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A graphical user interface (GUI) with Tkinter was created in Python to facilitate data analysis for
electrochemical techniques in cyclic voltammetry and electrochemical impedance. The GUI lets the
user select a technique, measurement(s), and eventually customize the plots.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Motivation and significance

Electrochemical impedance spectroscopy (EIS) is a non-
destructive label-free technique used to detect the highly sen-
sitive and selective binding of antibodies and antigens. These
immunoassays are very powerful in applications such as biomed-
ical detection, environmental applications, and quality control.
EIS detects the binding event between antigen and antibody by
measuring the change of impedance [1,2].

Despite these advantages, EIS data analysis is not as straight-
forward as other electrochemical techniques such as amperom-
etry or cyclic voltammetry. In the case of EIS, the user needs
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to go through a series of steps to extract data, define an equiv-
alent circuit, fit a model and predict the best fitting spectrum
to extract physically meaningful parameters that represent the
physicochemical phenomena occurring in the surface of the func-
tionalized electrode [3]. To perform this analysis, the user needs
to utilize commercial or closed-source proprietary software asso-
ciated with a specific instrument, such as the NOVA software used
with the Autolab potentiostat fabricated by Metrohm [4] or the
PSTrace used with the potentiostat fabricated by PalmSens [5].

Most of the available software present in electrochemical po-
tentiostat allows the data analysis of several electrochemical
techniques, including Cyclic Voltammetry (CV), EIS, and amper-
ometry.

The majority of the existing software for EIS data analysis al-
lows the selection and analysis of a single experiment. To analyze

2352-7110/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Randles circuit used in EIS to extract the resist transfer charge value, R,.
Rp is expressed by RCT = Rp + ZW, WE correspond to the working electrode,
Cd represents the electrical double-layer’s capacitance, Rs is the resistance of the
electrolyte solution Zy, corresponds to the Warburg element, and CE represents
the counter electrode.
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Fig. 2. Nyquist plot representing the impedance spectrum at different frequen-
cies. In this plot, Ry values, solution’s resistance, Rcr, charge transfer resistance,
and Zy, the Warburg element are indicated.

and compare multiple experiments, the user needs to perform
each experiment’s data analysis and overlay the obtained data.
Additionally, in some of the fitting steps, the user needs to choose
which points will be used by the software to perform the fitting.
Letting the user choose these points will increase the bias and
affect the results.

Rech and co-workers developed a GUI for impedance spec-
troscopy (IS) analysis [6]. The script allows the user to control the
instruments for impedance measurement. Besides, it also has an
analysis function, but as in the case with the NOVA software, the
analysis is made upon one measurement at a time. Other available
software for the analysis of impedance data are available [7-11]

In this article, a graphical user interface (GUI) with Tkinter
was created in Python as an alternative to facilitate data analysis
for CV and EIS data analysis. The software can be used on EIS
measurements described by a Randles circuit seen in Fig. 1 or ECS
measurements, where the measurement graph is similar to Fig. 2.

Fig. 2 shows the Nyquist plot used to represent the impedance
spectrum. In this plot, the diameter of the semicircle represents
the Rer value included in the Randles circuit. The size of the
semicircle diameter gives us an idea of the R¢y value.

This article aims to facilitate the analysis by allowing the user
to compare several experiments without the need to individually
plot and overlay each graph corresponding to an individual ex-
periment. The software described here presents a GUI that allows
multiple file selection and a simple analysis done on all selections
at once.
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[ Impedimetric analysis
rSelect analysis
CV-analysis B
values_row_start 3 info
potential_column 1 info
current_column 8 info
scan_column (O if none) 5 info
Scan_number 3 info
LinReg_start_index 15 info
R2_accept_value 0.9 info
potential_unit v info
current_unit A info
Number of decimals 3 info
Run!

Fig. 3. Graphical User Interface (GUI) was created in Tkinter to select and
customize multiple selected files’ impedimetric analysis easily.

