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ABSTRACT 24 

 25 

Glucose-6-phosphate (G6P) plays an important role in carbohydrate metabolism of all living 26 

organisms. Compared to the conventional analytical methods available for estimation of G6P, the 27 

biosensors having relative simplicity, specificity, low-cost and fast response time are a promising 28 

alternative. We have reported a G6P biosensor based on screen-printed electrode utilizing 29 

Prussian Blue (PB) nanoparticles and enzymes, glucose-6-phosphate dehydrogenase and 30 

glutathione reductase. The PB nanoparticles acted as a mediator and thereby enhanced the rate of 31 

electron transfer in a bi-enzymatic reaction. The Fourier transform infrared spectroscopy and 32 

energy-dispersive X-ray spectroscopy study confirmed the formation of PB, whereas, the atomic 33 

forced microscopy revealed that PB nanoparticles were about 25-30 nm in diameter. Various 34 

optimization studies, such as pH, enzyme and cofactor loading, etc. were conducted to obtain 35 

maximum amperometric responses for G6P measurement. The developed G6P biosensor showed 36 

a broad linear response in the range of 0.01-1.25 mM with a detection limit of 2.3  M and 37 

sensitivity of 63.3  A/mM at a signal-to-noise ratio of 3 within 15 s at an applied working 38 

potential of -100 mV. The proposed G6P biosensor also exhibited good stability, excellent anti-39 

interference ability and worked well for serum samples. 40 

 41 
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Introduction 47 

 48 

Glucose-6-phosphate (G6P)1 plays a major role in the carbohydrate metabolism of all 49 

living organisms. G6P participates in numerous catabolic pathways to yield adenosine 50 

triphosphate or nicotinamide adenine dinucleotide phosphate (NADPH). Monitoring of G6P 51 

concentration in blood or human tissue is particularly important since it can directly reflect the 52 

relative activity of several enzymes associated with numerous catabolic pathways, such as 53 

glucose-6-phosphate dehydrogenase (G6PDH), phosphoglucomutase, hexokinase, 54 

phosphoglucose isomerase, etc. G6P level in blood reflects onset of many diseases associated 55 

with G6PDH deficiency such as hemolytic anemia, neonatal jaundice, etc. It is also related to the 56 

regulations of few other enzymes, such as glycogen synthase, protein kinase, etc. [1-6]. The 57 

expected concentration of G6P in human serum generally varies in the range of 50 – 70  M [1]. 58 

Therefore, highly sensitive and rapid methods are required for monitoring G6P level in human 59 

blood. The conventional analytical methods available for measurement of G6P concentration in 60 

blood mainly consist of radioactive, chromatographic and spectroscopic methods [1, 7, 8].  61 

 62 

--------------------------------------------------------------------------------------------------------------------- 63 

1 Abbreviations used: G6P, glucose-6-phosphate; NADPH, reduced nicotinamide adenine dinucleotide 64 

phosphate; G6PDH, glucose-6-phosphate dehydrogenase; SPE, screen-printed electrode; 65 

NADP+  oxidized nicotinamide adenine dinucleotide phosphate; GR, glutathione reductase; PB, Prussian 66 

Blue; H2O2, hydrogen peroxide; AFM, atomic forced microscopy; FTIR, Fourier transform infrared 67 

spectroscopy, EDX, energy-dispersive X-ray spectroscopy, UV–vis, ultaviolet-visible; WE, working 68 

electrode; w/v, weight by volume; v/v, volume by volume; % RSD, relative standard deviation. 69 
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However, these conventional methods are time consuming, require costly reagents, sample 70 

preparation and highly trained professionals.  On the other hand biosensors exhibit high 71 

sensitivity, accuracy, rapid detection time and because of their low cost, could be employed as an 72 

alternative method for estimation of G6P [9]. 73 

 74 

Recently, several groups have reported development of electrochemical sensors for 75 

monitoring G6P concentration. Cui et al. have reported the development of an amperometric 76 

