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Abstract: This document provides the Supplementary Materials to the article Design of a Lab-On-
Chip for Cancer Cells Detection Through Impedance and Photoelectrochemical Response Analy-
sis. Section 1 briefly describes about the apparatus used in this study. Section 2 illustrates about
the design of the microelectrodes. Section 3 gives a brief overview of flowchart of the chip fabrica-
tion process. Section 4 provides the results of the photoelectric response measurement. Section 5
gives the calculation formula for cell admittance measurement while Section 6 gives a brief over-
view of how the cells were counted. Finally the last section gives the tables of regression analysis
of different cell types.

Keywords: Lab-on-chip; linear interdigitated sawtooth electrode; dielectrophoretic impedance,
photocurrent response measurement; electron beam evaporation; electrode lithography process

1. Apparatus Description

The Microtest 6630 Precision Impedance Analyzer was used in this study along
with a Function generator (Agilent 33220 A) to measure with a 1 Vp-p voltage AC fre-
quency, because the signal generator can provide excitation signals with a wide range of
amplitudes and frequencies. An upright microscope (OLYMPUS, BX43) is connected
with a CCD lens (DP71, Olympus, Tokyo, Japan) to a computer to observe and record
changes in cell samples Schematic. A micro-galvanometer (AMETRIX Instruments Mod-
el 101) was used as the primary measurement of a photoelectric flow measurement sys-
tem provides resolution and accuracy superior to traditional more expensive instru-
ments and provides quiet, stable measurements with a substantial reduction in meas-
urement time. The photoelectric flow measurement system fixes the needle pressure and
lower needle position of the probe through a micropositioning probe seat (Microposi-

Biosensors 2022, 12, 405. https://doi.org/10.3390/bios12060405

www.mdpi.com/journal/biosensors



Biosensors 2022, 12, 405

20f12

tioner EB-700). The software (Pluse Scan V1.1) is provided by the manufacturer and
written by LabVIEW RTE2013. Figure S1 shows schematic diagram of impedance meas-
urement system and Figure S2 shows the schematic diagram of photoelectric flow meas-
urement system.
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Figure S1. Schematic diagram of impedance measurement system.
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Figure S2. Schematic diagram of impedance measurement system.
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2. Design of the microelectrodes

Figure S3 shows the schematic diagram of the biosensor chip architecture while
Figure 5S4 shows the schematic diagram of microelectrodes under OM.

(1) Au Electrodes
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Figure S3. Schematic diagram of biosensor chip architecture.
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Figure S4. Schematic diagram of microelectrodes under OM.

3. Chip fabrication

Figure S5 shows the flow chart of biosensor chip fabrication while Figure S6 is the
actual finished product of the biosensor chip.
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Figure S5. The flow chart of biosensor chip fabrication.

Figure S6. Actual finished product of the biosensor chip.
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Figure S7. Schematic diagram of reparation of the different cells.

4. Photoelectric Response Measurement
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Figure S8. The photoelectric flow measurement result of CE81 T esophageal cancer cells under dif-
ferent cell numbers, among which CE81 T-1 is the first stage cancer lesion, CE81 T-4 is the fourth
stage cancer lesion.
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5. Calculation formula for cell admittance measurement

After the cells are aggregated by applying positive dielectrophoresis on the microe-
lectrode, physical parameters such as impedance, admittance, capacitance, and conduct-
ance value will change after the cells are grasped by the electrode. In this study, the im-
pedance value was measured by an impedance analyzer. The transformation of the elec-
trical signal during the measurement will be converted into an exact impedance value,
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and when the cells are aggregated by the dielectrophoretic force, the cells are connected
in parallel between the two electrodes in a string of pearls, so a parallel module is used
in the cell impedance measurement. The total impedance Za of the electrode is divided
into two parts, the real part and the imaginary part, as shown in Equation (S1). Among
them, Za is the total impedance (cell impedance + electrode impedance), Ra is the total
resistance (cell resistance + electrode resistance), Ca is the total capacitance (cell capaci-
tance + electrode capacitance). When Ro>>Zx, Equation (52) is used with Vo as the initial
voltage measurement.

R —wC4R 2
Zy = - 752 T < ; 2J 1)
1+ w?C4 Ry 1+ w?C Ry
Z .

0

The voltage value measured by the lock-in amplifier u, = u,e@**9, where uo is the
partial pressure of the lock-in amplifier received through the electrode, and wt + 8 is the
phase angle generated by the voltage passing through the electrode and the cell. The ex-
periment is mainly based on the most idealized results, so assuming ui = u2 and using
Equation (S3),

R Roug sin
Z4 =—0u0c05(p +jL(p (S3)
Vo Vo

Substitute the Equation (S1) into Equation (S3) for equation operation, and then
comparing and solving the real and imaginary parts of the formula separately, we get
the Equation (54) and Equation (S5).

Rougsing (1 + tan? @)
= X

R, (54)

Vo tan @

2
C, = Vo . tan® @ (5)
wWRyugsing 1+ tan? ¢
In this study, Re is the electrode resistance, Rr is the pearl string resistance, Ck is the
electrode capacitance, Cr is the cell pearl string capacitance, Sk is the electrode conduct-
ance, St is the cell pearl string admittance. The cell and the electrode are connected in
parallel, so according to Ohm’s law the sum of the resistances, capacitance is given in

Equation (S6) and Equation (57) respectively.

R-R
Ry = _EA (S6)
Rg — Ry
CT == CA - CE (87)

The signal measured in this experiment is finally empirically calculated to obtain as
given in Equation (58).

