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Abstract 24 

 4-Methoxyphenyl-β-Galactopyranoside (4-MPGal) substrate incorporating 4-methoxy 25 

phenol (4-MP) as an electrochemical reporter is described for the monitoring of β-Galactosidase 26 

(β-Gal) gene expressions. β-Gal derived from Escherichia coli (E. coli) and Aspergillus oryzae 27 

(A. oryzae) were investigated, while graphene oxide film modified electrode was employed as 28 

transducer. The electrochemical signal of 4-MPG within 4-MPGal was masked by protecting 29 

their hydroxyl group with galactose. The externally added β-Gal triggered the deprotection 30 

through specific enzymatic hydrolysis with concomitant release of 4-MP. The apparent Km and 31 

Vmax values of 4-MPGal are determined to be 0.21 mM and 0.51 µM min
-1

 mg of β-Gal
-1

 (E. coli) 32 

which were consistent with the previous reports. To detect β-Gal derived from E. coli, cyclic 33 

voltammetry (CV) provides linear ranges of 12–1200 ng mL
-1

 and 1.2–12 µg mL
-1

 with limit of 34 

detection (LOD) of 5 ng mL
-1

, while differential pulse voltammetry (DPV) shows linear range of 35 

1.2–120 ng mL
-1

 and LOD of 1 ng mL
-1

. To detect β-Gal derived from A. oryzae, CV provides 36 

linear ranges of 0.1–100 ng mL
-1

 and 0.1–1 µg mL
-1

 with LOD was 0.06 ng mL
-1

, while DPV 37 

shows linear range of 10–10 ng mL
-1

 with LOD of 8 pg mL
-1

. Moreover, we set up a platform for 38 

the real-time in-vivo monitoring of β-Gal gene expressions in E. coli cultivated through 39 

microbiological culture. The developed sensing platform using 4-MPGal as substrate is simple, 40 

rapid, sensitive, specific and advantageous over its laborious optical analogues. 41 

 42 

Keywords: β-Galactosidase, 4-methoxy phenol, Escherichia coli, Aspergillus oryzae, 43 

electrochemical probe 44 

 45 

1. Introduction 46 

 In many events, β-galactosidase (β-Gal) enzyme has a crucial role in genetics, 47 

molecular biology, and other life sciences and its commercial interest is originated from its 48 

homeland habitat microorganism of bacteria, fungi, animals, and plants
1-3

. β-Gal having 49 

pervasive occurrence in mammalian organs interrelated to their multiple physiological 50 

accessibilities. β-Gal is widely used as an antibody-tag for cell-ELISA (cell-enzyme-linked 51 

immunosorbent assays (ELISA)
4
 and frequently used as a marker to determine transcriptional 52 

regulation or transfection efficiency in gene expression of a promoter gene that is nearer to the 53 

source of lacZ gene 
5, 6

, heavy-metal ions determination
7
 and faecal coliform detection based on 54 
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inhibition of β-Gal
8
. On the analytical assay perspective, β-Gal provides plenty of advantages in 55 

molecular biology field and therefore many substrates have been established for the detection of 56 

β-Gal. In general, optical substrates (chromogenic and fluorogenic) are the largely available 57 

probes to detect β-Gal, such as ortho-nitrophenyl- β-galactoside (ONPG)
7, 9, 10

, chorophenol red-58 

β-D-galactopyranoside, 5-bromo-4- chloro-3-indolyl-β-D-glucuronide, 4-methylumbelliferyl-β-59 

D-galactopyranoside, fluorescein di-β-D–galactopyranoside 
11-14

, and 9H-(1,3-dichloro-9,9-60 

dimethylacridin-2-one-7-yl)-β-D-galactopyranoside
15

. However, optical assay approaches are 61 

laborious and encounter certain important limitations; (1) the probes itself has absorbance or 62 

fluorescence, (2) the reporter emits shorter wavelength and (3) they requires high pH conditions 63 

to enhance fluorescence signal of the reporter. In addition, the optical methods are involving 64 

multi-step procedures, require high amount of microorganisms, comprises permeabilization of 65 

the cells and require additional equipment to convert the analytical signal into electronic signal, 66 

