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Abstract: A high-precision biosensor technique is introduced, offering the capability to
independently evaluate the effects of anti-cancer drugs on both cancerous (RAJI) and
non-cancerous (WIL2S) cells. By analyzing and fitting current change curves and transfer
characteristic curves under two drugs, camptothecin and doxorubicin, this technique
quantifies both the magnitude of drug-induced current changes in cells and the rate of
drug entry into cells. Flow cytometry was utilized to validate the entry rates of two drugs,
camptothecin and doxorubicin, into the cells. The biosensor leverages the exceptional
sensitivity of two-dimensional electron gas to detect proximal charge variations at ultralow
concentrations, even in fluids with high ionic strength. The findings reveal that anti-cancer
drugs have a more pronounced impact on tumor cells, with the effects and interaction
speeds differing across normal cells and tumor cells. This innovative approach not only
enhances our understanding of the specificity and action mechanisms of anti-cancer drugs
but also provides a valuable tool for screening potential tumor anti-cancer drugs and
advancing targeted cancer therapies.

Keywords: field-effect transistor biosensors; rapid detection; anti-cancer drugs; camp-
tothecin; doxorubicin; drug action speed

1. Introduction

Malignant tumors pose a significant threat to human health, with drug therapy being
one of the most common and essential treatment approaches [1,2]. Recently, precision
medicine has emerged as a leading trend in cancer treatment [3-5]. To achieve effective
and targeted drug therapy for malignant tumors, drug screening plays a crucial role [6].
Anti-cancer drugs exert cytotoxic effects on neoplastic cells, but the impact of different
drugs on the same cell type can vary significantly; also, the strong killing effect of anti-
tumor drugs on normal tissues may limit their suitability for tumor treatment [7,8]. The
permeability of the cell membranes is regulated by the opening and closing of membrane
channels, which control the flow of ions in and out of the cell, thus influencing the cell’s
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functional state. During drug therapy, drug molecules affect the activity of membrane
channels, altering the balance of ion concentrations inside and outside the cell, which
in turn changes the cell’s metabolism and signaling processes [9,10]. Drug—-membrane
interactions can induce changes in the physical properties of the cell membrane, reflecting
the drug’s activity within the membrane, which in turn affects the physiological functions
of cells [11]. Specifically, drug molecules can alter the physical and chemical properties of
the membrane, such as its fluidity, thickness, and surface charge, by binding to membrane
lipids and membrane proteins [12]. These changes not only affect the stability of cell
membranes but can also further regulate the entry and exit of ions and small molecules
by altering the open and closed states of membrane channels, impacting cell metabolism,
signal transduction, and other critical functions [13]. Therefore, examining the charge
characteristics of cell membranes is vital for analyzing functional alterations in tumor cells,
offering valuable insights for tumor detection and treatment. Investigating membrane
charge alterations during the action of anti-cancer drugs is essential for the advancement of
cancer therapy.

In electrophysiological research, cell electrical signals are typically recorded using
patch clamp techniques [14]. However, patch clamping presents several challenges, includ-
ing potential damage to the cell membrane [15], and it is limited to recording the excitability
of individual cells. Additionally, the recording duration is often short, which restricts more
complex analyses [16]. The electrochemical impedance spectroscopy [17] technique is a
powerful technique for measuring the impedance of cells or tissues to an alternating current,
enabling the inference of electrical and charge properties of the cell membrane. However,
analyzing the resulting impedance spectra is inherently complex, requiring a nuanced
interpretation of the data. This method also relies heavily on specialized equipment and
technical expertise, with the associated instruments being relatively costly. Voltage-sensitive
fluorescent dyes represent a vital tool for investigating signal transduction in neurons and
other excitable cells [18]. By labeling the cell membrane with these dyes, researchers can
monitor dynamic changes in membrane potential in real time [19]. Nevertheless, these dyes
can exhibit cytotoxicity, which may interfere with experimental outcomes. Furthermore,
the sensitivity of detection is strongly influenced by the choice of dye and the optimization
of experimental conditions. Optogenetics offers a sophisticated approach for controlling
cellular electrical activity by using light to activate specific photosensitive ion channels or
proteins [20]. Real-time monitoring is achieved through electrophysiological recording tech-
niques. However, the approach demands the precise genetic modification of cells through
genetic engineering, making it technically challenging. Additionally, the requirement for
specialized light sources and carefully controlled illumination parameters adds further
complexity to its application.

