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Abstract:  13 

Immunosensors have been widely developed to use antibodies to detect a pathogen of interest; it is 14 
interesting to look at the effect of nonspecific antibody binding to E. coli using electrochemical 15 
methods. IgG antibody not specific to E. coli O157:H7 was crosslinked onto a screen-printed carbon 16 
electrode. The presence of E. coli at 4, 4×102, 4×105, and 4×108 CFU/ml on the electrode surface was 17 
detected via linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). 18 
Current transfer at both electrodes was reduced as the concentration of bacteria increased; however, 19 
the calibration of number of cells to decreased current was nonlinear for IgG-modified electrodes. 20 
The nonlinearity is confirmed by EIS measurements which showed highest impedance at 4 CFU/ml 21 
E. coli when impedance should be the lowest. FESEM images showed higher binding of cells when 22 
IgG is present compared to electrodes with reduced graphene oxide (rGO) alone. Electrodes with 23 
rGO alone show less attachment of E. coli, with EIS showing a linear calibration profile, while LSV 24 
shows not much difference in current values for all concentrations aside from the highest 25 
concentration. These results suggest that nonspecific binding can provide false signals in 26 
electrochemical measurements, and it is crucial to provide proper controls.   27 

Keywords: E. coli O157:H7; IgG; nonspecific binding; reduced graphene oxide; linear sweep 28 
voltammetry; electrical impedance spectroscopy 29 

 30 

1. Introduction 31 
Detection methods for pathogenic microorganisms with no requirement for trained laboratory 32 

personnel or laboratory space is important for water surveillance purpose during post-flood efforts 33 
so informed decisions can be made to improve sanitation standards and water infrastructure. 34 
Electrochemical biosensors best fit the requirement for diagnostic devices as outlined by WHO: they 35 
are to be made ASSURED – affordable, sensitive, specific, user-friendly, rapid and robust, equipment-36 
free and deliverable [1] to end users for pathogen detection. Developments in material science and 37 
surface chemistry aim to improve electrochemical biosensors in their specificity, sensitivity, and 38 
detection limit by introducing new biorecognition schemes and enhanced electrode conductivity 39 
with electrocatalytic ability.   40 

 41 
  42 
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Owing to the need to distinguish pathogenic microorganisms from non-pathogenic ones, 43 
electrochemical biosensors can employ various biorecognition schemes such as DNA/RNA/PNA [2–44 
4], antibody [5–7], aptamers [8–10], antimicrobial peptides [11–13], carbohydrate [14,15] and 45 
bacteriophages [16–18]. In bacteria detection, specificity to identify pathogenic bacteria strains that 46 
can cause illness is vital. The antigen-antibody pair can provide such specificity to detect a virulent 47 
pathogenic Escherichia coli strain owing to the ability of antibody to detect very low cell numbers and 48 
provide the sensitivity needed for a biosensor. E. coli has over 700 serotypes; E. coli O157:H7 is one of 49 
the pathogenic serotypes that produce Shiga toxins and is one of the microorganisms most adaptable 50 
to changing environment. Shiga toxin is responsible for bloody diarrhea and hemolytic uremic 51 
syndrome (HUS); the latter is characterized by kidney and renal failure and anemia [19,20]. E. coli 52 
O157:H7 is often the cause of serious outbreaks of foodborne illness. Infections are often transmitted 53 
by animals to food crops through irrigation and contaminated water, manure [21], and air and 54 
biological dispersions of biological vectors [22]. These outbreaks become more serious when flooding 55 
occurs in rural areas – as is the case in East Coast Malaysia [23], where water supply and sanitation 56 
system are disrupted, causing serious waterborne diseases. Since virulent pathogens such as E. coli 57 
O157:H7 often occur in low numbers in food or water samples, detection methods need to be not only 58 
specific but also need to be sensitive, with a low limit of detection. ASSURED devices are important 59 
during post-flood efforts to detect pathogenic E. coli so that contaminated water can be effectively 60 
treated. 61 

 62 
To address the sensitivity and detection limit of ASSURED biosensors, antibodies for biosensor 63 

biorecognition sites require a very specific epitope to the E. coli strain, because many strains share the 64 
same surface proteins with similar homologs that can lead to nonspecific binding. Furthermore, the 65 
antibody should have high affinity to the antigen of interest [5]. A necessary characteristic of an 66 
ASSURED biosensor for specific pathogenic microorganism detection is the blocking of other 67 
microorganisms on the biosensor surface; electrochemical detection methods are not able to 68 
distinguish between dead and viable cells, or between the specific strains of interest. Many studies 69 
using electrochemical methods for biorecognition of a specific antigen-antibody scheme have shown 70 
ability to detect one cell of E. coli O157:H7, over a wide linear range [24]. Of interest to us is using 71 
electrochemical methods to study antigen-antibody binding when the antibody used is not specific 72 
to E. coli O157:H7. In our work, IgG (immunoglobulin G or γ) not specific for E. coli O157:H7 was used 73 
to study how nonspecific binding can affect measurements made by electrochemical biosensors 74 
fabricated from screen printed carbon electrodes (SPCEs).   75 