G6P biosensor by coimmobilization of p-hydroxybenzoate hydroxylase and G6PDH on a screen-77 

printed electrode (SPE). [9]. Cui et al. have developed another bienzyme-based Clark-type 78 

electrode for determination of G6P using G6PDH and salicylate hydroxylase. The enzymes were 79 

entrapped on a Teflon membrane [10]. Tzang et al. have developed a voltammetric biosensor for 80 

estimation of G6P based on electrocatalytic oxidation of  -nicotinamide adenine dinucleotide 81 

phosphate (NADP+), using electropolymerized 3, 4-dihydroxybenzaldehyde modified glassy 82 

carbon electrode [11]. Aoki et al. have reported an amperometric biosensor for G6P using 83 

G6PDH from B. stearothermophilus immobilised on a porous platinum black electrode and the 84 

sensor was thermostable up to 60oC [12]. Suye et al. have presented an amperometric biosensor 85 

using two enzymes, glutathione reductase (GR) and G6PDH on a chemically modified carbon 86 

electrode with oxidized nicotinamide adenine dinucleotide phosphate (NADP+) and polymerized 87 

mediator polyethyleneimine ferrocene [13]. Bassi et al. have proposed an amperometric carbon 88 

paste biosensor for G6P monitoring, which is based on entrapped Mg2+ ions, G6PDH, NADP+ 89 

polyethylenimine and an electroactive mediator, tetracyanoquinodimethane. [14] 90 

 91 
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The applications of different nanoparticles have also played an important role in 92 

development of various electrochemical sensors. Nanoparticles have unique physical and 93 

chemical properties such as large surface-to-volume ratio, increased surface activity and catalytic 94 

efficiency that provide a platform for fabrication of novel electrochemical sensors [15, 16]. 95 

Prussian Blue (PB) nanoparticle is one such example that has been widely used in development 96 

of various biosensors [17]. PB is a typical metal hexacyanoferrate [18] with well-known 97 

electrochromic [19], electrochemical [20], photophysical [21], and magnetic properties [22]. PB 98 

is widely used in the field of electroanalytical chemistry and it is commonly known as “artificial 99 

enzyme peroxidase” as PB can catalyze electrochemical reduction of hydrogen peroxide (H2O2) 100 

at lower potential [23]. It has also been known as an effective mediator for carbon-based 101 

amperometric biosensors and possesses characteristics of an ideal mediator such as, low redox 102 

potential, enhance electron transfer rate and good stability [24]. PB modified working electrodes 103 

have been used for development of several biosensors such as glucose, ascorbic acid, 104 

catecholamine, cysteine, glutamate, lactate, cholesterol, galactose, acytelcholine, amino acid, 105 

alcohol, etc. [17]. Compared to bulk PB, PB nanoparticles play a major role in development of 106 

several more recent biosensors [17] because of their increased electrocatalytic effect arising from 107 

a large surface-to-volume ratio, high surface activity and fast electron transfer [25, 26].  108 

 109 

The aim of this work was to develop an amperometric sensor for G6P measurement 110 

which possesses properties such as low cost, good stability, easy modification technique, rapid 111 

response time, low detection limit and excellent anti-interference ability against major blood 112 

components. Also, in this study, nanoparticles were used for the first time for biosensing of G6P 113 

concentration. The amperometric sensor for G6P measurement was fabricated by immobilizing 114 
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PB nanoparticles and two other enzymes, G6PDH and GR on the surface of SPE. Therefore, the 115 

G6P biosensor comprises of a bi-enzymatic reaction where electron transfer rate is usually slow. 116 

Hence, PB nanoparticle was used in this study to enhance the electrochemical response of the bi-117 

enzymatic reaction by accelerating the electron transfer between the electrodes and the enzymes 118 

[27]. In this study, PB nanoparticles were synthesized by co-precipitation method and 119 

characterized by atomic forced microscopy (AFM), Fourier transform infrared spectroscopy 120 

(FTIR), energy-dispersive X-ray spectroscopy (EDX) and ultraviolet-visible (UV–vis) spectra. 121 

The major achievements in this study were high selectivity, low detection limit, good stability 122 

and fast amperometric responses to G6P. The modification of the sensor was simple, didn’t 123 

require any sample preparation and the measurement could be done at ambient room 124 

temperature.  125 

 126 

Materials and methods 127 

 128 

Chemicals and Reagents 129 

 130 

Rabbit serum was purchased from Himedia. Potassium ferricyanide (K3Fe(CN)6), G6P, 131 

