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The use of biosensors to detect cell activities is of great significance for understanding their biological
functions and drug responses. In this work, we propose a self-powered (In,Ga)N biosensor without an
external power supply, which is capable of label-free monitoring of live cell activities. Based on the
electrical conductivity, Au nanoparticles are deposited on the surface of the (In,Ga)N layer to help cells
to adhere to the sensor. Thanks to its small size and continuous monitoring, the biosensor enables us to
capture the dynamics of cell adhesion-based activities in situ. In addition, it is found that Au
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nanoparticles can enhance the current intensity significantly, which could accelerate the electron transfer
between the electrodes or increase the reactive oxygen species in cells. According to the spike signals,
the biosensor can make contact with live cells for detecting cell activities. Therefore, this developed self-

DOI: 10.1039/d51f00339¢
powered biosensor provides a new method to study the cell activities in situ with ultralow power
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1. Introduction

A Dbiosensor functions as a detection tool capable of
identifying biomolecules and transforming their levels into
signals like light and electricity. It combines biometric
components and signal conversion components to achieve
the conversion and transmission of biological signals.'” As
the analytical speed, sensitivity and selectivity of biosensors
have increased, they have started to move toward
automation, miniaturization and integration.”® They are
valuable in various fields, including biology, medicine, food
and environmental detection.>® Among them, cell-based
biosensors have a broad range of detection capabilities since
they can directly monitor the physiological characteristics of
live cells and study the effects of drugs.'®'' With the
advancement of materials science and nanotechnology,
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attempts have been made to adapt nanomaterials to
biosensors."*™* With good compatibility, the biosensors
using nanomaterials have the advantages of maintaining cell
activities, promoting electron transfer between electrodes
and biomolecules, improving sensitivity and response time,
etc.>''™1 They can also detect biomolecules label-free,
accelerating the pace of diagnosis."”” In addition, self-
powered biosensors that do not require an external power
source have also attracted widespread attention in biological
analysis due to their advantages such as being easier to
miniaturize.'®°

Semiconductor materials can produce substances or
messages by sensing signals from cells, such as electrons,
metabolites or biomolecules. They have also been
employed in the creation of biosensors and are capable
of achieving a variety of signal transduction pathways at
biological interfaces.”’ As a wide bandgap semiconductor,
gallium nitride (GaN) has drawn enormous attention
because of its superior chemical and physical
characteristics.”>*®  Compatibility, ~ coupling,  energy
conduction and other aspects must be taken into account
when applying it to biosensors based on cells." Hou
et al. applied a single device to quantitatively detect the
progress of different intracellular processes,”* which
required an external power source to drive the LED to
emit light. In addition, Au nanoparticles (NPs) have been
proven to have good biocompatibility, electron
conduction, catalysis and other properties.**® However,
a self-powered (In,Ga)N biosensor with Au nanoparticles
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has not yet been applied live cell
activities.

In our previous studies, we studied the preparation
and properties of GaN and (In,Ga)N materials.>*?° In this
work, we propose a self-powered (In,Ga)N biosensor with
Au nanoparticles for monitoring live cell activities. Self-
power refers to the sensor working without the need for
external power sources."” By depositing Au NPs on the
surface of the film, it is found that the current signal is
enhanced significantly, indicating the activities of live
cells. The wunderlying mechanisms have also been
discussed. Notably, the biosensor is capable of self-
powered detection. Therefore, (In,Ga)N-based biosensors
coated with Au NPs on the surface can be used for

monitoring of cell activities.

in monitoring

2. Experimental section
2.1 Preparation of the (In,Ga)N wafer

The structure of the (In,Ga)N film epitaxial wafer is shown
in Fig. la-c. We first used metal organic chemical vapor
deposition (MOCVD) to epitaxially grow the (In,Ga)N based
epitaxial structure on the silicon (Si) substrate. Following
the growth direction, the epitaxial structure included a Si-
doped n-GaN layer, (In,Ga)N/(Al,Ga)N multiple quantum
wells (MQWs), a p-(Al,Ga)N layer, and a p-GaN contact
layer.

(d) QIOICIOIOIOIOIOIY; With Au NPs
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b S With Au NPs
0 0y ‘fyovu/ With cells

Fig. 1
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2.2 Preparation of the biosensors

After the completion of MOCVD growth, 6 nm Au NPs were
deposited on the surface. The sample was divided into small
pieces of 10 mm x 10 mm and subjected to ultrasonic
cleaning. The (In,Ga)N film epitaxial wafer was then
subjected to the surface hydrophilicity treatment. It was
placed in a plasma adhesive remover and treated in pure
oxygen at 200 °C for 5 min. After that, the melted Pb/Sn
alloys were applied to the Si substrate surface and an electric
wire was connected. The electric wire was sealed with the
epoxy resin and heated in order to cure them. The (In,Ga)N
film epitaxial wafer was sent to the cell chamber for cell
implantation. After 24 hours, the (In,Ga)N film epitaxial
wafer with the cells on the surface was taken out. The cells
used for testing were HCT-116.