 76 
IgG is a four-chain glycoprotein monomer linked at the inter-heavy chains by a disulfide bond 77 

to form the typical Y-shaped antibody conformation [25,26]. It consists of two identical heavy chains 78 
and two identical light chains. IgG is one of the five classes of immunoglobulin that can be found in 79 
mammals, including humans. It is expressed up to 75% of the serum content in human, making it the 80 
major constituent of all human immunoglobulins [27]. This abundance can be attributed to its key 81 
role as an opsonin, or the antibody that protects its host against foreign microorganisms. Upon 82 
detecting the presence of a foreign body, such as a bacterium, the expressed IgGs will typically bind 83 
to the outer surface of the bacterium and coat the cellular surface, before activating the phagocytic 84 
pathway that will eventually ingest the microorganism [26].   85 

 86 
IgG has been shown to bind bacterial cells through its recognition of the outer membrane 87 

constituents of the bacteria, such as membrane proteins and lipopolysaccharides [25,28]. Recognition 88 
and binding specificity of the antibody to these constituents rely on the adaptability of the variable 89 
domains at the antigen-binding site of the antibody to the antigens present at the outer membrane 90 
layer of the bacteria. The lack of specific expression of IgG against a particular bacterium would thus 91 
result in recognition with lower specificity towards a common recognizable constituent present on 92 
the cellular surface of a bacteria, particularly of the O-antigen of the bacterial lipopolysaccharide.  93 

 94 
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 95 
Electrochemical detection methods used to detect bacteria are cyclic voltammetry (CV), linear 96 

sweep voltammetry (LSV), differential pulse voltammetry (DPV), amperometry, and electrical 97 
impedance spectroscopy (EIS). The detection methods are based on measurements of current or 98 
voltages from ions that are transduced at the biorecognition sites at the electrode-solution interface 99 
[24]. For ASSURED devices, a three-electrode system of screen-printed carbon electrode (SPCE) fitted 100 
to a portable platform like a smartphone best addresses the requirements [29]. In our work, we used 101 
a commercially available SPCE and modified the working electrodes (WEs) with reduced graphene 102 
oxide (rGO) with increased surface area for antibody immobilization [30]. The high surface area of 103 
the rGO can be further enhanced with gold nanoparticles (AuNPs) to increase sensitivity, whose 104 
improvement can be seen from the increased peak current in cyclic voltammetry (CV) graphs. We 105 
studied the effect of rGO-based composites on the CV peak current and found that rGO could be 106 
easily modified with other materials to tune its electrochemical properties [31]. In this work, we 107 
utilized rGO with exposed carboxyl groups without further surface modification for antibody 108 
immobilization; IgG was used to bind to the exposed carboxyl group of rGO. 109 

 110 
The mechanism of E. coli O157:H7 detection is shown in Figure 1; IgG not specific for E. coli 111 

O157:H7 was immobilized on rGO-modified SPCE WEs and exposed to E. coli O157:H7. The detection 112 
principle is based on the amount of current successfully transduced from the bulk solution to the 113 
electrode surface, where the presence of E. coli cells is known to inhibit the current flow. Based on 114 
this principle, we employed two methods of detection: linear sweep voltammetry (LSV) in potable 115 
tap water and electrical impedance spectroscopy (EIS) in phosphate buffer saline (PBS) containing 116 
potassium ferricyanide/ferrocyanide as redox probe. 117 

 118 

 119 
Figure 1 Immunosensor detection mechanism. The IgG rabbit serum immobilized on the electrode is 120 
exposed to the target analyte (E. coli O157:H7) to form an antibody-antigen complex on the electrode 121 
surface. Electrochemical detection was done using linear sweep voltammetry (LSV) and 122 
electrochemical impedance spectroscopy (EIS). Electrons that are successfully transduced through the 123 
electrode surface are reported as current (I) plotted against voltage (V). For measurable detection, the 124 
electrons must penetrate the layer formed by the antibody-antigen complex. The EIS measures the 125 
resistive behavior against electrochemical reaction at the interface layer proportional to the presence 126 
of cells. The real (Zre) and imaginary (Zim) parts of the impedance are plotted. The more E. coli O157:H7 127 
that is bound specifically to the antibody, the fewer the ions that could rapidly diffuse between the 128 
bulk solution and the electrode and be transduced across the electrode surface. This is reflected by 129 
the lower magnitude of peak current seen in the LSV, and the higher impedance seen in the EIS. The 130 
red dashed line represents the LSV and EIS profiles from electrodes with fewer cells attached to the 131 
electrode surface, whereas the black solid lines represent higher number of cells attached. 132 