GR (EC 1.8.1.7, from wheat grem), G6PDH (EC 1.1.1.49, from Leuconostoc mesenteroides) and 132 

NADP+ were purchased from Sigma whereas H2O2,  iron(III) chloride (FeCl3), gelatin, 133 

gluteraldehyde and concentrated hydrochloric acid (HCl) were purchased from E-merck (India). 134 

For study of pH effect, 100 mM Tris-HCl buffer of pH 4-9 was used whereas for all other 135 

experiments, 100 mM Tris-HCl buffer of pH 7 (121.1 g of Tris base in 500 ml water and pH was 136 

adjusted by 100 mM HCl and then volume was adjusted to 1000 ml) was used. In all experiments, 137 
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18.2 MOhm Milli-Q (Millipore India Ltd.) water was used for preparing buffer and other 138 

reagents and kept in pre cleaned glass bottles.  139 

 140 

Instrumentation 141 

 142 

EDX studies were performed using Quanta 200 (FEI, USA). AFM studies were done 143 

using RTESPA silicon tip (VEECO, USA). A Cecil spectrophotometer (CE7200 CECIL) was 144 

used to record UV–vis spectra of PB nanoparticles in a wavelength range of 400–900 nm. FTIR 145 

spectra were recorded using IR 782 spectrometer (Perkin Elmer, USA). 146 

                        147 

All cyclic voltammetric measurements and amperometric experiments were carried out 148 

using AUTOLAB electrochemical analyzer (PGSTAT 12 Ecochemie B.V., Netherlands). The 149 

terminals of the working (WE), reference and counter electrodes of the AUTOLAB 150 

electrochemical analyzer were connected to the respective terminals of the disposable SPE 151 

system via standard connectors and all data processing and experimental controls were driven 152 

through the GPES 4.9 software installed on a computer interfaced with the electrochemical 153 

analyzer.  154 

 155 

Disposable SPE system had a carbon WE, carbon CE and silver/silver chloride RE. SPEs 156 

were printed onto a 250  m thick polyester sheet (Cadillac Plastic Ltd., Swindon, UK) using a 157 

DEK 248 screen-printing machine (DEK Printing Machines Ltd., Waymouth, U.K.) The detailed 158 

description of SPE system is given elsewhere [28]. A single disposable SPE system is for one-159 

time use only. 160 
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 161 

Methodology 162 

 163 

The proposed G6P biosensing system involves a bi-enzymatic reaction and therefore, 164 

modification of WE includes utilization of two enzymes, G6PDH and GR. Initially, in presence 165 

of G6P, enzyme G6PDH catalyzes the specific dehydrogenation of G6P consuming cofactor 166 

NADP+ and produces 6-phosphogluconate and NADPH [13]. Again, in presence of GR, PB 167 

nanoparticles undergo redox reaction at WE surface and oxidize the product NADPH to NADP+. 168 

The electron transfer rate is usually slow in a bi-enzymatic reaction mechanism. Therefore, to 169 

enhance the electron transfer rate between enzyme and electrodes, PB nanoparticle was used as a 170 

mediator. The PB nanoparticle also helps in regeneration of NADP+ and lowers the redox 171 

potential, thereby increases the selectivity of the biosensor. This whole redox reaction involves 172 

electron transfer at the WE surface and thus, the response can be observed by amperometric 173 

measurements. The schematic diagram of the detection principle is shown in Figure 1. 174 