2. Software description

The scripts are written in the programming language Python.
The originally independent analysis scripts have all been com-
bined to one single script, impedimetric_analysis.py, where the
user can select the type of analysis through an interface. The
script intended to make the data analysis more efficient and to
avoid human biases. Therefore, all step-by-step manual selections
are substituted by automated ways to find the semicircle diam-
eter in an EIS plot or find the peak potentials and peak currents
in a CV. First, the user selects a technique, either “CV-analysis”,
“ElS-analysis”, or “Plot all imported”. Next, the user is capable of
changing some of the default settings. After clicking “Run!” the
analysis will start, and the user needs to select the files, in either
Excel or CSV format, to be analyzed together with a folder for
where the output result images shall be saved. The GUI can be
seen in Fig. 3, where “CV-analysis” is selected.

In cyclic voltammetry, the peak potentials (Ep, and E,), the
difference in peak potential (AE), and peak currents (ipq and ip)
provide relevant information about the electrochemical process
and the electrode surface. Therefore, the script automatically
outputs those values in “CV-analysis” by identifying two linear
baselines. On the other hand, the EIS analysis will output the
semicircle’s diameter, roughly estimated as the charge-transfer-
resistance, Rer.

The code to create the input boxes in Fig. 3 can be seen below.

def entry_box(self,Text, row, column, default_input, width = 20):
Text = str(Text)
Label(self .master, text=str(Text),width = width).grid(row=row)
E = Entry(self.master)
E.insert (END,str(default_input))
E.grid(row=row, column=column)
return E

3. Illustrative examples

For the illustrative examples included in this article, an elec-
trochemical immunoassay for detecting thyroid-stimulating hor-
mone was prepared following a method previously described [7].
Shortly, a gold microelectrode was cleaned using a solution of
50 mM of KOH and 25% in H,0, for 10 min. After this, the elec-
trode was rinsed with Milli-Q water, followed by a CV in 50 mM
KOH as described by [8] . The electrode potential was swept from
—200 to —1200 mV (vs. Ag/AgCl) once, at 50 mV/s scan rate, and
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Fig. 4. Cyclic voltammetry analysis of the clean Au electrode in a 2 mM
Fe(CN)s —3/Fe(CN)s—* solution containing 0.1 mM KCl. The CV plot was made
using the pyEIA software.. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

then rinsed in Milli-Q water. The cleaned electrode was incubated
overnight at room temperature in a 2 mM solution of MPA aque-
ous solution. After rinsed with Milli-Q water to remove physically
adsorbed MPA, it was incubated in a solution with 20 mg/mL
of EDC and 10 m/mL of NHS for 1 h at room temperature. The
modified electrode was then rinsed with phosphate buffer 10 mM
pH 7.4 and incubated in a solution of anti-TSH overnight to
yield sensing interfaces. Unbound antibodies were washed away
using PBS. The unreacted active surface groups were blocked by
incubating the functionalized electrode with 0.1% (w/w) bovine
serum albumin (BSA) for 1 h at room temperature, followed by
washing with PBS. The prepared sensor was incubated in 40 pL
of TSH for 30 min at room temperature and washed with PBS.
The electrochemical measurements, including CV and EIS, were
performed in a degassed PBS solution containing 0.1 M KCl and
2 mM Fe(CN)s —3/Fe(CN)s~*

All electrochemical experiments were carried on a PGSTAT30
Autolab electrochemical workstation equipped with a FRA32M
module for electrochemical impedance spectroscopy measure-
ments. The CV was measured by sweeping the potential from
—100 to 700 mV (vs. Ag/AgCl) at a scan rate of 100 mV/s. For
the EIS measurements, the frequency range was measured from
0.01 Hz to 100 kHz with a signal amplitude of 5 mV and a scan
rate of 100 mV/s.

