1) 

Thus, the single redox peak of GOD can be employed for deter-

mination of both pH value (potential shift) and glucose concen-

tration (current change). As shown in Figure 3A, the mid-point 

potential E1/2 of GOD (E1/2(GOD)) positively shifted with de-

creasing pH values, while E1/2 (ABTS) located at 556 mV re-

mained constant, resulting in ratiometric determination of pH 

value. The potential separation ΔE1/2 (ΔE1/2 = E1/2(GOD)-
E1/2(ABTS) demonstrates a good linearity with varying pH from 

5.67 to 7.65 with a slope of 54 mV/pH, as shown in Figure 3B. 

The detection limit was achieved down to 0.07 pH (3S/N). The 

slope was approaching the theoretical value of 58.5 mV/pH, 

suggesting the electrochemical process of GOD is a two-elec-

tron and two-proton reaction process.44,45  

The electrochemical responses obtained at GOD+ABTS/ 

SWNT/CFME electrode in aCSF solution (pH 7.4) was shown 

in Figure 3C. Obviously, with continuous addition of glucose, 

the oxidation peak current intensity (Jp) of GOD at -420 mV 

gradually increased, accompanied with the reduction peak cur-

rent intensity decreased. As expected, the oxidation peak cur-

rent intensity (Jp
0) at 567 mV ascribed to ABTS stayed almost 

constant. The oxidation peak current density ratio (Jp/Jp
0) ob-

tained at -420 mV and 567 mV showed good linear relationship 

with the concentration of glucose in the range of 0.3-8.2 mM 

with the detection limit of 0.1 mM (Figure 3D). The possible 

mechanism could be expressed as the following equations 

(Equations 2 and 3): 

Glucose + GOD (FAD) + 2e- + 2H+  gluconolactone + GOD 

(FADH2)                                                                                 (2) 

GOD (FADH2) + O2           GOD (FAD) + H2O2                   (3) 

 

 
Figure 3. (A) CVs obtained at GOD+ABTS/SWNT/CFME 

electrode in aCSF solution with different pH values: (a-r) 7.65, 

7.54, 7.43, 7.31, 7.20, 7.09, 6.97, 6.86, 6.75, 6.63, 6.52, 6.41, 

6.31, 6.21, 6.10, 5.89, 5.78, and 5.67. (B) The calibration plot 

of ∆E1/2 against pH. Data were obtained from Figure 3A. (C) 

CVs obtained at GOD+ABTS/SWNT/CFME electrode in aCSF 

solution (pH 7.4) with different concentrations of glucose: (a-r) 

0.3, 0.8, 1.3, 1.8, 2.4, 2.9, 3.4, 3.9, 4.4, 4.9, 5.4, 5.9, 6.2, 6.7, 

7.1, 7.4, 7.8, and 8.2 mM. (D) The calibration plot of Jp/Jp
0 ver-

sus different concentrations of glucose. Data were obtained 

from Figure 3C. 

 
Figure 4. (A) Relational graph among Jp/Jp

0, the concentration 

of glucose, and pH; (B) Relational graph among ΔE1/2, the con-

centration of glucose, and pH. 

More importantly, the developed GOD+ABTS/SWNT/CFME 

biosensor can be applied to simultaneous detection of glucose 

and pH. Cubic spline interpolation was used to smooth the ex-

perimental measurements. The calculation was performed using 

an in-house written computer program based on the functions 

SPLINE and SPLINT.46 The relationship images were summa-

rized in Figure 4, which were employed to quantify the levels 

of glucose and pH in the live brains. 
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Table 1. pH values and glucose concentrations determined by the present method in different regions of normal rat brains and rat 

brains of diabetic model.

 

Figure 5. CVs obtained at GOD+ABTS/SWNT/CFME elec-

trode for simultaneous determination of pH and glucose in hip-

pocampus of (a) a normal rat brain and (b) a rat brain of diabetic 

model. 

 

As mentioned above, a sensitive and accurate strategy for sim-

ultaneous determination of pH and glucose was developed. 

However, the complexity of brain environment may still present 

great challenge in selectivity of the analytical method.47-51 The 

selectivity of the present GOD+ABTS/SWNT/CFME electrode 

was evaluated by determining the ΔE1/2 value and oxidation 

peak current density ratio (Jp/Jp
0) arising from interferences 

against those for pH and glucose. The potential interferences 

were checked, including metal ions (Na+, K+, Ca2+, Mg2+, Cu2+, 

Zn2+, Fe2+, Fe3+, Co2+, Ni2+, Cd2+, Mn2+), amino acids (Arg, Cys, 

Glu, Gly, His, Iso, Leu, Lys, Met, Phe, Ser, Thr, and Val), reac-

tive oxygen species (˙OH, 1O2, O2˙
-, ROO˙,  

ClO-, ONOO- (ROS)), and biological species (3-MT, HVA, 5-

HIAA, DOPAC, ATP, DL-lactic acid, tyramine, L-tyrosine, 

AA, UA and DA) that may coexist in brain system. Neither shift 

of ΔE1/2 nor change of peak current density ratio (Jp/Jp
0) was 

observed (< 3.5%) after metal ions, amino acids, and reactive 

oxygen species, and biological species were added (Figure S2 

A-D). For the competition test, influence of all these potential 

interferences on the electrochemical response to glucose was 

also investigated in detail. Relatively little changes (< 4.5%) 

were observed when all the above compounds were compared 

with that of glucose (Figure S2 E-H). These results demon-

strated that the present GOD+ABTS/SWNT/CFME electrode 

possessed high selectivity for pH and glucose detection over 

metal ions, amino acids, typical ROS, and other biological spe-

cies.  In order to ensure that the developed biosensor can stably 

work in rat brain, the stability was also tested in aCSF (pH 7.4) 

via continuous cyclic voltammetric scanning for 500 cycles. 