 175 

Fig. 1. here 176 

 177 

Preparation of PB nanoparticles 178 

 179 

PB nanoparticles were synthesized by a co-precipitation method. The 0.01 M K3Fe(CN)6  180 

solution was prepared in 0.01 M HCl solution and to it 0.01 M FeCl3 solution was dispensed drop 181 

wise with continuous sonication in presence of excess of H2O2 [29]. A navy-blue precipitate was 182 

formed. The solution was stirred overnight and the resulting dark-blue colloidal solution was 183 
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centrifuged for 10 min at 10,000 rpm and the nanoparticles were washed with water several 184 

times and resuspended in water.   185 

 186 

Modification of working electrode 187 

 188 

PB nanoparticles and enzyme modified SPEs were prepared for estimation of G6P 189 

concentration by using layer-by-layer immobilization technique. Initially, 10  l of PB (50 mg/ml) 190 

was dispensed on the WE and was allowed to dry at room temperature. Then, 20  l of freshly 191 

prepared 0.25 mM NADP+ and GR (0.6 U) in 100 mM Tris-HCl buffer (pH 8.0) was 192 

immobilized with 10  l of 20% (w/v) gelatin and 2.5  l of 12.5% (v/v) glutaraldehyde and was 193 

allowed to dry at 4oC. After solidification of gelatin, G6PDH (1.8 U) in 100 mM Tris-HCl buffer 194 

(pH 7.0) was again immobilized on the top using gelatin and glutaraldehyde as described above 195 

and was again dried. The immobilization procedure was carried out in an ice bath and this whole 196 

process took less than 10 min. The modified electrodes were kept at 4oC until further use [30]. 197 

This layer-by-layer immobilization was done to eliminate the effects of interfering agents.  198 

 199 

Optimization study 200 

 201 

Various optimization studies such as, working potential, pH, cofactor (NADP+) and 202 

enzyme (GR and G6PDH) loadings were performed to obtain maximum amperometric response 203 

during measurement of G6P. Interference study was also performed with different major blood 204 

constituents such as glucose (5 mM), uric acid (0.1 mM), urea (0.5 mM) and L-cysteine (0.5 205 

mM), to determine the selectivity of the PB nanoparticles-modified SPE. 206 
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 207 

Electrochemical measurement of G6P  208 

 209 

The modified SPE was connected to the respective terminals of the AUTOLAB 210 

electrochemical analyzer for measuring amperometric response. In all such experiments, 200  l 211 

of 100 mM Tris-HCl buffer (pH 7.0) was initially dispensed on the modified SPE covering the 212 

three electrodes to connect the electrochemical cell. Amperometry was then performed at 213 

constant working potential (determined from cyclic voltammetric experiments). After 214 

equilibration, 50  l of G6P solution of different concentration was added and responses were 215 

noted after 15 s of addition of analyte. The readings were corrected by deducting the response at 216 

equilibration and calibration curves were constructed.  217 

 218 

To demonstrate the usefulness of the proposed G6P sensor, rabbit blood serum samples 219 

were spiked with known concentration of G6P (10, 50, 70, 100, 500  M) and were used as 220 

analytes for the amperometric measurements using freshly prepared PB nanoparticle and 221 

enzyme-modified G6P sensor. The results were compared using the calibration curve. The 222 

storage stability of the G6P biosensor at 4oC was checked periodically by comparing the 223 

variation in response of the biosensor against 0.5 mM of G6P concentration for 45 days. The 224 

biosensor was not suitable to store at ambient temperature due to loss of activity of the enzymes. 225 

It might be noted that a freshly prepared electrode would always be preferred and the whole 226 

modification process would take only a few minutes with previously prepared PB nanoparticles.   227 
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Results and discussion  228 

 229 

Characterization of PB nanoparticles 230 

 231 

The AFM study of PB nanoparticles is shown in Figure 2a. This showed that spherical 232 

PB nanoparticles were well dispersed in water. The size of PB nanoparticles was homogenous 233 

and the average diameter was about 25-30 nm. It was observed from the EDX result of PB 234 

nanoparticles (shown in Figure 2b) that potassium (K) and iron (Fe) were the major elements. 235 

The existence of Fe indicated the actual formation of PB. The formation of PB was also 236 

confirmed by the FTIR spectrum. Figure 2c depicts the IR spectra of the PB nanoparticles. The 237 

peak at 2080 cm−1 could be attributed to the CN stretching in the Fe2+–CN–Fe3+ of PB, which 238 

was in well accordance with the literature [31]. The UV–vis absorption of PB nanoparticles 239 

suspended in aqueous solution is shown in Figure 2d. The PB nanoparticles showed a broad band 240 

 max at 710 nm due to inter metal charge-transfer band from Fe2+ to Fe3+ in PB nanoparticles, 241 

which was in accordance with the previously reported literature [32]. 242 

 243 

Fig. 2. here 244 

 245 
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Optimization study for amperometric measurent of G6P 246 