 133 
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The LSV method measures current with a forward voltage sweep, thus causing ions from 134 
potable tap water to be transduced across the electrode surface into measurable electrons and data 135 
are plotted as current (I) against voltage (V). The magnitude of current measured is proportional to 136 
the electrons being transduced; any insulative barrier causes fewer electrons to be transduced [33,34]. 137 
In our work, E. coli O157:H7 cells that successfully attached to the electrode surface acted as such a 138 
barrier, blocking exposed electrode surface to the bulk solution [35]. EIS measures impedance at the 139 
electrode-bulk solution interface where the real (Z’) and imaginary (Z”) components of impedance 140 
are plotted; more E. coli cells attached to the electrode surface result in higher impedance. The 141 
impedance at the electrode–bulk solution interface can be represented by a Randles equivalent circuit 142 
model, from which a Nyquist plot can be obtained. From the Nyquist plot, impedance at the 143 
electrode–bulk solution interface, charge-transfer resistance, and Warburg impedance can be 144 
determined [36,37]. 145 

 146 
We aim to understand the effect of E. coli O157:H7 cell attachment on immobilized IgG not 147 

specific for E. coli O157:H7 by looking at the current transfer and the corresponding impedance at the 148 
electrode–-bulk solution interface, with verification of cell attachment on electrodes from field-149 
emission scanning electron microscope (FESEM) imaging. E. coli O157:H7 cells with concentration 150 
ranges from 4 to 4 × 108 CFU/ml were used to see the effect of cell concentration on cell attachment. 151 
Understanding the effect of E. coli O157:H7 cell attachment on electrode surface modified with IgG 152 
not specific to the strain can help us better understand the effect of nonspecific binding on current 153 
transfer and impedance, thus allowing us to analyze the advantages and limitations of LSV and EIS 154 
in the detection and quantification of E. coli, provide better strategies for antibody immobilization on 155 
electrode surfaces, and inform the design of microfluidics devices for controlled delivery of cells on 156 
electrode surfaces. In real situations, use of food or water contaminated with bacteria requires an 157 
appropriate pretreatment process before the sensing step. Pretreatment by dispersion, filtration, 158 
suitable pH, and bacteria flow across the electrode surface should be designed in accordance with 159 
water quality–monitoring guidelines.  160 

 161 

2. Materials and Methods 162 

2.1  Materials and reagents 163 
Ultra-highly concentrated single-layer graphene oxide (UHC-GO-60) solution was purchased 164 

from Graphene Supermarket (Richmond, NY, USA). Potassium ferricyanide (K3Fe(CN)6), potassium 165 
ferrocyanide (K4Fe(CN)6·3H2O), phosphate buffered saline (PBS, pH 7.4) tablets, sulfuric acid (H2SO4), 166 
hydrochloric acid (HCl), N-hydroxysulfosuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) 167 
carbodiimide (EDC), IgG from rabbit serum (I5006) were all purchased from Sigma-Aldrich, St. Louis, 168 
MO 63103, USA. PBS tablets were dissolved in deionized water and the pH was adjusted by addition 169 
of hydrochloric acid (HCl). Heat-killed Escherichia coli serotype O157:H7 cells in dextran solution (50-170 
95-90) with cell count of 3.98 × 109 CFU/ml was purchased from Kirkegaard and Perry Lab (KPL) Inc., 171 
Gaithersburg, MD, USA. Tap water was collected directly from the taps in our laboratory. Screen-172 
printed carbon electrodes (SPCEs) with working electrodes (WEs) 2 mm in diameter (Ø = 2 mm) were 173 
purchased from Pine Instrument, Grove City, PA. The reference electrode (RE) is Ag/AgCl and the 174 
counter electrode (CE) is similar to the WE. Deionized water was used throughout this study unless 175 
stated otherwise.  176 

2.2  Instrumentation 177 
Electrochemical measurements were performed using a three-electrode pocketSTAT (IVIUM 178 

Technologies, Eindhoven, the Netherlands) at ambient temperature. The results were analyzed using 179 
IviumSoft software. Morphological change in the modified electrodes at each fabrication step and 180 
different E.coli concentration was observed via field emission scanning electron microscopy (FESEM) 181 
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using a Hitachi SU8020 UHR Cold-Emission FESEM available at MIMOS Technology Solutions, Sdn. 182 
Bhd., Seri Kembangan, Selangor, Malaysia. 183 