However, electrochemical methods directly convert the signal into electronic signal and involve 67 

simple operating protocols, fast, direct use in point-of-care assays, portable and highly sensitive. 68 

4-aminophenyl-β-D-galactopyranoside (PAPG) is the most widely used electrochemical 69 

substrate, where the electrochemical behavior of the reporter 4-aminophenol is monitored to 70 

assay the activity of expressed β-Gal
16

. 71 

 Designing latent ratiometric electrochemical probes and exploring their applications are 72 

ongoing research interests of our research group
17

. In this present work, we have described a new 73 

electrochemical substrate 4-methoxyphenyl-β-galactosidopyranosides (4-MPGal) to assay the β-74 

Gal expressions. For our studies, we have used β-Gal derived from Escherichia coli (E. coli) and 75 

Aspergillus oryzae (A. oryzae) (scheme 1). The reporter 4-methoxy phenol (4-MP) featured with 76 

obvious redox peaks attributed to the quinone-hydroquinone redox couple as shown in the 77 

mechanism
18

 (Fig. S2). We used graphene oxide film (GO) film modified electrode as the 78 

transducer electrode to reveal the electrochemical behaviour of 4-MP. In the past years, GO 79 

based electrodes widely acclaimed for their excellent electrocatalytic ability owing to their large 80 

surface area, presence of abundant oxygen functionalities and larger amount of edge plane like 81 

defects
19-21

. Therefore, GO film electrode is expected to be the excellent candidate to accelerate 82 

the electrocatalysis of 4-MP in efficient manner than the bare GCE. Interestingly, the described 83 

substrate 4-MPGal can be applicable for the real-time in-vivo monitoring of β-Gal gene 84 

expression in E. coli cultivated through microbiological culture. 85 
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 86 

 87 

Scheme 1. Mechanistic pathway for the electrochemical determination of β-Gal employing 4-88 

MPGal as a substrate, 4-MP as a electrochemical reporter and GO film modified electrode as the 89 

transducer. 90 

2. Experimental 91 

2.1 Reagents and Instrumentation 92 

Graphite (powder, <20 μm), β-Gal from E. coli (780.4 units/mg, Isoelectric point at pH 93 

7.3), β-Gal from A. oryzae (8 units/mg, Isoelectric point at pH 4.5) and isopropyl-b-d-94 

thiogalactopyranoside (IPTG) were purchased from Sigma-Aldrich. 2-Amino-2-hydroxymethyl-95 

propane-1,3-diol (Tris) purchased from J.J. Baker chemical Ltd, while 4-MPGal was purchased 96 

from Tokyo chemical industry co. Ltd. All the other chemicals were purchased from Sigma-97 

Aldrich and used without purification. All the electrochemical measurements were carried out 98 

using CHI 612d work station at room temperature. Electrochemical studies were performed in a 99 

conventional three electrode cell using GO film modified GCE as a working electrode (area 100 

0.071 cm
2
), saturated Ag|AgCl (KCl) as a reference electrode and Pt wire as a counter electrode. 101 

Prior to electrochemical experiments, all the electrolyte solutions were deoxygenated with 102 

nitrogen for 5 min unless otherwise specified. 103 

2.2 Preparation of graphene oxide film modified electrode 104 

Graphite oxide was synthesized by modified Hummer’s method 
22

 and it was suspended 105 

in water (0.5 mg mL
-1

) (Fig. S1). The graphite oxide dispersion was exfoliated through 106 

ultrasonication for 2 h to yield graphene oxide (GO). GO was subjected to centrifugation for 30 107 
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min at 4000 rpm to remove any unexfoliated graphite oxide. The yellowish brown GO 108 

supernatant was collected and stored. GCE surface was polished with 0.05 µm alumina slurry 109 

using a Buehler polishing kit, then washed with water, ultrasonicated for 5 min and dried. Then 110 

optimized GO concentration of 5 µl was drop casted onto the pre-cleaned GCE and dried at room 111 

temperature for 20 min. The resulting electrode was named as GO/GCE and used as working 112 

electrode. 113 

2.3 Measuring conditions 114 

10 mM Tris buffer (pH 7.3) prepared from Tris and HCl was used as supporting 115 

electrolyte for E. coli studies, while 50 mM acetate buffer (pH 4.5) prepared using acetic acid 116 