 247 

Working potential 248 

 249 

The working potential for amperometric measurement of the proposed G6P biosensor 250 

was determined by performing various cyclic voltammetric studies (scan rate: 50 mV/s). The 251 

results of cyclic voltammetric studies are shown in Figure 3.  252 

 253 

Fig. 3. here 254 

 255 

The cyclic voltammogram of unmodified SPE (blank) did not give any reduction or 256 

oxidation peak in the presence of G6P (not shown in figure). It was also observed that the cyclic 257 

voltammogram of the enzyme and cofactor modified SPE (without PB nanoparticles) did not 258 

give any remarkable redox peak in presence of G6P. This is due to the fact that the electron 259 

transfer rate is very slow in bi-enzymatic reaction system. However, PB nanoparticle and 260 

enzyme modified SPE showed well-defined anodic peak even in absence of G6P in the system, 261 

as PB nanoparticles underwent redox reaction. The anodic peak (at -100 mV) of PB 262 

nanoparticles increased remarkably when 50  M of G6P was added on the PB nanoparticle and 263 

enzyme modified SPE system and the anodic peak at -100 mV increased by three folds (obtained 264 

by comparing the anodic peak currents of PB nanoparticle modified SPE in absence and presence 265 

of 50  M of G6P) and produced further enhanced peak with 100  M of G6P.  The cyclic 266 

voltammetric study implied that the PB nanoparticles acted as a mediator in the slow bi-267 

enzymatic reaction system and the tendency of PB nanoparticles undergoing redox reaction 268 
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helped increase the electron transfer between enzymes and electrode. The optimum value of the 269 

working potential was chosen to be -100 mV from cyclic voltammetric studies. Thus, the role of 270 

PB nanoparticles was to enhance the electrochemical response of a bi-enzymatic reaction, 271 

thereby increasing the sensitivity of the G6P sensor.  272 

 273 

Enzyme and cofactor loading 274 

 275 

For improvement of the biosensor performance, both the enzymes and cofactor NADP+ 276 

should be sufficient so as to obtain a broad linear response range. For optimum activity of a 277 

biosensor, various loadings of enzymes (G6PDH and GR) and cofactor (NADP+) were 278 

determined. For optimization of enzyme loading, the biosensor response for 1.25 mM of G6P 279 

with various loadings of the two enzymes, G6PDH and GR was investigated and summarized in 280 

Table 1. Firstly, the amount of G6PDH were varied with amount of GR constant (1.8 U) and then 281 

amount of GR was varied and with G6PDH amount was kept constant (1.8 U). The amount of 282 

G6PDH was varied from 0.3 U to 1.8 U, whereas the loading of GR was varied from 0.15 U to 283 

1.8 U. The amperometric response increased with increasing amount of the enzymes (G6PDH 284 

and GR) and maximum amperometric response was obtained with a loading of 1.8 U of G6PDH 285 

and 0.6 U of GR. This combination of enzyme was used in modification of SPE for all further 286 

experiments. 287 

 288 

Table 1 here 289 

 290 

To optimize the amount of cofactor NADP+, the biosensor response to 1.25 mM of G6P 291 

with various NADP+ loadings were monitored. The response increased with increasing NADP+ 292 
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and became saturated at 0.25 mM NADP+ (shown in Figure 4). Thus, 0.25 mM NADP+ was used 293 

as standard cofactor in modification of SPE for further experiments. 294 

 295 

Fig. 4. here 296 

 297 

Working pH 298 

 299 

The pH of the buffer is essential to determine the sensitivity of the biosensors since the 300 

activity of enzymes (such as G6PDH and GR) and the stability of PB nanoparticles are 301 

dependent on the pH of the system [27]. To determine the effect of change in pH, 1.0 mM of 302 

G6P was used. The optimum activity of the sensor was achieved in the pH range of 6.5 to 7.5 303 