2.3  Fabrication of immunosensors (IgG/rGO/GCE) and E. coli detection 184 
Figure 2 summarizes the fabrication steps of the immunosensors for the detection of E. coli 185 

O157:H7. The SPCEs were pretreated and activated via cyclic voltammetry (CV) for 3 cycles in 0.1 M 186 
H2SO4 solution with an anodic potential of 2.5 V to -2.5 V and a scan rate of 100 mV/s [38,39]. 187 
Following activation, the electrodes were rinsed with DI water and dried at ambient temperature. 188 
Three µl GO (6.2 g/l) was dropcast onto a pretreated SPCE and dried at ambient temperature for 2 189 
hours (denoted as GO/SPCE). Then the GO/SPCE was reduced electrochemically to rGO/SPCE via 190 
CV in PBS, pH 5.0, using a potential range from 0 V to -1.5 V and scan rate of 100 mV/s for 5 cycles to 191 
remove -OH functional groups while retaining –COOH functional groups for antibody binding 192 
[40,41].  193 

 194 
Immunoglobulin G (IgG) antibodies from rabbit serum were immobilized on the rGO/SPCE via 195 

covalent bonding of the carboxyl groups on the rGO surface and the amine groups of IgG to produce 196 
IgG/rGO/SPCE. All electrodes were exposed to 3 µl of a 1:1 mixture of 1-ethyl-3-(3-197 
dimethylaminopropyl) carbodiimide (EDC; 0.5 M) and N-hydroxysulfosuccinimide (NHS; 0.1 M) 198 
and incubated at 37 °C for 20 min to activate carboxyl functional groups (-COOH) on the rGO surface. 199 
Three (3) µl of IgG from rabbit serum (2 µg/ml) was added to the rGO/SPCE and incubated at 37 °C 200 
for 2 hours. The unbound IgG was washed off by rinsing the electrodes with PBS, pH 7.1. Finally, the 201 
IgG/rGO/SPCEs were exposed to the E. coli O157:H7 cells in tap water at various concentration and 202 
characterized electrochemically via LSV and EIS.  203 

 204 

 205 

Figure 2 Fabrication steps of the immunosensor for the detection of E. coli O157:H7. A precleaned bare 206 
screen-printed carbon electrode (SPCE) was used as a conductive substrate onto which 3 µl graphene 207 
oxide (GO) was drop-cast, producing a layer of GO on the SPCE (GO/SPCE). The electrical 208 
conductivity of GO was restored by electrochemical reduction, which removes most oxygenated 209 
functional groups and leaves mostly carboxyl groups. This results in the formation of reduced 210 
graphene oxide (rGO) on the SPCE. Subsequent immobilization of IgG not specific for the E. coli strain 211 
on the rGO-modified electrode was done through a carbodiimide-assisted amidation reaction 212 
mediated by sulfo-NHS and EDC.  213 

 214 

2.4  Linear Sweep Voltammetry (LSV) measurements 215 
For detection of E. coli, 3 µl PBS, pH 7.1, containing a certain concentratio of E. coli O157:H7 was 216 

drop-cast onto the IgG/rGO/GCE and incubated at 37 °C for 1 hour. After multiple gentle washings 217 
with PBS, pH 7.1, LSV measurements were performed in tap water at a potential range of -0.5 V to 1 218 
V with scan rate of 100 mV/s. Electrodes were treated with different E. coli concentrations (4 × 108, 4 × 219 
105, 4 × 102, and 4 × 100 CFU/ml) and LSV was performed to see changes in Ipa and to observe the limit 220 
of detection (LOD). 221 
  222 
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2.5  Electrical Impedance Spectroscopy (EIS) measurements 223 
EIS was performed in 0.01 M PBS, pH 7.1, containing 5 mM K3Fe(CN)6 :K4Fe(CN)6 (1:1) as redox 224 

probe, with current range of 10 µA, amplitude of 20 mV, and frequency range of 100 kHz to 0.1 Hz 225 
[12]. The measured EIS spectrum was fitted with Randles equivalent circuit in an Ivium Equivalent 226 
Circuit Evaluator. The equivalent circuit compares and analyzes the experimental impedance with 227 
the typical ideal impedance. In our case, the Randles equivalent circuit is used as our model to 228 
analyze the solution resistance, charge-transfer resistance, double-layer capacitance, and Warburg 229 
impedance. The frequency dependence of the impedance reveals the underlying chemical process at 230 
the electrode surface.   231 

2.6  Binding of E. coli O157:H7 to reduced graphene oxide electrode modified with IgG  232 
FESEM at 5K magnification was used to verify the binding of E. coli to the electrode surface. 233 

Imaging was conducted at all four quadrants of an SPCE working-electrode surface to ensure that all 234 
the surface were imaged. 235 