AlGaN/GaN heterojunction field-effect transistors (AlGaN/GaN HFETs) offer high
sheet carrier concentrations at the AlGaN/GaN interface, high saturation velocity, and a
high breakdown field [21,22]. These properties make them suitable for high-temperature,
high-power, high-frequency, and low-noise applications [23]. AlGaN/GaN HFETs are
ion-impermeable and highly stable in electrolytes, making them ideal for detecting ul-
tralow concentrations in fluids with high ionic strengths. The AlGaN/GaN heterojunction
generates a high-conductivity region known as the two-dimensional electron gas (2DEG).
The source-drain current in the 2DEG is highly sensitive to proximal charges; positive
charges attract electrons, increasing the current flowing through drain and source (I4),
while negative charges repel electrons, decreasing 3. Due to their superior performance,
AlGaN/GaN HFETs have been widely used in applications such as DNA hybridization
detection [24], cellular electrophysiological measurements [25], label-free detection of bio-
logical activity [26], extracellular signal recording, and ion detection [27].
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In this study, a practical physical approach for the rapid and simple screening of drugs
on cancerous and normal cells using AlIGaN/GaN field-effect transistors (HEFTs) [24] has
been established. This method leverages the high conductivity region of the AlIGaN/GaN
HEFET to detect charge generation induced by drugs on B lymphoma cells and B lym-
phocytes. The GaN field-effect transistor was employed to evaluate the effects of two
anti-cancer drugs, Camptothecin (CPT) and Doxorubicin (DOX), on different cell lines,
specially RAJI and WIL2S cells. The results allowed for the analysis of drug effects and
their rates of action on the cells. The study revealed that CPT significantly increased by
1.5 pA in RAJI cell fluid, while DOX showed minimal change in the same experimental
conditions. Additionally, the action rates of CPT and DOX on different cell types were
further analyzed and confirmed though flow cytometry.

2. Materials and Methods
2.1. AlGaN/GaN HFET Biosensor Preparation

Before each use, the device was cleaned with deionized (DI) water and subsequently
dried with nitrogen. Device characteristics were evaluated using a three-terminal config-
uration, with an inert metal-platinum (Pt) electrode serving as the gate to minimize the
impact of measurement electrodes on the results (see Figure 1). A 2 uL volume of RPMI
1640 culture medium or cell fluid was applied to the fluid reservoir. A Pt reference electrode
was positioned in the RPMI 1640 culture medium with its relative height set at 2 mm from
the AlGaN surface using a precisely controlled XYZ probe arm. Figure 1 illustrates the
basic connection mode, with the inset in the top-left corner showing cells suspended in
solution on the AlGaN surface. Figure 2 presents the device’s physical image (Figure 2a)
and cell characterization image by SEM (Figure 2b,c).

@®cell ---1640
99999
AlGaN
GaN
Gate solution with cells

SiC substrate

Figure 1. The cross-sectional view and device configuration of AlGaN/GaN HFET biosensors with
RPMI 1640 culture medium addition to the gate area.

Changes in the electrical characteristics were recorded using current-voltage measure-
ment mode with a Semiconductor Parameter Analyzer (Keithly 4200SCS, manufactured by
Keithley Instruments, which is headquartered in Cleveland, OH, USA). The measurements
were taken at a drain-source voltage (Vgs) of 0.1 V, while the gate-source voltage (Vgs)
varied from —5 V to 1 Vin 0.1 V intervals (see Figure 3a). From the test data, the threshold
voltage was determined to be Vg = —4.19V when using the RPMI 1640 culture medium.
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Figure 3b shows the V45 — I4s curves when Vgg ranges from —5V to 0 Vin 1V intervals.
The results indicate that the device operates normally.

(b)

Figure 2. The device’s physical image and cell characterization image. (a) The picture of the
AlGaN/GaN HFET biosensors. (b) A SEM image of a RAJI cell in the AIGaN/GaN HFET sensor in a
concentration of about 5 cells/pL. (c) A SEM image of a WIL2S cell in the AlGaN/GaN HFET sensor
in a concentration of about 5 cells/uL.
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Figure 3. The electrical characteristics curves of the device. (a) Iqs — Vgs characteristics of the
AlGaN/GaN HFET sensor in 2 uL. RPMI 1640 culture medium with an external bias to the gate from
—5Vto1lV. Vg issetas0.1V.(b) The Iy — Vg, curves of the AlGaN/GaN HFET sensor in RPMI
1640 culture medium at different Vg5 values in which V4, varies from 0 V to 2 V with an interval of
0.1V