(Figure 5). Both acidic and strong alkaline environment would decrease the activity of the 304 

enzyme and stability of PB nanoparticles respectively, leading to decrease in electrochemical 305 

response. Thus, 100 mM Tris-HCl buffer (pH 7.0) was chosen for the determination of G6P by 306 

using PB nanoparticle-modified SPE. All the electrochemical measurements were performed at 307 

ambient room temperature. 308 

 309 

Fig. 5. here 310 

 311 
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Amperometric measurement of G6P 312 

 313 

Once the optimal conditions such as working potential, pH, cofactor and enzyme loading 314 

were determined, the amperometric measurements were carried out for different concentrations 315 

of G6P. The responses using PB nanoparticle-modified SPEs for different concentrations of G6P 316 

in the range of 0.01 – 1.25 m  are shown in Figure 6.   317 

 318 

Fig. 6. here 319 

 320 

The amperometric response increased with increase in G6P concentration and linear 321 

response of the sensor was obtained in a concentration range 0.01 to 1.25 mM of G6P (slope: 322 

63.3  A/mM, R2 = 0.997). The limit of detection (three times the standard deviation of the 323 

response of blank/slope) [33, 34] of G6P was determined as 2.3  M (at signal-to-noise ratio [S/N] 324 

= 3), which is much lower than the concentration of G6P available in human blood serum (50 – 325 

70  M). 326 

 327 

Reproducibility  328 

 329 

The reproducibility of the proposed G6P electrochemical sensor was determined by 330 

measuring the amperometric responses of three independent sets of modified electrodes for 331 

different concentrations of G6P. This was evaluated in terms of relative standard deviation (% 332 

RSD) and was found to be 4.8% for three independent sets of experiments. 333 

 334 
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Interference study 335 

 336 

The interference study was performed to assess the selectivity of the proposed sensor. 337 

The G6P sensor exhibited excellent anti-interferences ability with various major blood 338 

components such as glucose (5 mM), uric acid (0.1 mM), urea (0.5 mM) and L-cysteine (0.5 339 

mM). Figure 7 depicts the effect of these compounds on amperometric response. The response of 340 

G6P was remarkably high compared to the negligible current responses of other blood 341 

components.  342 

 343 

Fig. 7. here 344 

 345 

The interference due to above mentioned components could be effectively eliminated by 346 

selection of a lower applied potential of –100 mV. The layer-by-layer immobilization of 347 

enzymes, cofactor and mediator was done to ensure that the interfering agents were not able to 348 

come in direct contact with the PB nanoparticles. Also, from reported literature, it was observed 349 

that these interfering components could be electrocatalytically oxidized or reduced by Prussian 350 

Blue only in presence of specific enzymes or modifications. For example, glucose and uric acid 351 

get oxidized in presence of glucose oxidase and uricase respectively, whereas, Prussian Blue was 352 

used to determine the product hydrogen peroxide as it is known as “artificial enzyme peroxidase” 353 

[35, 36]. For detection of L-cysteine, the PB modified electrode either requires over potential of 354 
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0.9 V, otherwise needs to be modified with nano structured gold and palladium [37]  or F-355 

doped tin oxide thin film [38] etc. Therefore, the proposed G6P biosensor was highly selective. 356 

 357 

Analysis of G6P in blood serum 358 

 359 

The application of the proposed G6P biosensor in real sample analysis was investigated 360 

by measurement of G6P concentration in rabbit blood serum. For this study, rabbit blood serum 361 

samples were spiked with known concentration of G6P (10, 50, 70, 100, 500  M) and 362 

amperometric measurements were done using G6P biosensor. Table 2 shows the results of G6P 363 

content in blood serum obtained using PB nanoparticle-modified G6P sensor, which is in well 364 

agreement with the added amount of G6P in serum samples. The recovery value of the spiked 365 

serum sample ranged from 94 – 105.2%. This study indicates that the proposed G6P sensor is 366 

almost free from interferences present in blood serum and can be effectively used for analysis of 367 

G6P content in blood serum. 368 

 369 

Table 2 here 370 

 371 

Storage stability 372 

 373 
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The modified electrodes were stored in 100 mM Tris-HCl buffer (pH – 7.0) at 4oC. The 374 

stability was investigated by comparing the change of its amperometric response to 0.5 mM of 375 