and sodium acetate was used for A. oryzae studies. For the β-Gal determination studies, 4-MPGal 117 

and β-Gal were mixed in the respective buffers and incubated for 1 h at 37°C. Subsequently, the 118 

solutions were transferred to an electrochemical cell and electrochemical experiments were 119 

carried out using GO/GCE as a transducer. Cyclic voltammetry measuring parameters: potential 120 

range of -0.3 V to +1.0 V and scan rate of 0.1 Vs
-1

 (unless otherwise specified); differential pulse 121 

voltammetry measuring parameters: amplitude= 0.05 V, sampling width= 0.0167 s, pulse 122 

period= 0.5 s. All the experimental parameters were optimized and given as Table S1. 123 

2.4 Cultivation of E. coli bacteria  124 

E. coli (strain DH5α) was grown overnight in lysogeny broth (LB) medium (5 mL). Then, 125 

0.1 mg mL
-1

 of isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce the activity of 126 

β-Gal. Subsequently, the whole bacterial culture system was grown for 1 h at 37°C with vigorous 127 

shaking. The solution was distributed into aliquots (1 mL) in a test tube. Then, particular 128 

concentration of probe 4-MPGal was added and the whole solution was incubated for 1 h at 129 

37°C. Finally, the solution was transferred to an electrochemical cell and electrochemical 130 

experiments were carried out at GO/GCE to monitor the activity of β-Gal. 131 
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 132 

Fig. 1 (A) CVs obtained at GO/GCE in Tris buffer (pH 7.3) (a) containing 1 mM 4-MPGal (b), 133 

0.63 µg β-Gal (c), and mixture of 1 mM 4-MPGal and 0.63 µg β-Gal (E. coli) (d). Inset: CV 134 

obtained at GO/GCE in Tris buffer (pH 7.3) containing pristine 4–MP (100 µM). (B) CVs 135 

obtained at unmodified GCE (a) and GO/GCE (b) in Tris buffer (pH 7.3) containing 1 mM 4-136 

MPGal and 0.63 µg of β-Gal (E. coli) at scan rates of 0.1 Vs
-1

. Inset (a): optimization of GO 137 

concentration, [current] (µA)/ [GO]/µL; CVs obtained at GO/GCE in Tris buffer (pH 7.3) 138 

containing 1 mM 4-MPGal and 0.63 µg of β-Gal. Inset (b): pH optimization: [current] (µA)/pH. 139 

CVs obtained at GO/GCE in Tris buffer (different pH) containing 1 mM 4-MPGal and 0.63 µg 140 
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of β-Gal. (C) CVs obtained at GO/GCE in Tris buffer (pH 7.3) containing 1 mM 4-MPGal and 141 

0.63 µg of β-Gal (E. coli) at different scan rates from 0.01 Vs
-1

 to 1 Vs
-1

. Inset: Plot of Ipa and Ipc 142 

versus ν
1/2

; Ipa/µA = 9.83 ν
1/2

 /(Vs
-1

)
1/2 

– 0.602; Ipa /µA = –10.23 ν
1/2

 /(Vs
-1

)
1/2 

+ 1.12. 143 

 144 

3. Results and Discussion 145 

3.1. Determination of β-Gal on graphene oxide film modified GCE  146 

 The cyclic voltammogram (CV) acquired at GO/GCE in Tris buffer (pH 7.3) containing 147 

only 4-MPGal (1 mM) (curve b, Fig. 1A) did not exhibit any characteristic redox peaks in the 148 

absence of β-Gal which is due to the protection of reporter 4-MP within this probe. Also, the CV 149 

obtained at GO/GCE in Tris buffer (pH 7.3) containing only β-Gal (0.63 µg) (curve c, Fig. 1A) 150 

did not present any voltammetric peaks. However, the CV obtained at GO/GCE in the presence 151 

of 1 mM 4-MPGal and 0.63 µg β-Gal (curve d, Fig. 1A) exhibits well defined quasi-reversible 152 

redox peaks related to the characteristic redox reaction of 4-MP. The electrochemical behaviour 153 

of 4-MP is well-established in the literature and the corresponding mechanism is given as Fig. 154 