 236 

3. Results and Discussions 237 

3.1  Linear sweep voltammetry of screen-printed carbon electrodes at different fabrication steps 238 
The LSVs of bare SPCE, GO/SPCE, rGO/SPCE, and IgG/rGO/SPCE have been conducted in tap 239 

water to understand the current transfer at each fabrication step. The LSVs were run from -0.5 V to 1 240 
V with scan rate 100 mV/s, and the results were plotted as a I-V voltammogram, as shown in Figure 241 
3. Current above the potential -0.2 V shows GO/SPCE with the lowest current, close to zero, while 242 
rGO/SPCE shows the highest current. Furthermore, the immobilization of IgG on the rGO surface 243 
(IgG/rGO/SPCE) lowers the current to a level close to that of GO/SPCE.  244 

 245 
The low current of GO/SPCE is a result of damaged sp2 carbon lattices and abundance of 246 

oxygenated GO groups contributing to its poor electrical conductivity [42–44]. However, when GO 247 
was reduced to rGO, the sp2 lattice was partially restored and some attached oxygenated groups were 248 
removed, resulting in rGO/SPCE’s having the highest current. The lower current of IgG/rGO/SPCE 249 
in comparison with rGO/SPCE implies that IgGs are immobilized on the electrode. It is important to 250 
note here that studies have shown that protein in dry and wet states is semiconductive [45], so current 251 
can still be transferred across the IgG to the conductive electrode surface. In addition, the conductivity 252 
of antibody is based on its structure, and the way in which it is immobilized on the electrode surface 253 
[46].  254 

 255 
After the 0.2 V potential point, all graphs exhibit a linear profile, whose slopes are 0.035, 0.025, 256 

0.033 and 0.029 for SPCE, GO/SPCE, rGO/SPCE and IgG/rGO/SPCE, respectively. This shows that tap 257 
water as the electrolyte is stable up to 1 V without electrochemical reaction occurring, enabling the 258 
electrode to be used as an immunosensor when measurements are made in weak electrolyte solutions 259 
such as tap water [47]. 260 
 261 
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 262 
Figure 3 Linear sweep voltammetry (LSV) results at different fabrication steps (bare SPCE, GO/SPCE, 263 
rGO/SPCE and IgG/rGO/SPCE) at a scan rate of 100 mV/s in tap water. The figure indicates the 264 
electron-transfer behavior on the electrode surface as the sweep was run at a potential of -0.5 V to 1 265 
V. GO/SPCE exhibits the lowest current and rGO exhibits the highest current after -0.2 V. The slopes 266 
of the graphs in the linear region are 0.035, 0.025, 0.033 and 0.029 for SPCE, GO/SPCE, rGO/SPCE and 267 
IgG/rGO/SPCE, respectively. 268 

 269 

3.2 EIS of screen-printed carbon electrode at different fabrication steps 270 
EIS is typically used to analyze interfacial behavior occurring at modified electrode surfaces. The 271 

impedance measurement for an immunosensor is highly dependent on the species adsorbed on the 272 
electrode surface. In a standard Nyquist plot, two obvious regions are observed at low and high 273 
frequency; in the high frequency region, a semicircular plot is observed, which indicates a charge 274 
transfer–limited process (faradaic phenomenon). In the low frequency region, a linear curve is 275 
observed, which indicates the mass transport of a diffusion-limited process (non-faradaic 276 
phenomenon), thus removing the contribution of convection and migration. As planar electrodes are 277 
used throughout this study, the concentration of redox and oxidized species can be represented by 278 
Fick’s law of diffusion, where species diffuse perpendicularly to the planar electrodes in the x 279 
direction. Since the electrodes used are based on Fick’s law, prediction of species concentration as a 280 
function of time can be made [48,49]. 281 