G6P. It could be seen from Figure 8 that the response dropped to 95% on 25th day. The 376 

reduction in stability of sensor is possibly due to gradual reduction in activities of the enzymes 377 

G6PDH and GR with time.  378 

 379 

Fig. 8. here 380 

 381 

Comparison of results  382 

 383 

The performance of the new sensory system was compared with other G6P sensing 384 

systems reported in literature in light of technology, limit of detection, detection range and 385 

stability (Table 3). It was observed that most of the reported G6P amperometric sensors suffer 386 

few major inherited drawbacks i.e. small detection ranges, less stability and time consuming 387 

modification procedures whereas in the proposed sensor modification procedure took less than 388 

10 min. The G6P sensor also showed a broad detection range and lower detection limit compared 389 

to several reported G6P sensors. Also, the PB nanoparticle-modified G6P sensor showed good 390 

stability and exhibited excellent anti-interference property. Thus, it is clear that the present 391 

method could overcome many disadvantages of the reported ones. 392 

 393 

Table 3 here 394 

 395 

Conclusions  396 
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 397 

In this study, we have demonstrated a new analytical approach for the measurement of 398 

G6P using PB nanoparticles, G6PDH, GR and NADP+ modified SPE. The methods of 399 

preparation of PB nanoparticles by co-precipitation and modification technique of SPE were very 400 

simple and less time consuming. The PB nanoparticles with narrow size distribution were 401 

synthesized without agglomeration and demonstrated by various characterization studies. The 402 

cyclic voltammetric studies showed that PB nanoparticles served as mediator and enhanced the 403 

response by more than three folds as compared to only enzyme-modified electrodes. The 404 

optimization studies of cofactor and enzyme loading showed that the amount of G6PDH, GR and 405 

NADP+ necessary per electrode was very low. This reduced the cost of the sensor considerably. 406 

Also, the present procedure of G6P measurement did not require any sample preparation and all 407 

the measurements could be done at ambient temperature. The developed G6P biosensor showed 408 

improved performance in terms of low response time (15 s), low detection limit (2.3  M) and 409 

broad detection range (0.01 – 1.25 mM). The biosensor could exhibit reproducible results even in 410 

presence of many interfering substances such as glucose, uric acid, urea, L-cysteine, etc. This 411 

was mainly due to low optimized working potential (-100 mV), which enhanced the selectivity 412 

of the sensor for G6P. The biosensor also showed good stability at 4 oC and could be stored in 413 

buffer for several days. However, the modification of electrode would take only a few minutes 414 

and hence a freshly modified electrode would always be preferred for the measurement. The 415 

proposed method could be a viable alternative to costly clinical estimation of G6P in blood 416 

serum. 417 

 418 
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G6P for various loadings of cofactor NADP
+
 ranging from 0.05 to 1.25 mM (n=3) (sensor: 1.8 U 15 

G6PDH, 0.6 U GR and 0.5 mg PB nanoparticles; working potential: -100mV vs. screen-printed  16 

silver pseudoreference electrode; supporting electrolyte: 100 mM Tris-HCl (pH 7.0) buffer). 17 

 18 

Fig. 5. Amperometric response of the PB nanoparticle and enzyme-modified SPE to 1 mM of 19 

G6P at various pH ranging from 4 to 9 (n=3) (sensor: 1.8 U G6PDH, 0.6 U GR, 0.25 mM 20 
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Fig. 6. Calibration curve for G6P estimation showing amperometric response of PB nanoparticles 24 

and enzyme-modified SPE with G6P concentrations ranging from 0.01 to 1.25 mM (n=3) 25 

(sensor: 1.8 U G6PDH, 0.6 U GR, 0.25 mM NADP
+
 and 0.5 mg PB nanoparticles; working 26 

potential: -100mV vs. screen-printed  silver pseudoreference electrode; supporting electrolyte: 27 