S2. 4-MP is oxidized to benzoquinone; subsequently benzoquinone undergoes reversible 155 

conversion to hydroquinone
18, 23

. The redox reaction of benzoquinone-hydroquinone is one of the 156 

feasible redox systems for the electrochemical sensing studies. Thus, the CV results are clearly 157 

indicating that the addition of β-Gal triggered the deprotection and uncloaks the redox active 158 

center of 4-MPGal. The concentration of GO required for the maximum performance was 159 

optimized. CVs were carried out using GCE modified with different amounts of GO in Tris 160 

buffer (pH 7.3) containing 1 mM 4-MPGal and 0.63 µg β-Gal (inset a, Fig. 1B). The plot 161 

between response current and GO concentration is indicating that 5 µl GO has maximum 162 

response current and therefore we used this optimized concentration for other studies. Different 163 

pH study was carried out in the Tris buffer with different pH ranges. The plot between response 164 

current and pH revealing that pH 7.3 is the optimum pH in order to attain maximum response 165 

current (inset b, Fig. 1B) and therefore, we adopted this pH for further analysis.  166 

 The CV obtained for the pristine 4–MP (Inset to Fig. 1A) is quite consistent with that of 167 

released 4–MP from 4-MPGal (curve d, figure 1A) which adds additional to evidence to the 168 

proposed mechanistic pathway. Fig. 1B presents the CVs obtained at unmodified GCE (curve a) 169 

and GO/GCE (curve b) in Tris buffer (pH 7.3) containing 4-MPGal (1 mM) and β-Gal (0.63 µg). 170 
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The redox reaction of 4-MP has shown feeble peak currents which indicating sluggish electron 171 

transfer at unmodified electrode. Also, unmodified electrodes encounter surface fouling related 172 

problems. However, the redox reaction of 4-MP at GO/GCE has shown obvious and highly 173 

enhanced peaks currents in comparison with unmodified GCE. GO has very good 174 

electrocatalytic activity, large surface area, and abundant oxygen functionalities. Also, GO 175 

surface possess more sp
2
 like domains and larger amount of edge plane like defects which are 176 

greatly accelerate the electrocatalysis of 4-MP at GO/GCE
24, 25

. In addition, the electrochemical 177 

active surface areas of bare GCE and GO/GCE have been investigated using K3[Fe(CN)6] as a 178 

model redox mediator, while  Randles–Sevcik equation was adopted to calculate the areas
26

. The 179 

electrochemically active surface areas of bare GCE and GO/GCE were calculated to be 0.051 180 

and 0.098 cm
2
. Therefore, the electrochemically active surface area of GO/GCE is nearly two-181 

fold enhanced than bare GCE. Fig. S3 presents the CVs obtained at GO/GCE in tris buffer (pH 182 

7.3) containing different concentrations of 4-MP. As seen from figure, the redox peak currents 183 

corresponding to the electrochemical behavior of 4-MP were increased linearly as the 184 

concentration of 4-MP increases. The plot between peak currents and concentration of 4-MP is 185 

exhibits good linearity. Thus, all the experimental results proved that relatively GO/GCE has 186 

appreciably enhanced electrocatalytic ability to catalyze 4-MP than bare GCE and hence, we 187 

have employed GO/GCE as a transducer for our studies.  188 

 The effect of applied scan rate on the electrochemical behavior of released 4-MP has 189 

been examined in Tris buffer (pH 7.3) containing 1 mM 4-MPGal and 0.63 µg of β-Gal (E. coli) 190 

at different scan rates from 0.01 Vs
-1

 to 1 Vs
-1

 (Fig. 1C). Both the anodic (Ipa) and cathodic peak 191 

currents (Ipc) increases linearly as the scan rate increases. A plot of peak currents and square root 192 

of scan rates (ν
1/2

) exhibits good linearity indicating that the redox reaction of 4-MP follows 193 

diffusion controlled electron transfer process (inset to Fig. 1C)
27

. In order to investigate stability 194 

of the GO/GCE to detect β-Gal, 100 consecutive CVs were acquired at GO/GCE in Tris buffer 195 