2.3 Characterization and measurement methods

We tested the biosensor wusing an electrochemical
workstation (DH7000) to confirm its ability to detect cell
activity. The entire testing process of the experiment was
conducted under ambient lighting conditions without any
additional light sources. The characterization instrument
used is high-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM,
Talos F200X, FEI) with high-resolution energy-dispersive
X-ray (EDX) imaging. In order to characterize the morphology

EC
Workstation

(a) (In,Ga)N epitaxial layer coated with Au NPs on the surface. (b) HAADF-STEM image of the active region. (c) Enlarged HAADF-STEM

images of partial MQWSs, accompanied with energy dispersive spectrum (EDS) mapping of In, Al, Ga and N elements. (d) Schematic diagram of

electrochemical testing.
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Table 1 Overview of the samples used in this work

Biosensors With Au NPs With cells
Sample A Yes No
Sample B No Yes
Sample C Yes Yes

of cells on the device surface, this study was conducted using
scanning electron microscopy (SEM, S-4800, HITACHI).
Focused ion beam (FIB) was utilized to prepare STEM
samples.

3. Results and discussion

Fig. 1b and c visually display the distribution of In, Al, Ga
and N elements within the (In,Ga)N/(Al,Ga)N MQWs, which
agree with the epitaxial design. Such a clear (In,Ga)N/(Al,Ga)N
interface observed in the HAADF-STEM image is the
testimony of a good crystallinity. To test the adhesion of
cells on the device, conducted a comparative
experiment as shown in Fig. 1d and Table 1. Biosensor
sample A is added with Au NPs, but no cells are added.
Sample B has no Au NPs, but cells have been added.
Biosensor sample C is added with both Au NPs and cells.
The biosensors reconnected to the electrochemical
workstation as the anode, and a Pt plate serves as the
cathode. They form a circuit together with the solution in
the electrolytic cell. We detect the process of cell adhesion
by testing the current changes in this circuit. The process
of cell adhesion plays an important role in the formation
of tissues and organs. It is also related to physiological
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A single spike signal current diagram.
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and pathological processes such as cell differentiation and
tumor metastasis.**

In order to confirm that the biosensor can monitor the
cell activities, the response to cell adhesion has been studied.
The initial current of sample B is approximately 0.2 pA. There
are no current peaks for the biosensor without Au NPs. When
no cells are added, the initial current of the biosensor with
plated Au NPs is significantly higher than that of the
biosensor without Au NPs (Fig. S1 and 2a). This is because
the modification of the electrode surface of the biosensor by
Au NPs accelerates electron transfer between the electrodes.
After adding HCT-116 cells, spike signals appear (Fig. 2a),
which indicate that cell activity can be detected. The
magnified spike signals in Fig. 2b can distinguish the cell
adhesion. Ten spike signals and twenty noise signals are
selected to calculate the average value. As shown in Fig. 2c,
the average height of the peak signal is ~6.48 nA, which is
much stronger than that of the noise signal. Fig. 2d shows
the current variation trend of the cell from approaching the
surface of the biosensor, starting to make contact with the
biosensor, until fully contacting with the biosensor surface
and fully spreading. This is the process of generating peak
signals.

Fig. 3a shows that there are a considerable number of
cells adhering to the surface of the biosensor. In addition,
Fig. 3b and c further demonstrates the adhesion of a cell on
the surface of sample C. Hence, the biosensor can make
contact with live cells for detecting cell activities, whose
current signals can be used for cell analysis and evaluation.
Fig. 3d shows relatively obvious peak current signals.
According to the electrochemical workstation, the reading
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(a) Current curves of samples B and C. (b) Enlarged current curve of sample C. (c) Summary statistics of spike signals and noise signals. (d)
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Fig. 3 (a) Cells on the surface of the biosensor observed under the optical microscope. (b) Top-view SEM image of a cell on sample C. (c) Side-
view SEM image of a cell on sample C. (d) The first test of the device with Au NPs. (e) The second test of the device with Au NPs. (f) Current curve

of the device after cell fixation.

time resolution of the current signal is 0.01 s. The cell
concentration is approximately 2.73 x 10> cells per mL.
Fig. 3e shows the results of the second test, and the clear
peak current signals can still be seen. As shown in Fig. S2,
clear peak current signals can still be observed during the
long-term testing interval of 600 s to 1000 s. This result
indicates that the device has good operational stability
during long-term continuous testing. Then, we have
immersed the device in a 4% paraformaldehyde (PFA) fixative
for 40 minutes. Fixed dead cells are used in control
experiments to compare and analyze the differences in
electrical signals between live and dead cells under the same
detection conditions, including the (In,Ga)N device and
electrical wire connection (Fig. 3f). The results show that the
fixed cells had no significant dynamic electrical response,
which is quite different from the live cell group (Fig. 3e),
indicating that the detection signal mainly comes from the
physiological behavior of live cells (adhesion and spreading).
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To further validate the specificity of peak signal generation,
the 293T cells have been introduced for comparison, which
have weak adhesion ability and low spreading degree.’" The
experimental result shows that 293T cells do not produce
spike current signals (Fig. S3). This indicates that the current
spike is not solely caused by cell physical attachment, but
depends on the cell type, adhesion strength and interface
electrical coupling degree, further confirming that the signal
originates from the specific physiological activity of living
cells. In addition, to evaluate the sensitivity and detection
limit of the device, we set up 4 different concentrations of cell
suspensions. In Fig. S4a-d, the cell concentrations are
approximately 1.82 x 10°, 9.1 x 10%, 3.6 x 10* and 1.8 x 10* cells
per mL, respectively. By observing the surface of the device
under a microscope, visible and distinct cell adhesion can be
seen. Fig. S4a shows the peak current, while no obvious peak
current signals are observed in Fig. S4b-d. This may be
attributed to the insufficient number of effective cells per
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Fig. 4 Schematic diagrams of the biosensor surface (a) without Au NPs, and (b) with Au NPs. (c) The process of electron transfer between cells