The electrode showed good stability for pH and glucose deter-

mination with a negligible peak current and potential shift (Fig-

ure S3). In addition, ∆E1/2 and Jp/Jp
0 also stayed almost constant 

for six different electrodes ( 3.6%), revealing good reproduci-

bility (Figure S4). The stability of the modified electrode in rat 

brain was also performed (Figure S5). No obvious changes were 

observed for Jp/Jp
0 (0.40%) and ∆E1/2 (0.21%) up to 2 h, demon-

strating the long-term stability of this sensor.  

The developed ratiometric biosensor with high sensitivity 

and selectivity based on both current and potential outputs, 

combined with the inherent characteristics of CFME, such as 

small size to minimize brain tissue damage and easy to implant, 

enabled us for in vivo determination of pH and glucose in a live 

rat brain. Figure 5 shows electrochemical responses obtained at 

GOD+ABTS/SWNT/CFME electrode in hippocampus of a 

normal rat brain (curve a) and a rat brain of diabetic model 

(curve b). Two pairs of peaks were obtained at 

GOD+ABTS/SWNT/CFME electrode in a live rat brain. It was 

found that ∆E1/2 positively shifted and oxidation peak current 

density ratio (Jp/Jp
0) increased in the rat brain of diabetic model, 

compared with those in the normal rat brain. Hence, the basal 

levels of pH and glucose in hippocampus of normal rat brain 

were estimated to be 7.2 ± 0.1 and 1.81 ± 0.16 mM, respectively 

(Figure 5a). Then, pH decreased to 7.0 ± 0.1 and the concentra-

tion of glucose increased to 5.60 ± 0.27 mM (Figure 5b) in hip-

pocampus of the rat brain of diabetic model. The determined 

levels demonstrate similar changes with previously reported 

data in the rat brain of diabetic mode.6,52,53 The levels of pH and 

glucose in other regions of rat brain, including striatum and cor-

tex were also investigated and summarized in Table 1.7,54-56 The 

basal levels of pH estimated to 7.3 ± 0.1 and 7.3 ± 0.1 in stria-

tum and cortex, respectively, decreased to 6.9 ± 0.1 and 7.1 ± 

0.1 in rat brains of diabetic model. On the other hand, the con-

centrations of glucose were found to be 2.22 ± 0.18 mM and 

1.44 ± 0.12 in striatum and cortex of normal rat brains, in-

creased to 4.53 ± 0.40 mM and 6.65 ± 0.31 mM in the rat brains 

of diabetic model, respectively.  

 

CONCLUSIONS 

In summary, a sensitive and selective single ratiometric biosen-

sor for simultaneous detection and real-time quantification of 

pH and glucose, has been developed by using both potential and 

current outputs strategy. GOD has been first used as a specific 

recognition element for both glucose and pH.  Moreover, an in-

sensitive molecule toward pH and glucose, ABTS, has been em-

ployed as an inner-reference element to avoid the environmen-

tal effects. The present biosensor exhibits high selectivity 

against amino acids, metal ions, neurotransmitters, ROS, and 

 
Normal rat brains Rat brains of diabetic model 

pH Rat 1 Rat 2 Rat 3 Mean ± SD Rat 1 Rat 2 Rat 3 Mean ± SD 

Striatum 7.3 7.2 7.3 7.3 ± 0.1 6.9 6.9 7.0 6.9 ± 0.1 

Hippocampus 7.1 7.2 7.2 7.2 ± 0.1 7.1 7.0 6.9 7.0 ± 0.1 

Cortex 7.3 7.2 7.3 7.3 ± 0.1 7.1 7.2 7.1 7.1 ± 0.1 

Glucose (mM) 
        

Striatum 2.10 2.17 2.39 2.22 ± 0.18 4.21 4.56 4.82 4.53 ± 0.24 

Hippocampus 1.78 1.78 1.87 1.81 ± 0.04 5.97 5.30 5.54 5.60 ± 0.27 

Cortex 1.35 1.52 1.45 1.44 ± 0.12 6.45 6.56 6.94 6.65 ± 0.21 
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other biological species. Beyond this, it also demonstrates high 

sensitivity and accuracy in the complicated brain environment. 

The remarkable analytical performance of the biosensor, com-

bined with the inherent characteristics of CFME, enables us for 

real-time determination the levels of pH and glucose in different 

region in a live rat brain of diabetic model. The detailed infor-

mation on the levels of pH and glucose in normal rat brain and 

rat brain of diabetic model may help us to understand the dam-

age of diabetics on brain function. The simplicity in operation 

and instrumentation of the biosensor should make it find broad 

applications in biochemical investigation. Moreover, the strat-

egy demonstrated here could be further developed for establish-

ing other kinds of oxidase-based biosensors with multiple out-

puts for in vivo applications. 
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