(pH 7.3) containing 4-MPGal and β-Gal (curve b, Fig. 1A). 97.23% of its initial peak currents 196 

were retained even after 100 continuous cycles indicating good stability. In addition, the 197 

reproducibility of the proposed approach to detect β-Gal was investigated. Five individual 198 

measurements were carried out at five different GO/GCEs. The relative standard deviation 199 

(R.S.D) for these five measurements was 2.57% indicating appreciable reproducibility. 200 
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 201 

Fig. 2 CVs obtained at GO/GCE in 10 mM Tris buffer (pH 7.3) containing 1.27 µg β-Gal (E. 202 

coli) upon increasing concentration of 4-MPGal (each 10 μM addition; a to j). Scan rate = 0.1 203 

Vs
-1

. Inset: Ipa versus [4-MPGal]. Ipa/µA = 0.017 [4-MPGal]/μM
 
+ 0.601. 204 

3.2 Apparent Kinetic parameters 205 

The apparent kinetic studies were carried out in the solution containing 4-MPGal and β-Gal 206 

in Tris buffer (pH 7.3) and the release of 4-MP was monitored. (Fig. S4). The incubation of 4-207 

MPGal alone in Tris buffer (pH 7.3) for more than 1 h is unable to release 4-MP (figure not 208 

shown), however, incubation of 4-MPGal with β-Gal triggered the release of 4-MP within 15 209 

min through enzymatic hydrolysis. A double-reciprocal plot of electrochemical signal 210 

appearance rate versus different concentrations of 4-MPGal is shown in Figure S2. The apparent 211 

Km and Vmax values were obtained as 0.21 mM and 0.51 µM min
-1

 mg of β-Gal
-1

. The Km value 212 

determined using 4-MPGal as a substrate is quite comparable to the previously reported substrate 213 

o-nitrophenyl-β-D-galactoside
28

. Fig. 2 shows the CVs obtained at GO/GCE in Tris buffer (pH 214 

7.3) containing 1.27 µg β-Gal (E.coli) with increasing concentration of 4-MPGal (each 10 μM 215 

addition; a to j). As can be seen from figure, the peak currents corresponding to 4-MP is linearly 216 

increases as the concentration of 4-MPGal increases from 10 µM–100 µM. The plot between 217 

peak current and concentration of 4-MPGal is exhibits good linearity (inset to Fig. 2). Therefore, 218 

this substrate is well suitable to monitor β-Gal enzymatic activity. 219 
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 220 

Fig. 3 (A) CVs obtained at GO/GCE in 10 mM Tris buffer (pH 7.3) containing 2.4 mM 4-MPGal 221 

with increasing concentration of β-Gal (E.coli) (a= 12 ng, b= 24 ng, c= 36 ng, d= 48 ng, e= 60 222 

ng, f= 72 ng, g= 84 ng, h= 96 ng, i= 108 ng, j= 120 ng, k= 240 ng, l= 360 ng, m= 480 ng, n= 600 223 

ng, o= 720 ng, p= 840 ng, q=960 ng, r= 1.08 µg, s= 1.2 µg, t= 6 µg, u= 12 µg, v= 60 µg, w= 120 224 

µg). (B) Ipa vs. [β-Gal]; Ipa/µA = 0.8 [β-Gal]/(nA/ng)
 
+ 0.587. (C) Ipa vs. [β-Gal]; Ipa/µA = 42.5 225 

[4-MPGal]/(nA/µg)
 
+0.587. 226 

3.3 Determination of β-Gal 227 

 Fig. 3A presents the CVs obtained at GO/GCE in Tris buffer (pH 7.3) containing 2.4 mM 228 

4-MPGal with different concentration of β-Gal (E.coli). As evident from the figure, the peak 229 

currents corresponding to the electrochemical behavior of 4-MP are linearly increases as the 230 

concentration of β-Gal increases. A plot between Ipa and Ipc versus concentration of β-Gal 231 
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exhibits a linear relationship (Fig. 3B). Monitoring Ipa of the 4–MP offers more sensitivity than 232 