 282 
Figure 4a shows the Nyquist plots for SPCE, GO/SPCE, rGO/SPCE, and IgG/rGO/SPCE 283 

conducted in a frequency range of 100 kHz to 0.1 Hz, a current range of 10 µA, and an amplitude of 284 
20 mV. Based on the observed spectra, GO/SPCE shows the largest curve, followed by SPCE, while 285 
rGO/SPCE and IgG/rGO/SPCE have an almost similar linear curve from approximately 300 Ω 286 
onwards. The linear curves suggest that all electrode types are in a diffusion-limited process and are 287 
mainly influenced by the Warburg impedance owing to the low frequency. The Warburg impedance 288 
is typically characterized by a few assumptions; the electrode has a planar geometry, involves pure 289 
and semi-infinite diffusion, and is also based on Fick’s law of diffusion [49]. In many cases where 290 
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capacitance is the predominant term, the Nyquist plot (real vs. imaginary impedance) shows 291 
essentially a straight line, with emphasis on the low frequencies. Any graphical detail stemming from 292 
the high frequencies is therefore lost or negligible. One way to closely examine the contribution from 293 
high frequencies is to plot data in a manner similar to the Nyquist plot, but instead of real and 294 
imaginary impedance, to use the corresponding real and imaginary capacitance [50,51]. However, for 295 
the purpose of this study, we consider the low frequency plots. Figure 4b shows the slope and angle 296 
of the straight line observed in Figure 4a. The effect of impedance at the electrode surface can be 297 
observed by the slope and angle of the straight line, where a higher angle and slope indicate higher 298 
impedance. The bare SPCE, GO/SPCE, rGO/SPCE, and IgG/rGO/SPCE have slopes of 4.0165, 4.9833, 299 
2.0315, and 2.3457, respectively; the angles of the linear curve of the SPCE, GO/SPCE, rGO/SPCE, and 300 
IgG/rGO/SPCE are 76.02°, 76.91°, 63.79°, and 64.98°, respectively. From the results, we can say that 301 
GO/SPCE has the highest impedance while rGO/SPCE and IgG/rGO/SPCE have the lowest and 302 
almost similar impedance. The results also suggest that the addition of IgG antibody serum does not 303 
have any significant effect on the transducer layer of rGO/SPCE. Fitting the EIS spectra with a Randles 304 
equivalent circuit, we determine that the charge-transfer resistance (Rct) indicates the quantification 305 
of electron movement through experimental procedures for SPCE, GO/SPCE, rGO/SPCE, and 306 
IgG/rGO/SPCE is 36.29 kΩ, 60.51 kΩ, 5.23 kΩ and 3.55 kΩ, respectively. The results imply that the 307 
high impedance of GO/SPCE is due to the insulative properties of GO [52]. The addition of IgG to 308 
rGO/SPCE did not change the impedance by a significant amount. 309 

 310 
There have been very limited studies on the use of EIS using SPCEs; current work with SPCEs 311 

focuses more on voltammetry techniques, making interpretation of our results challenging. 312 
Attachment of antibodies on microelectrode surfaces has shown to result in increased charge-transfer 313 
resistance on the electrode surface, and attachment of large E. coli cells greatly increased the charge-314 
transfer resistance, as shown by the increase in the semicircle of a Nyquist plot [53]. However, those 315 
studies utilized microelectrodes, so the results obtained cannot be compared to those from our study. 316 
Significant differences can be seen from the shape of the Nyquist plots; our results show a 317 
significantly linear plot and an unnoticeable semi-circle. Studies have shown that immobilization of 318 
enzymes [54] or antibodies [55] increases Rct; for studies with antibodies, increasing cell concentration 319 
did not yield a linear calibration plot [55]. However, these studies do not modify the surface of the 320 
SPCE with nanomaterials, whereas in our study, the SPCE surface was modified with rGO to increase 321 
surface area of the WE.  322 
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 323 

Figure 4 Nyquist plot for SPCEs with different materials deposited. (a) Impedance measurement for 324 
bare SPCE, GO/SPCE, rGO/SPCE, and with nonspecific antibody attachment, denoted as 325 
IgG/rGO/SPCE. Inset shows a typical Randles equivalent circuit. (b) Angle and slope of the linear 326 
curves extrapolated from the Nyquist plot for bare SPCE, GO/SPCE, rGO/SPCE, and with antibody 327 
attachment, denoted as IgG/rGO/SPCE. EIS measurements were performed in 0.01 M PBS, pH 7.1, 328 
containing 5 mM K3Fe(CN)6 :K4Fe(CN)6 (1:1) with current range of 10 µA, amplitude of 20 mV, and 329 
frequency range of 100 kHz to 0.1 Hz. 330 

 331 

3.3 LSV at different E. coli concentrations 332 
LSV is used to quantify E. coli O157:H7 based on the electron transfer at the electrode surface 333 

where voltage is applied and the current measured is in response to attachment of E. coli cells on the 334 
electrodes.  335 