3.1. Plotting a cyclic voltammogram

Fig. 3 displays the obtained CV of Fe(CN)s~>/~* at the cleaned
gold electrode. It can be seen that the obtained CV displays the
typical shape, amperometric response, and defined peak-to-peak
separation between the cathodic and anodic waves of the redox
probe. The curve in Fig. 3 was the expected response for an
unmodified clean gold electrode where no layers are obstructing
the electron-transfer kinetics of Fe(CN)g~3/—4.

Note, the two baselines in Fig. 4 are indicated as gray and
green. They are highly essential for the output of the characteris-
tic values. Parts of the code to generate the baselines of the cyclic
voltammetry plot are seen below.

x_linl
y_linl
fitl = LinearRegression()

fitl.fit(x_1linl, y_linl) #make linear fit
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Fig. 5. Nyquist plots for the different functionalization steps involved in the
fabrication of the electrochemical impedance immunoassay for TSH detection.
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Fig. 6. Rcr values were obtained for the different functionalization steps to
fabricate the electrochemical impedance immunoassay for TSH detection.

3.2. Creating a Nyquist plot using EIS data

EIS gives information on the charge transfer resistance in
the functionalization process. After every functionalization step,
the functionalized gold electrode impedance is measured in the
Fe(CN)—3/~* solution, as described in Section 2. The impedance
spectra include a semicircle portion and a linear portion. The
semicircle segment corresponds to the electron-transfer-limited
process, and the linear segment represents the diffusion-limited
process. The semicircle diameter represents the electron-transfer
resistance. The electron-transfer resistance will increase after
every functionalization step due to a new layer that will obstruct
the electron transfer from the Fe(CN)s~3/~* solution to the gold
electrode surface.

The analysis of multiple EIS measurements will lead to Figs. 5
and 6. The results are obtained for measurements with an exact
semicircle, as seen in Fig. 5. Fig. 5 is an example of EIS measure-
ments on the functionalized gold microelectrode for the detection
of TSH. Each functionalization step is listed in the Figure label,
starting from bottom to top.

The diameter of each semicircle in Fig. 5 was determined using
a non-linear least square to fit the function 2’2 = R?* — (Z'-X.)?
to the data. Note that Z” and Z' are the imaginary- and real
value of the impedance, Z, respectively. Moreover, this circular
fit algorithm is applicable when Rs is negligibly small. In this
particular case, R is the radius, while X, is the 1st-axis coordinate

np.array(Data.iloc[max potential+LinReg_start index:i,0]).reshape(-1,1)
np.array(Data.iloc[max_potential+LinReg_start_index:i,1]).reshape(-1,1)

y_predl = fitl.intercept + fitl.coef_[0]*Data.iloc[:,0] #define linear function on form y=b+ax
R2_1_score = r2_score(y_linl.reshape(1l,-1)[0],y_predl[max_potential+LinReg_start_index:i].to_numpy()) #R"2 value
if R2_1_score > R2_accept_value: #R"2 must be greater than R2_accept value

break
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#
# Circle fit
#
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def func(x, X_c, R): #define function for "non-linear least squares" fit
return R**2-(xX-X_C)**2 #Y"2=R"2-(x-X_c)“2, rewritten form of (x-X_c) 2+Y"2=R"2

circle_max_index = sorted_data.iloc(:circle_end_index,1).idxmax() #sort data points (so all points are in right order)
xdata = sorted_data.iloc[cir_ptl_index:circle max_index,0) #only include data from start to max of semicircle

ydata = sorted_data.iloc[cir_ptl_index:circle_max_index,1] #only include data from start to max of semicircle

popt, pcov = curve_fit(func, np.array(xdata), np.array(ydata**2)) #solve non linear system

D=2*popt (1] #diameter of semicircle

to the center of the semicircle. A part of the code to do the fitting
and solve the linear problem is shown above.

The measured diameters of the semicircles shown in Fig. 5 are
displayed as a bar chart in Fig. 6.

A part of the code to create the bar chart in Fig. 6 is seen below.