Ipc and therefore we choose Ipa for the determination of β-Gal. The linear range was found 233 

between 12 ng mL
-1

 to 1200 ng mL
-1 

with sensitivity of 11.27 nA ng
-1

 cm
2
. The limit of detection 234 

(LOD) was calculated as 5 ng mL
-1

. The LOD was calculated using the formula, LOD= 3 sb/S 235 

where, sb is the standard deviation of ten blank measurements and S is the sensitivity. A second 236 

linear range was observed in higher concentration region between 1.2 µg mL
-1

 to 12 µg mL
-1

 237 

(Fig. 3C) with sensitivity of 0.60 µAµg
-1

 cm
-2

. In order to develop sensitive determination 238 

platform, differential pulse voltammograms (DPV) were carried out. DPVs were performed at 239 

GO/GCE in Tris buffer (a) containing 1 mM 4-MPGal with increasing concentration of β-Gal 240 

(Fig. 4). The response current was increases linearly as the concentration of β-Gal increases.  241 

The plot between response current and concentration of β-Gal exhibits good linearity with slope 242 

of 9.7 nA ng
-1

. As evident from the calibration plot, the linear range was 1.2 ng mL
-1

–120 ng mL
-243 

1
. The sensitivity and LOD were calculated to be 136.62 nA ng

-1
 cm

-2
 and 1 ng mL

-1
, 244 

respectively. Although, 4-MPGal shows comparatively less performance than the 245 

electrochemical substrate PAPG
29

, it has advantages over current optical methods. The current 246 

optical methods using ONPG as substrate are laborious; they involve multi-step procedures, 247 

require high amount of microorganisms and comprises permeabilization of the cells. However, 248 

electroanalytical methods are simple, fast, portable and sensitive. Moreover, the described 249 

electrochemical approach can be engineered into microbial chip based real-time sensors and 250 

these kinds of on-chip electrochemical analysis can be accurately performed with minimal 251 

amount of sample, whereas, colorimetry methods does not have these kinds of opportunities. 252 

 253 
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Fig. 4 DPVs obtained at GO/GCE in 10 mM Tris buffer (pH 7.3) (a) containing 1 mM 4-MPGal 254 

with increasing concentration of β-Gal (E.coli) (b= 1.2 ng, c= 2.4 ng, d= 3.6 ng, e= 4.8 ng, f= 6.0 255 

ng, g= 7.2 ng, h= 8.4 ng, i= 9.6 ng, j= 10.8 ng). Inset: Calibration plot, [Ipa] vs. [β-Gal]; I/µA = 256 

9.7 [β-Gal]/(nA/ng)
 
+ 0.130. 257 

 Similarly, a sensitive electrochemical detection platform has been developed for the 258 

determination of β-Gal derived from A. oryzae employing 4-MPGal as substrate, 4-MP as 259 

reporter and GO/GCE as electrode (Fig. S5). For the determination of β-Gal derived from A. 260 

oryzae, acetate buffer (pH 4.5) was employed. The mechanistic pathway and experiments are 261 

similar as the one explained for E. coli. The apparent Km and Vmax values were 0.27 mM and 2.62 262 

µM min
-1

 mg of β-Gal (Fig. S6). The Km value determined using 4-MPGal is comparable to the 263 

previously reported substrate o-nitrophenyl-β-D-galactoside for β-Gal in A. oryzae
30

 and hence 264 

the 4-MPGal is a suitable substrate for the electrochemical detection of β-Gal (Fig. S7). The 265 

working concentration ranges: (1) 0.1 ng mL
-1

–100 ng mL
-1

 with sensitivity of 0.972 µA ng cm
2
 266 

and (2) 0.1 µg mL
-1

–1 µg mL
-1

 with sensitivity of 0. 326 nA µg cm
2
. The LOD was 0.06 ng mL

-1 267 

(Fig. S8). DPV based determination platform also developed which can detect low concentration 268 

of β-Gal with linear range of 10 pg mL
-1 

–10 ng mL
-1

, LOD of 8 pg mL
-1 

and sensitivity of 173.2 269 

nA µg
-1

 cm
-2

   (Fig. S9). All these results clearly revealed that the described electrochemical 270 

platform is highly applicable for the determination of β-Gal derived from A. oryzae. 271 
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 272 