2.2. Cell Lines and Reagents Preparation

WIL2S cells are B lymphocytes, while RAJI cells are B lymphoma cell lines. They
were both purchased from ATCC. CPT was acquired from KeyGEN Biotech (also known as
Jiangsu KeyGEN Biotech Co., Ltd., which is located at Nanjing, China) (Cat. NO: KGA8151),
and DOX was obtained from Beijing Huafeng United Technology Co., Ltd., Beijing, China.
Measurements were conducted using a Keithley 4200 SCS. Before conducting cell experi-
ments, the cell fluid was processed by multiple centrifugations and supernatant removal
to eliminate the influence of fetal bovine serum (FBS). The cell concentration for the ex-
periments was adjusted to approximately 5 cells/uL. This concentration was achieved by
first counting the cell concentration in the original cell fluid using a cell counter and then
diluting or concentrating the solution as needed.
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2.3. Experimental Setup and Drug Treatment Procedure for Sensor Response Experiments

For the experiments, the device was cleaned with DI (deionized water) water and then
dried by nitrogen. It was then fixed in the Semiconductor Parameter Analyzer 4200SCS.
The source voltage was set as 0 V, drain as 0.1 V, and the gate voltage as 0 V for excluding
the stimulus of gate voltage. Before conducting drug treatment experiments, we establish a
drug concentration gradient, assess cell viability using the MTT assay, and select the highest
drug concentration that maintains cell viability above 70%. A low concentration solution of
2 ug/mL CPT (see Figure 4a) or 10 pg/mL DOX (see Figure 4b) was prepared in dimethyl
sulfoxide (DMSO). Once stabilized, 2 pL of the drug solution was added to the gate area
and was continuously recorded throughout the procedure. The results are presented in
Figure 5a—f. Figure 6a—c show the transfer characteristics under different conditions after
drug treatment, used to assess changes in the threshold voltage.
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Figure 4. Drug concentration experiment results. (a) Cell survival curves following treatment
with varying concentrations of CPT. (b) Cell survival curves following treatment with varying
concentrations of DOX.
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Figure 5. Current curves of source and drain vary over time. The current change of I35 with the
addition of 2 ug/mL CPT to RPMI1640 culture medium (a), RAJI cell fluid (b), and WIL2S cell fluid
(c), respectively. The current change of 144 after the addition of 10 pg/mL DOX to RPMI 1640 culture
medium (d), RAJI cell fluid (e), and WIL2S cell fluid (f), respectively. I35 represents the current
flowing through the drain and source electrodes. The red solid line in each graph indicates the fitting
curve (fitting formula see Formula (1)) of L4 after drug addition. For the time axis, 0 s represents the
time of drug addition.
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Figure 6. Transfer characteristic curves of the AlIGaN/GaN HFET sensor under various conditions
corresponding to Figure 5. (a—c) Vgs—Igs under different conditions, from which their threshold
voltages (Vy,) can be obtained by nonlinear fitting of the curves of the fast-growing part. The values
are listed in Table 2. For the pure RPMI 1640 culture medium, the Vy, value is —4.19 V, which is not
included in the table. Notes: Vs is the gate-source voltage of the sensor and Iy is the current flowing
through the drain and source electrodes.

2.4. Flow Cytometry Experiment

Both CPT and DOX are fluorescence compounds [28]. Therefore, the drug levels within
cells at various time points can be detected using flow cytometry. CPT exhibits strong blue
fluorescence when excited by ultraviolet light, with an excitation and emission of Aex =
370 nm and A¢m = 420 nm, respectively [29]. DOX has an absorption peak around 480 nm,
and its fluorescence is detected at 560 nm [30,31]. Intracellular drug levels at different time
points were measured using flow cytometry (Beckman, Model: Gallios, manufactured by
Beckman Coulter, which is headquartered in Folsom, CA, USA), providing an alternative
method to assess the action speed of drugs on cells.

2.5. Data Handling

Data from the AlGaN/GaN HFET biosensor tests, conducted using a Semiconductor
Parameter Analyzer (Keithly 4200SCS), were acquired, processed, and presented using
ORINGIN Pro 9.0 (Oringinlab Corporation, Northampton, MA, USA). The fitting formula
of Figure 5 is

_t _t
[4s=axe " +bxe ™ +c (1)

where T represents the constant of the time process for transition reactions. It refers to
the time required for a physical quantity to decay from its maximum value to 1/e of
its maximum value. For a quantity that decays exponentially, the time required for the
amplitude to decay to 1/e of its initial value is known as the time constant. Statistical
analysis of the flow cytometry experiments was performed with quantitative data expressed
as means and standard deviations (SDs). Two-tailed Student’s ¢ tests were used to determine
p-values, with statistical significance defined as p < 0.05. All experiments were conducted
independently in triplicate.