ST == SA - SE (SS)

6. Cell count

As shown in Figure S9, there are two nine-square grids on the counting plate, and
each nine-square grid is engraved with 9 small squares of 1 mm?. The small squares lo-
cated at the 4 corners are further carved into 16 small grids, each with a height of 0.1



Biosensors 2022, 12, 405

7 of 12

mm. The volume between each slide and the counting plate is 1 mm?x 0.1 mm = 1.0 x
10-*ml. Before used it is disinfected with 95% alcohol. 10 ul of cell fluid and 10 pl of try-
pan blue are taken and mixed evenly. 10 ul from each pipette is taken and add it from
the groove and cover it with a glass and observe it under a microscope. As shown in
Figure S1 when counting, divide the number of cells in the upper and lower eight
squares by 8, multiply by the dilution factor and finally multiply by 104, which is the
number of cells suspended per milliliter of cells. If the number of cells is too large, it can
be diluted with sucrose solution and then injected to re-count; otherwise, centrifuge (500
rpm/5 min) and remove the supernatant for aggregation and re-count.

Figure S9. Under the microscope, live cells appear white, and dead cells appear blue.

7. Regression Analysis

LOD was calculated based on the standard deviation of the Slope. It can be ex-
pressed as three times of the SD of the slope divided by the slope. While limit of quanti-
fication can be calculated by times of the SD of the slope divided by the slope and the
sensitivity is calculated by dividing the slope of linearity graph by the geometry or ac-
tive area of biosensor.
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Table S1. Regression Analysis of A549.

A549
Regression Statistics
0.993544
Multiple R 994
0.987131
R Square 655
Adjusted R 0.983914
Square 569
Standard Er- 0.000192
ror 219
Observations 6
ANOVA
Signifi-
df SS MS F cance F
1.13372E- 1.13372E- 306.8402 6.23662E-
Regression 1 05 05 794 05
1.47793E- 3.69482E-
Residual 4 07 08
Total 5 1.1485E-05
Coeffi- Standard Lower Upper Lower Upper
cients Error t Stat P-value 95% 95% 95.0% 95.0%
0.000614 0.0001495 4.109642 0.014736 0.000199 0.001029 0.000199 0.001029
Intercept 682 71 245 453 407 956 407 956
8.21494E- 17.51685 6.23662E- 1.21092E- 1.66708E- 1.21092E- 1.66708E-
X Variable 1 1.439E-07 09 701 05 07 07 07 07
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Table S2. Regression Analysis of TSGH-8301.

TSGH-8301
Regression Statistics
0.997554
Multiple R 75
0.995115
R Square 48
Adjusted R 0.993894
Square 349
Standard Er- 8.22085E-
ror 05
Observations 6
ANOVA
Signifi-
df SS MS F cance F
5.50738E- 5.50738E- 814.913 8.96156E-
Regression 1 06 06 545 06
2.7033E- 6.75824E-
Residual 4 08 09
5.53441E-
Total 5 06
Standard Lower Upper Lower Upper
Coefficients Error t Stat P-value 95% 95% 95.0% 95.0%
0.000362  6.39685E- 5.666343 0.004783 0.00018 0.0005400 0.000184 0.000540
Intercept 468 05 638 499 486 73 863 073
1.00295E-  3.51338E- 28.54669 8.96156E- 9.0541E- 1.1005E- 9.05406E-  1.1005E-
X Variable 1 07 09 062 06 08 07 08 07
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Table S3. Regression Analysis of CE81 T-1/VGH.

CE81T-1/VGH

Regression Statistics

0.998573
Multiple R 281
0.997148
R Square 598
Adjusted R 0.996435
Square 748
Standard Er- 8.54144E-
ror 05
Observations 6
ANOVA
Signifi-
df SS MS F cance F
1.02052E- 1.02052E- 1398.818 3.05184E-
Regression 1 05 05 772 06
2.91825E- 7.29562E-
Residual 4 08 09
1.02344E-
Total 5 05
Coeffi- Standard Lower Upper Lower Upper
cients Error t Stat P-value 95% 95% 95.0% 95.0%
0.000670 6.64631E- 10.08644 0.000543 0.000485 0.000854 0.000485 0.000854
Intercept 376 05 211 58 845 908 845 908
1.36527E-  3.65039E- 37.40078 3.05184E- 1.26392E- 1.46662E- 1.26392E- 1.46662E-
X Variable 1 07 09 572 06 07 07 07 07
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Table S4. Regression Analysis of OE21-1/VGH.
OE21-1/VGH
Regression Statistics
. 0.9974619
Multiple R 68
0.9949303
R Square 78
Adjusted R 0.9936629
Square 72
Standard Error 0.0001484
24
Observations 6
ANOVA
df ss MS F Signifi-
cance F
Regression 1 1.72936E- 1.73E- 785.01 9.65423E-
& 05 05 34 06
Residual 4 881895 2e-08
08
1.73818E-
Total 5 05
Coeffi- Standard 0 Upper Lower Upper
cients Error tStat  P-value Lower35% ooy 95.0% 95.0%
Intercent 0.0006102 0.00011549 5.2838 0.0061 0.0002895 0.0009309 0.0002895 0.0009309
P 47 3 58 54 88 06 88 06
X Variable 1 1.77726E- 6.34326E- 28.018 9.65E- 1.60114E- 1.95338E- 1.60114E- 1.95338E-
07 09 09 06 07 07 07 07
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