Figure 5 shows LSVs of (a) IgG/rGO/SPCE and (b) rGO/SPCE with similar potential range for 336 
comparison. As can be seen from Figure 5a, graphs for E. coli concentration of 4 × 102 and 4 × 100 337 
CFU/ml seems to overlap after the turning voltage of -0.14 V, and similarly for the higher 338 
concentrations. The lower current value of the hgiher concentration is attributed to higher cell 339 
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attachment to the rGO/SPCE, but the current value is not proportional to the E. coli concentration, 340 
probably as a result of weak affinity to the Fab region of IgG. From the results of both electrodes, we 341 
can say that higher cell attachment on the electrode surface resulted in lower current and that higher 342 
concentration of E. coli resulted in more nonspecific binding. Although the IgG used is not specific 343 
for E. coli, binding could occur even at low cell concentrations. Figure 5b shows the LSV graph for 344 
rGO/SPCE exposed to E. coli concentrations of 4 × 108, 4 × 105, 4 × 102, and 4 × 100 CFU/ml in tap water. 345 
As can be seen, LSV graphs seem to overlap for all E. coli concentrations. The results imply that 346 
without IgG, there is less binding of E. coli to the electrode surface, probably as a result of the rGO 347 
that can repel E. coli attachment [56,57]. Since a graphene-based surface is known to repel E. coli 348 
attachment, it can be said that IgG can attach to the E. coli surface through other mechanisms than the 349 
antibody-antigen complex. 350 

Although we test the binding of E. coli for concentrations of 4 ×108 to 4 × 100 CFU/ml, we do not 351 
see a linear calibration curve. The random effect is believed to be a result of nonspecific binding, since 352 
the IgG used in this study is not specific to the strain of E. coli used. Several IgGs could also potentially 353 
bind to a single bacterium, which might lead to random orientation of the cells on the surface of the 354 
electrode. IgG could bind to several outer membrane constituents of the E.coli, including its 355 
lipopolysaccharides and porins. However, since the IgG used was not targeted at the specific strain, 356 
the binding affinity could be affected. Nonetheless, the LSV readings indicate that the bacterial cells 357 
are bound to the IgGs on the surface of the electrode, although the affinity and orientation of the 358 
bacteria may result in the absence of linearity in the LSV across different bacterial cell concentrations. 359 

 360 
 361 

 362 
Figure 5 LSV graph of (a) /IgG/rGO/SPCE and (b) rGO/SPCE treated with different concentrations of 363 
E. coli (4 × 108, 4 × 105, 4 × 102, and 4 ×100 CFU/ml) in tap water at a scan rate of 100 mV/s.  364 

 365 

3.4 EIS at different E. coli concentrations 366 
EIS was used to study the impedance at the electrode-solution interface for E. coli concentrations 367 

of 4 ×108, 4 × 105, 4 × 102, and 4 × 100 CFU/ml for IgG/rGO/SPCE and rGO/SPCE. Various studies have 368 
shown employment of EIS to quantify bacteria concentration with high sensitivity and a wide linear 369 
range, when an antibody-antigen complex was used as the biorecognition layer [24]. In this study, 370 
IgG not specific for E. coli O157:H7 was used, and thus we expect nonspecific binding. However, it is 371 
interesting to see the effect of nonspecific binding on EIS measurements as LSV results showed that 372 
attachment on IgG-modified electrodes differed from that of electrodes not treated with IgG.  373 

 374 
Figure 6 shows the Nyquist plot and corresponding slope and angle bar graphs for E. coli 375 

concentrations of 4 × 108, 4 × 105, 4 × 102, and 4 × 100 CFU/ml. Figures 6a and 6c show the Nyquist plot 376 
and the corresponding slope and angle bar graphs with IgG, where the highest slope and angle was 377 
for an E.coli concentration of 4 × 102 CFU/ml (slope = 1.715, angle = 61.28°), followed by 4 × 108 CFU/ml 378 
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(slope = 1.581, angle = 59.20°), 4 x 100 CFU/ml (slope = 1.535, angle = 56.92°), and 4 × 105 CFU/ml (slope 379 
= 1.361, angle = 53.70°); the random results imply nonspecific binding. Many studies have looked into 380 
the nonspecific binding of bacterial cells on biochips; the oxygenated silicon surface was found to 381 
adsorbed bacteria cells, so blocking agents are used [58]. However, even then limitations still exist in 382 
the form of nonspecific binding on biochip surfaces, as antibodies can undergo structural changes 383 
and affect sensor sensitivity. It is important to note that this is not solely a limitation of 384 
electrochemical biosensors, but is shared by optical sensors [59]    385 