3. Results
3.1. Device Performance of AlIGaN/GaN HFET Biosensor

From the test data, the threshold voltage was determined to be Vgs = —4.19V (see
Figure 3a) when the gate fluid was RPMI 1640 culture medium. The data presented in

Figure 3b show that I3 increases with increasing Vg at a constant V4. Both Figure 3a,b
indicate that the device is functioning normally.
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3.2. 15 Change in Drugs Action on Cells

The effects of CPT and DOX on cells are illustrated in Figure 5a—f. The addition of
CPT to a RAJI cell fluid resulted in a significant increase in I3 (about 1.5 nA) after 250 s
(Figure 5b). To rule out potential interactions between RPMI 1640 culture medium and CPT,
rather than the drug’s effect on the cells, a control experiment was conducted with only
RPMI 1640 culture medium and CPT, without cells. This control did not show a significant
change in I3, when CPT was added (Figure 5a).

In comparison, the addition of CPT to WILS2 cells (Figure 5c) produced a less pro-
nounced effect, if any, compared to the RAJI cells. A similar experiment was performed for
DOX on RAJI cells (Figure 5e) and in a clean RPMI 1640 culture medium to exclude unex-
pected effects (Figure 5d). The results for DOX showed a slight decrease of 145 over time
in all case involving cells, while the control experiment with RPMI 1640 culture medium
alone did not exhibit notable effects (Figure 5f). The response time constant T of different
conditions corresponding to Figure 5a—f is listed in Table 1.

Table 1. Response time constant T for various conditions corresponding to Figure 5a—f.

Drug RAJI Cell 1640 WIL2S Cell
T = 23.03 s T = 746 s

CPT T, = 393.54 5 none T, = 309.15 s

DOX T=128.00s T=4837s T=12585s

3.3. Transfer Characteristics of Different Conditions After Drug Treatment and Analysis of Charge
of the Two Drugs

Figure 6a—c examine the transfer characteristics under different conditions after drug
treatment to assess changes in the threshold voltage by comparing the threshold voltage
values of the gate area upon adding CPT and DOX to the RPMI 1640 culture medium (as
shown in Figure 6a—c, with values listed in Table 2). The relationship between charge and
capacitance is described in classical electromagnetism theory [32]. Using the formula

AQ = Cbarrier X AVth (2)

where the barrier capacitance was measured to be 3.18 x 10~F/cm?, the charge density
can be calculated. Since CPT is not charged (Figure 6a, AVy, = 0 V), the change in 144 in the
gate area must be attributed to the effect of CPT on the cells. The charge density change in
RAJI cell fluid due to CPT is 2.89 x 10'! /cm?2, whereas the charge density change in WIL2S
cell fluid caused by CPT is not significant (Figure 6b, AVy, = 0.09 V, with an error of 0.09 V
for V).

Table 2. The threshold voltage (Vi) of the gate region under different conditions corresponding to

Figure 6a,c.
Drug RAJI Cell 1640 WIL2S Cell
CPT —4.19V —4.65V —410V
DOX —4.10V —4.06 V —411V

The effects of DOX on both cell lines (Figure 6¢) are weaker compared to those of CPT
(Figure 6b). From the time constant T (Table 1), it is observed that the interaction processes
of the two drugs with normal B cells (WIL2S) are faster than with RAJI cells (cancerous
cell) (see T in Table 1). For the same cell line (RAJT or WIL2S), CPT treatment involves two
processes: an initial rapid response followed by a slower process, whereas DOX displays
only single phase during the measurement period. The fluorescence measurements of drug
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molecules in the cells at different times reveal that CPT enters cells very rapidly, while DOX
enters the same type of cells relatively slowly.

3.4. The Speed of the Two Drugs on Cells Confirmed by Flow Cytometry

Flow cytometry was used to verify the speed at which the two drugs act on the cells
(see Figure 7a for the results). The histogram reveals that CPT rapidly entered both cell
types. In contrast, DOX entered WIL2S cells faster than RAJI cells within the first 15 min,
which aligns with the time constants obtained from the electrical measurements. Following
this initial period, DOX entered WIL2S cells at a relatively slower rate compared to the
earlier stage of entry.