100 mM Tris-HCl (pH 7.0) buffer). 28 

 29 

Fig. 7. Interference-free behavior of PB nanoparticles and enzyme-modified SPE illustrated by 30 

current-time response curve obtained upon addition of equal volumes of G6P (0.25 mM), 100 31 

mM Tris-HCl (pH 7.0) buffer, glucose (5 mM), urea (0.5 mM), uric acid (0.1 mM), L-cysteine 32 

(0.5 mM). (All analytical conditions were the same as Fig. 6.). 33 

 34 

Fig. 8. Storage stability of PB nanoparticles and enzyme-modified G6P sensor stored at 4
o
C and 35 

treated with 100 mM Tris-HCl buffer (pH 7.0) just before use (n=3). The G6P biosensor 36 

performance was tested using 0.5 mM solution of G6P and the relative response (%) was 37 

calculated by normalizing the signal to the maximum signal obtained on the first day of 38 

measurement. (All analytical conditions were the same as Fig. 6.).  39 
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Table 1 Amperometric responses of G6P for different enzyme loadings of G6PDH and GR 

(n=3) 

 

Set G6PDH 

(U) 

GR 

(U) 

G6PDH : GR 

ratio 

Amperometric response 

(A) 

I 0.3 1.8 1 : 6 24.09 ± 3.2 

II 0.6 1.8 1 : 3 37.79 ± 2.1 

III 0.9 1.8 1 : 2 56.04 ± 1.3 

IV 1.8 1.8 2 : 1 71.73 ± 2.2 

V 1.8 0.6 3 : 1 86.48 ± 1.6 

VI 1.8 0.3 6 : 1 49.55 ± 0.8 

VII 1.8 0.2 9 : 1 37.35 ± 1.2 

VIII 1.8 0.15 12 : 1 28.02 ± 2.7 

 

Table



  

 2 

Table 2 Determination of G6P in rabbit blood serum samples using PB nanoparticle-modified 

G6P biosensor (n=3) 

 

Blood 

sample 

G6P concentration Recovery 

(%) Prepared 

(M) 

Measured by amperometric method 

(M) 

I 10 9.4 ± 3.8 94 

II 50 52.6 ± 4.3 105.2 

III 70 73.2 ± 3.5 104.5  

IV 100 96.3 ± 2.1 96.3 

V 500 512 ± 2.6 102.4 
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Table 3 Comparison of performance of various amperometric G6P sensing systems 

 

Sl 

No. 

Transducer Detector element Limit of 

Detection  

(M) 

Detection 

range 

(mM) 

Response 

time 

(s) 

Stability 

(days) 

Remarks Reference 

 

1. 

 

Clark-type 

electrode 

 

 

G6PDH, salicylate 

hydroxylase and NAD
+ 

 

 

15 

 

0.02 - 4.7 

 

20 

 

20 

 

 

Immobilization procedure is time 

consuming 

 

[10] 

2. Graphite 

carbon 

electrode 

 

G6PDH, GR, NADP
+
, 

polyethyleneimine 

ferrocene
 

- 0.05 - 0.2  - Sensor fabrication is time 

consuming, costly, interference 

study not done, small detection 

range 

 

[13] 

3. Carbon paste 

electrode 

G6PDH, NADP
+
 and 

tetracyanoquinodime-

thane, 

polyethyleneimine, Mg
2+

 

50 Upto 0.8 30-50 6 Modification of sensor is time 

consuming and difficult, slow 

response time, small detection 

range, high limit of detection, 

shows little interference of blood 

components 

 

[14] 

 

4. Screen 

printed 

electrode 

 

G6PDH, NADP
+
, p-

hydroxybenzoate 

hydroxylase 

1.2 0.002 - 1 20 7 Interference study not done, less 

stable, comparatively costly as 

working electrode is made of 

platinum 

  

[9] 

5. Porous 

platinum 

black 

electrode 

 

G6PDH from  

B. stearothermophilus 

- - - - Sensor modification is difficult, 

time consuming, costly, 

interference study not done 

 

[12] 

6. Screen 

printed 

electrode 

G6PDH, GR, NADP
+
, 

PB nanoparticles 

2.3 0.01 - 1.25 15 25 Modification of sensor takes less 

time, low detection limit, fast 

response time, works at room 

temperature, does not require 

sample preparation, interference-

free 

Present 

work 

 