4. Impact

The pyEIA software for CV and EIS analysis is limited com-
pared to advanced software created especially for impedimetric
techniques, e.g., NOVA Autolab that allows the user to build and
fit Randles circuits to measurements. However, pyEIA software
succeeds in using Python to facilitate data analysis and better
overview data. In software like NOVA Autolab, every measure-
ment needs to be manually selected to be included in a specific
overlay to compare the measurements in one plot. On the other
hand, the pyEIA software allows the user to select multiple Ex-
cel or CSV format measurements simultaneously. Therefore, the
analysis time will not increase with the number of selected mea-
surements when using the python script. If the default settings
are used, EIS’s analysis time takes approximately 20 s only that
produce the measurements in one plot. It will also output char-
acteristic values in either a table or bar chart. Nevertheless, the
results from the pyEIA software must not highly deviate from
NOVA Autolab. A comparison of the two methods was conducted
and is shown in Table 1.

This article compared our developed Python script pyEIA with
the NOVA software available in the AutoLab potentiostat. How-
ever, it is fair to say that the described challenges when doing
data analysis for electrochemical impedance and cyclic voltam-
metry occur in other available software. The results show that
the deviation between the software used is within the individual
measurement’s standard deviation. However, the deviation would
increase if an apparent end of the semicircle was absent. Hence,
the semicircle is likely to appear larger than expected, making
it difficult for a user using NOVA software to manually choose
the three necessary points for the circle fit step without also
increasing the human bias.

Table 1

Comparison of Rqr values obtained with the NOVA software and the pyEIA
software for all the functionalization steps need it to develop the electrochem-
ical impedance immunoassay. Note, the standard deviation (o) is based on
measurements from two electrodes.

NOVA, pYEIA, Difference
Rcr values + o; (£2) Rcr values + o; (£2) in %
Clean 726 + 48.1 724 £+ 53.0 0.28
TSH-antibody 9445 + 1162 9480 + 1174 0.37
BSA 12625 + 824 12700 + 1061 0.59
TSH 17819 £ 955 17600 + 778 12

5. Conclusions

This article presented a graphical user interface and a Python
script called pyEIA that facilitate the data analysis of electrochem-
ical immunoassays experiments. Using pyEIA, several graphs
could be plotted fast while facilitating its comparison and ob-
taining information about the increase in charge transfer due to
the electrode surface functionalization. Additionally, the curve’s
plotting is done automatically by the pyEIA software eliminating
the bias existing when the user selects the NOVA software’s
parameters to obtain parameters describing the semi-circular
shaped part of the spectrum.

The electrochemistry and biosensing community members
may benefit from pyEIA by obtaining a fast way to analyze and
share their data without plot each graph and overlay all the
graphs describing the electrode functionalization and reducing
human bias.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

if len(D_list)>1: #if only 1 selected file, no need to compare to any other file

fig, ax = plt.subplots()

y_pos = np.arange(len(filename)) #for ticks on y-axis

plt.barh(y_pos, D_list, align='center', alpha=0.8, color="cornflowerblue")
plt.yticks(y_pos, filename) #place the ticks on y-axis

plt.xlabel("Resist Charge Transfer / "+str(Analysis[1]))

plt.title("Overview of Resist Charge Transfer for each file")
plt.xlim((0,1.23*max(D_list))) #make xlim great enough for text to be next to bar

#Position diameter value next to each bar
for i, v in enumerate(D_list):

ax.text(v+(0.01*max(D_list)), i, str(v), color='black', fontweight='bold')
#Display ticks as scientific if they are rounded to 0

if round(max(Loaded datafi).iloc[:,0])) == 0:

ax.xaxis.set_major_formatter(mtick.FormatStrFormatter('$.le'))

if round(max(Loaded dataf[i].iloc[:,1])) == 0:

ax.yaxis.set_major_formatter(mtick.FormatStrFormatter('$.le'))
plt.savefig(os.path.join(savingFolder, 'Bar_diameter-' + filename([0] + '.pdf'),bbox_inches='tight')

print("Diameter overview (Bar chart):")
plt.show()
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