 386 
The results of our study strongly suggest that control experiments are important when utilizing 387 

electrochemical sensors for bacteria detection, to avoid nonspecific bacteria adsorption that results in 388 
false measured signals. As a control, we performed EIS on the rGO/SPCE surface, without the 389 
presence of IgG. Figures 6b and 6d show the Nyquist plot and the corresponding slope and angle bar 390 
graphs for E. coli concentrations of 4 × 108, 4 × 105, 4 × 102, and 4 × 100 CFU/ml. As can be seen, the 391 
slope and angle follow a linear calibration profile, where higher concentration of E. coli resulted in 392 
higher slope and angle, with the highest slope and angle for 4 × 108 CFU/ml (slope = 2.23, angle = 393 
65.80°), followed by 4 × 105 CFU/ml (slope = 2.12, angle = 64.77°), 4 × 102 CFU/ml (slope = 2.06, angle 394 
= 64.05°), and E.coli concentration 4 × 100 CFU/ml (slope = 2.05, angle = 64.02°) with the lowest slope 395 
and angle. This result is interesting because it shows that IgG seems to contribute to the random 396 
attachment of E. coli on the electrodes. Random attachment of cells on IgG/rGO/SPCE could be the 397 
result of IgG’s having residual binding sites that could contribute to the random attachment. In our 398 
experiments, the IgG amine groups of the heavy chain Fc region are believed to bind to the carboxyl 399 
groups available on the rGO surface, so the Fab regions are exposed to bind to targeted analyte.  400 

 401 

Figure 6 shows Nyquist plot at E.coli concentration of 4 × 108, 4 × 105, 4 × 102, and 4 × 100 CFU/ml for 402 
(a) IgG/rGO/SPCE with corresponding angle and slope (b), and (c) rGO/SPCE with corresponding 403 
angle and slope (d). All EIS were measured in 0.01 M PBS, pH 7.1, containing 5 mM 404 
K3Fe(CN)6 :K4Fe(CN)6 (1:1) as redox probe with current range of 10 µA, amplitude of 20 mV, and 405 
frequency range of 100 kHz to 0.1 Hz. 406 

 407 
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3.5 FESEM to verify attachment of E. coli on electrode surfaces 408 
FESEM analysis was performed to confirm the attachment of E. coli (4 × 107 and 4 × 105 CFU/ml) 409 

on electrode surfaces for IgG/rGO/SPCE and rGO/SPCE for four quadrants of a Ø=2 mm WE. As can 410 
be seen in Figure 7, for both electrode types, higher concentration of E. coli resulted in higher binding, 411 
although more cells can be seen attach to the IgG-modified surface for the 4 × 107 CFU/ml 412 
concentration (Figure 7a, ABCD). For the lower concentration, the FESEM image is almost similar for 413 
both electrodes. The results of the FESEM imply that nonspecific binding occurs more with higher E. 414 
coli concentration. Owing to the enhanced effect of nonspecific binding at higher concentration, a 415 
prefiltration step is deemed necessary. Furthermore, a differential approach of subtracting the sensor 416 
response between a reference sensor (without antibody) and with antibody can be used to remove 417 
false signals. The sensors should also be rinsed with buffer solution prior to measurement to remove 418 
loosely attached antibodies. Alternatively, introducing a common protein blocking agents such as 419 
bovine serum albumin, skimmed milk, or non-ionic detergent such as Tween-20 or Triton X-100 may 420 
also remove nonspecific binding [60]. 421 

 422 

 423 
Figure 7 FESEM images showing cell attachment on electrode surface for measurements made in tap 424 
water samples of antibody for E. coli concentrations of 4 × 107 and 4 × 105 CFU/ml. (a) IgG/rGO/SPCE. 425 
(b) rGO/SPCE. FESEM images were taken for quadrants of a Ø=2 mm SPCE.  426 

 427 

5. Conclusions 428 
The results of the study show the effect of nonspecific binding reflected in LSV and EIS when 429 

IgG was used as a model antibody. IgG antibody was chosen to be nonspecific with respect to the E. 430 
coli O157:H7 strain to introduce no specificity in the binding. LSV and EIS results for IgG/rGO/SPCE 431 
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was compared to that of rGO/SPCE, the latter with absence of IgG. For LSV, there is a change in 432 
current from the bare SPCEs at all cell concentrations for IgG/rGO/SPCE while no change in current 433 
could be seen for all concentrations for rGO/SPCE. FESEM results reveal more binding of E. coli on 434 
rGO/SPCE with IgG in comparison with rGO/SPCE without IgG. The binding of E. coli on the 435 
electrode surface still occurs at the lowest concentration of E. coli, 4 CFU/ml. However, there is no 436 
linear relationship between current and E. coli concentration for IgG/rGO/SPCE samples owing to the 437 
random effect introduced by the nonspecific binding. The results of the study suggest that nonspecific 438 
binding of cells on electrode surfaces can introduce false electrochemical signals. Electrochemical 439 
methods are not able to differentiate between living and dead cells, but they are sensitive to any 440 
changes in the electrode surface. Since quantification is the key in biosensing, it is important to reduce 441 
nonspecific binding, and efforts are likewise needed to understand the mechanism of bacterial 442 
attachment to electrode surfaces. Microfluidics with prefiltration steps and proper controls can enable 443 
the use of modified SPCE for bacteria detection. Furthermore, more studies are needed to understand 444 
the effect of nanomaterials on impedance at the electrode-solution interface. 445 
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