 273 

Fig. 5 (A) CVs obtained at GO/GCE in E. coli with IPTG induction containing different 274 

concentration of 4-MPGal; a= 0 µM, b= 200 µM, c= 300 µM, d= 400 µM, and e= 500 µM. Inset 275 

a’: CVs obtained at GO/GCE in E. coli without IPTG induction containing 500 µM 4-MPGal.  276 

Inset b’ (negative control): CV obtained at GO/GCE in E. coli with IPTG induction containing 5 277 

mM galactose and 500 µM 4-MPGal. (B) DPVs obtained at GO/GCE in E. coli with IPTG 278 

induction containing different concentration of 4-MPGal. (a = 0 µM, b= 200 µM, C= 300 µM, 279 

d= 400 µM, and e= 500 µM). 280 

3.4 Real-time monitoring of β-Gal gene expressions in E. coli 281 

 The practical applicability of the described probe, 4-MPGal was verified by real-time 282 

monitoring of β-Gal gene expressions in IPTG induced E. coli. Fig. 5 displays the CVs obtained 283 

at GO/GCE in IPTG induced E. coli medium containing different concentration of substrate, 4-284 

MPGal; a= 0 µM, b= 200 µM, c= 300 µM, d= 400 µM, and e= 500 µM. No signal was observed 285 

in the absence of substrate (curve a). An enhanced signal corresponding to the electrochemical 286 
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behaviour of 4-MP was observed in the presence of substrate revealing the presence of 287 

overexpressed β-Gal in the IPTG induced E. coli (curve b). With IPTG induction, β-Gal of IPTG 288 

induced E. coli undergoes overexpression, and the overexpressed β-Gal is sufficient to trigger the 289 

release of 4-MP from 4-MPGal. Moreover, the response current was linearly increases as the 290 

concentration of 4-MPGal increases (curves c to e).  291 

 No electrochemical signal was observed for β-Gal without IPTG induction (inset a’) 292 

which might be due to the absence of enough β-Gal to unmask the 4-MPGal. Furthermore, a 293 

negative control experiment was also carried out in the presence of galactose. The CV obtained 294 

for the IPTG induced E. coli containing 4-MPGal (500 µM) and galactose (5 mM) has not shown 295 

any characteristic peaks of 4-MP (inset b’). As expected, the large excess concentration of 296 

galactose inhibits the electrochemical signal and hence the CV unable to show any peaks. 297 

Moreover, experiments carried out in LB medium indicating that the proposed scheme works 298 

well in the LB broth medium (supporting information, fig. S10). 299 

 Fig. 5 presents the DPVs obtained at GO/GCE in IPTG induced E. coli 300 

containing different concentration of 4-MPGal. As shown in the figure, highly enhanced sharp 301 

signals were observed in the presence of substrate which clearly revealing the presence of 302 

overexpressed β-Gal in the E. coli which validates the practical feasibility of the proposed 303 

method. Consequently, the described substrate, 4-MPGal can be used for the real-time 304 

monitoring of β-Gal gene expressions in bacteria with high sensitivity. Thus, we set up a new 305 

detection platform which is applicable for the real-time in-vivo monitoring of β-Gal gene 306 

expressions revealing its potential practical application. 307 

4. Conclusions 308 

 In summary, a new electrochemical substrate was established for the sensitive 309 

determination of β-Gal gene expressions. The product of the enzymatic reaction between β-Gal 310 

and 4-MPGal is 4-MP which was detected at GO/GCE as a working electrode in a conventional 311 

electrochemical cell. The peak currents of 4-MP were linearly dependent with the concentration 312 

of β-Gal which leading to the ratiometric detection of β-Gal. The apparent Km and Vmax values of 313 

4-MPGal were 0.21 mM and 0.51 µM min
-1

 per mg of β-Gal
-1

 which were consistent with 314 

reported values. A sensitive determination platform was developed based on CV and DPV 315 

methods which exhibited wide linear ranges and low detection limits. A real-time in-vivo 316 
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analysis was carried out in E. coli cultivated through microbiological culture system. The 317 

developed sensing platform using 4-MPGal as substrate is simple, rapid, sensitive, specific and 318 

advantageous over its laborious optical analogues. 319 
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