I Raji+CPT
[ Raji+DOX
I WVil2s+CPT
[ wilzs+DOX

15 20 25 30 ONa* °K+ OC32+ () Other ions

Time (min)
(a) (b)

Figure 7. Drug uptake over time and proposed mechanism of CPT action on RAJI Cells. (a) The
result of drug uptake into cells at various times, as determined by flow cytometry. (b) A possible
mechanism by which CPT acts on RAJI cells.

4. Discussion

In this study, the exposure of RAJI cells to CPT resulted in a significant increase in
I4s. We hypothesize that CPT treatment indirectly stimulates ATP hydrolysis and activates
ion pumps, leading to an increase in positive ions or a decrease in negative ions in the
solution [33] (see Figure 7b). This, in turn, raises the total number of positive ions outside
the cells, thereby increasing 145 (Figure 5a).

This hypothesis may be supported by findings from two additional studies: one on the
effects of CPT treatment on single U251 cells [34] and another on thermogenesis in living
cells [24]. The study on U251 cells observed an acute increase in intracellular temperature
following CPT treatment. Similarly, the addition of ionomycin calcium complexes to single
NIH/3T3 cells resulted in elevated intracellular Ca?* concentrations and a noticeable
temperature rise within the cell. In contrast, the effect of CPT and DOX on noncancerous
cell lines appears to induce only minimal ion pump activity, leading to negligible changes
in ion concentration and a relatively modest temperature rise in single cells [34].

For DOX, we suspect that very little of the drug enters the cell within the given time
frame [35], a hypothesis supported by the results shown in Table 1 and Figure 7a. The
overall results indicate a slight decrease in the concentration of positive ions in the gate
area, but not to a significant extent.

For B lymphocytes (WIL2S), the effects of the anti-cancer drugs (CPT and DOX) were
less pronounced compared to cancerous RA]JI cells. The net changes in I 44 are illustrated
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as follows: Figure 5b shows an increase of approximately 1.5 pA for CPT treatment on
RAJI cells, Figure 5c shows an increase of approximately 0.2 uA for CPT treatment on
WIL2S cells, Figure 5e shows a change of around 0.2 pA for DOX treatment to RAJI cells,
and Figure 5f shows a change of 0.1 uA for DOX treatment on WIL2S cells. These results
demonstrate the anti-tumor specificity of the two drugs to cancerous cells to some extent.

Based on both current—voltage measurements (Figure 5) and the evaluation of time
constants in each case (Table 1), we conclude that only CPT significantly affects the can-
cerous (RAJI) cell line within the observed time frame, while WILS2 cells are relatively
unaffected by either CPT or DOX. Given the slower action process of DOX, it is likely that
DOX does interact with ion pumps within RAJI cells, but these effects are not detectable
within the short duration of our experiments.

However, this study also has the following limitations: First, the range of drug selection
is limited, as only two typical anti-cancer drugs (camptothecin and doxorubicin) were
investigated. This may restrict the representativeness of the findings. Future research
will consider expanding the range of drugs, including those with different mechanisms
of action, to validate the broad applicability of the method. Additionally, the experiment
used only one cancer cell line (RAJI) and one non-cancerous cell line (WIL2S), which may
not sufficiently represent the responses of various cell types to drugs. We plan to include
multiple cancer and normal cell lines in future studies, particularly those derived from
different tissues or with distinct characteristics. Furthermore, the study primarily focused
on the short-term effects of drugs, without addressing their long-term impacts on cells, such
as apoptosis rates or drug resistance. Subsequent research will investigate the long-term
effects of drugs to provide a more comprehensive understanding of their impact on cells.

5. Conclusions

In conclusion, this study presents a viable physical approach for the rapid and straight-
forward assessment of drug effects on both cancerous and normal cells, focusing on action
speed and charge change using AlGaN/GaN field-effect transistors over a short timeframe.
The results demonstrate that CPT has a significant impact on RAJI cells, leading to an in-
crease in ion concentration in the solution. In contrast, the effects of DOX, another common
chemotherapy drug, are less pronounced within the same short time period. Additionally,
the study reveals that both drugs have a more pronounced effect on cancerous cells within
the short experimental duration. This approach offers a new method for drug screening
in cancer treatment, initial efficacy evaluation, and the research and development of new
drugs. By distinguishing between the effects on cancerous and normal cells, this technique
supports the development of targeted and more effective cancer treatments. It also aids
in understanding drug action mechanisms to some extent, potentially contributing to
improved therapeutic effect evaluations and disease treatment strategies.
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