and the device through Au NPs.
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unit area, resulting in a significant decrease in the overall
electrical response intensity. Therefore, the detection
threshold of the cell concentration is about 1.82 x 10° cells
per mL for the detection sensitivity. Subsequently, we have
conducted live/dead cell staining experiments on the cells
cultured on the surface of the device (Fig. S5). The
experimental results show that the cells cultured on the
surface of the device exhibit bright green fluorescence, while
there is almost no red fluorescence, indicating good cell
viability and no significant cytotoxicity on the device surface.

To better analyze the underlying mechanisms, we plot the
energy band diagrams in Fig. 4. In order to create a circuit
with the external circuit and produce current, the carriers
engage in oxidation-reduction reactions with the ions within
the electrolytic cell (Fig. 4a). Without Au NPs, cells have
difficulty adhering to the surface of the biosensor. After
covering the biosensor surface with Au NPs (Fig. 4b), the
current of the device significantly increases (Fig. 2a). This is
because Au NPs have good conductivity, enhancing the
conductivity of the electrode. After adding live cells, the cells
gradually attach to the Au NPs on the biosensor surface due
to the biocompatibility of Au NPs, generating current spikes
(Fig. 2b). This process uses the amperometry method, which
has a high temporal resolution, but cannot provide
information on the chemical properties of the analyte.*
While the working electrode maintains a constant potential,
electron transfer occurs due to the potential difference
between the solution and the electrode when the analyte
diffuses to the electrode surface. It leads to the appearance of
current spikes (Fig. 2b).

Research has shown that Au NPs can increase the reactive
oxygen species (ROS) generation ability of HCT-116 cells.*’
When Au NPs collide on the surface of the cell membrane,
they can cross the membrane gap and undergo electron
tunneling within the cell, producing discrete current spikes.**
These peaks may be due to the adsorption of Au NPs on the
cell membrane, which drives electron tunneling through the
cell membrane to produce peaks, and then leaves the cell
membrane, restoring the current to the background value.
The oxidation and reduction of ROS within a single cell are
the causes of these spikes.**?* Therefore, the process of
detecting current spikes caused by the contact between cells
and Au NP modified semiconductor surfaces is proposed as
follows, which is a working hypothesis requiring further
investigation. HCT-116 cells uptake surface Au NPs, inducing
an explosion of intracellular ROS. Au NPs simultaneously
mediate the tunneling effect of electrons generated by
intracellular ROS across the cell membrane (Fig. 4c). The
tunneling electrons induced by Au NPs are injected into the
p-GaN layer. When the electrons (minority carriers) are
injected into the depletion region of p-GaN, the following
effects occur. There are a large number of fixed acceptor
negative charges in the depletion region of p-GaN. Injected
electrons neutralize some negative charges, thereby reducing
the width of the depletion region. The degree of band
bending (i.e. built-in potential difference) will decrease as a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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result, leading to a reduction in the potential barrier. After the
potential barrier is lowered, more holes (majority carriers) can
be injected from the p-region to the n-region, where they
undergo radiative recombination with electrons. Although
this recombination process occurs in the active region of
MQWs, the electrons corresponding to the recombination
come from injection in the n-region, while the holes come
from the p-region, leading to the synchronous enhancement
of electron injection and hole injection in the MQW region.
When the injection of electrons (p-region minority carriers)
and the enhanced injection of holes (p-region majority
carriers) occur simultaneously due to the decrease in potential
barrier, a transient increase in the total forward current of the
device is detected as a positive current peak.**>*

4. Conclusion

In this work, we develop a self-powered biosensor based on
an (In,Ga)N film. This biosensor is capable of label-free
monitoring of live cell activities. It requires cheap processing
costs, and the preparation and testing methods of the device
are simple and convenient. By altering the electrode surface
of the biosensor with Au NPs, it is possible to both boost the
signal strength and the effective area of the electrode. In
addition, Au NPs could enhance the ability of HCT-116 cells
to generate reactive oxygen species, leading to the appearance
of current spike signals. Therefore, the biosensor in this work
can be used to detect the activity of live cells. As a proof-of-
concept demonstration, this work highlights this biosensor
potential in broad fundamental cell biology studies requiring
low costs and ultralow power consumption.
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