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Abstract

Accurate and prompt tumor diagnosis plays a critical role in surgical decision-making to minimize damage to patients
with benign tumors and maximize the cure rate of cancer patients. Although imaging, molecular testing, and
histopathology assist in preoperative and postoperative tumor assessments, a fast, automated, and easy-to-operate
method for intraoperative tumor diagnosis is lacking. Here, we introduce an innovative integrated circuit-based single-
cell electric cell-substrate impedance sensing (IC-ECIS) platform capable of rapid intraoperative differentiation between
cancerous and non-cancerous tumors. Fabricated on a semiconductor chip, this system captures ultra-weak single-cell
impedance signals with exceptional sensitivity for single-cell discrimination for cancer risk evaluation. The
implementation of a polymer-embedded silicon fan-out (P-eSiFO) packaging approach has reduced post-
fabrication costs to under $1 per chip and allowed the microelectrodes batch processing on multi-project wafer
chips. The diagnostic results can be obtained in 20 min without compromising cell viability. Clinical tumor samples
from the thyroid, liver, gallbladder, bile duct, breast, and pancreas were tested on-chip to evaluate cancer risk. The on-
chip diagnostic findings aligned with traditional histopathological analysis and flow cytometry results. This technology
provides a fast, stable, automated, and low-sample-consumption diagnostic solution for tumors, paving the way for
large-scale implementation of semiconductor-based diagnostic tools in precision oncology and personalized
medicine.

Diagnosis of a tumor to be benign, precancerous, or tissue around it, should be removed to minimize the

cancerous is critical for choosing the most appropriate
treatment’ . While many benign tumors do not need
surgical resection, some do, especially those causing
symptoms. Whenever possible, minimally invasive tech-
niques with small incisions and minimal recovery times
are used for benign tumor resection. But the treatment for
malignant tumors requires more aggressive surgical pro-
cedures. The entire tumor mass, as well as enough healthy
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chance of cancer recurrence®™”. Misdiagnosis of a tumor
may result in either inadequate resection, leaving malig-
nant cells behind, initiating recurrence of the tumor, or
excessive resection, causing unnecessary damage to the
organ. At present, imaging methods (such as ultrasound,
computed tomography (CT), magnetic resonance ima-
ging, and positron emission tomography-computed
tomography) and molecular biology tests (such as tumor
markers) are commonly used in clinical practice for the
early evaluation of tumors®’. However, imaging methods
have a higher false negative rate when detecting small-
volume lesions (<8 mm). Molecular biomarkers exhibit
high specificity, but their levels often rise significantly only
at advanced disease stages or under high tumor burden,
which limits their reliability for early-stage cancer detec-
tion®. In most situations, removing tissue and studying it
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is the only way to diagnose cancer definitively. In clinical
settings, the gold standard tumor diagnosis method is
based on formalin-fixed paraffin embedding, which pre-
serves and prepares biopsy samples for examination of
tissue architecture, cellular morphology, capsular integ-
rity, and vascular invasion to differentiate benign tumors
from malignant ones’. This time-consuming process of
fixation, embedding, sectioning, and staining typically
takes about one week, rendering it unsuitable for real-
time guidance of surgical resection margins'®. For rapid
analysis of tissue samples in real time, frozen section
analysi was introduced as a fast diagnostic method, pro-
viding preliminary results within 1 hour''. Despite its
rapid turnaround, the procedure is technically demand-
ing, with an accuracy of 85-90% that depends strongly on
slide quality, staining reagents, and the pathologist’s
expertise'”>. Additionally, preparing frozen sections is
challenging because of the small number of biopsy sam-
ples or calcified tissues. In certain tumor types, such as
thyroid follicular tumors, the integrity of the capsule and
blood vessels may not be clearly visible in frozen sections,
increasing the risk of misdiagnosis'®.

To address this issue, several emerging technologies
have shown promise in the field of fast tumor diagnosis.
Flow cytometry enables tumor cell detection and classi-
fication by analyzing multiparametric fluorescence signals
generated from laser-excited, antigen-specific antibodies
bound to cellular markers'*, However, it relies on pre-
defined antigen panels, which may miss tumors lacking
specific markers, such as undifferentiated carcinomas or
rare subtypes. The high cost of equipment/maintenance
also limits its accessibility in resource-limited clinical
settings'”>. To improve the universality, Johan et al.
applied digital pathology scanning technology to convert
tissue samples into high-resolution digital images and
employed deep learning algorithms for tumor property
analysis'®. Artificial intelligence (Al)-assisted diagnosis
has demonstrated comparable accuracy to pathologists in
detecting breast and liver tumors, offering advantages in
detecting small lesions'®'”. While this method enhances
accuracy, it still depends on the conventional pathology of
slices, and preprocessing remains complex and takes
several hours. To simplify sample preparation protocols,
Wijsman et al. introduced optical coherence tomography
(OCT), a high-resolution non-invasive imaging technique
that provides real-time tissue microstructure information
for intraoperative tumor boundary assessment and pre-
liminary identification of benign and malignant tumors'®,
Although OCT provides real-time microstructural infor-
mation, its penetration depth is limited to 2-3 mm,
restricting its application to non-transparent or highly
scattered solid tumor tissues'®. In parallel, emerging label-
free optical and molecular techniques have been explored
for rapid intraoperative tumor diagnosis. Stimulated

Page 2 of 11

Raman histology enables near-real-time generation of
histology-like images from fresh tissue without staining
and has shown promising performance when combined
with AI*, while intraoperative mass spectrometry—based
approaches, such as the MasSpec Pen and rapid eva-
porative ionization mass spectrometry, provide real-time
tissue identification based on molecular fingerprints*!**2,
However, these techniques typically rely on specialized
and costly instrumentation, intact tissue specimens, or
complex intraoperative workflows, which may limit their
routine clinical deployment®,

Electric cell-substrate impedance sensing (ECIS) is a
label-free and non-invasive technique that characterizes
cell behaviors by monitoring impedance variations at the
cell-electrode interface, and has been widely used to
study cell adhesion, spreading, and barrier properties in
real time®*”, Beyond the classical ECIS configuration
with small planar electrodes, interdigitated microelec-
trodes (IDEs) with microscale finger—gap patterns have
been extensively adopted to enhance impedance sensi-
tivity for detecting cell attachment by enlarging the
effective electrode—cell interaction area. In addition,
ECIS platforms based on microelectrode arrays enable
parallel or spatially resolved impedance measurements,
allowing statistical analysis of cell populations rather than
single sensing sites”’. Despite these advances, conven-
tional ECIS approaches exhibit inherent limitations when
applied to primary clinical samples, particularly in sce-
narios involving low cell numbers and heterogeneous cell
populations®. In such cases, impedance signals from
individual or sparse cells are often comparable to the
background noise level, and overlapping impedance dis-
tributions from different cell types can hinder reliable
discrimination®”. A major contributing factor is that tra-
ditional ECIS systems typically rely on external impedance
analyzers and long electrical interconnections between
electrodes and peripheral readout circuits, which intro-
duce parasitic capacitance, environmental interference,
and thermal noise that degrade signal fidelity”’.

In this study, we propose an advanced method for fast
tumor diagnosis based on single-cell electric cell-substrate
impedance sensing on an integrated circuit (IC) chip.
Figure 1 illustrates the schematics of the diagnostic pro-
cess. Tumor biopsy samples are dissociated into single
cells and loaded on a semiconductor chip for impedance
measurement. The IC right under the surface electrodes
for electric cell-substrate impedance sensing maximizes
the signal-to-noise ratio to distinguish cancer cells from
non-cancerous cells at the single-cell level. The micro-
electrode array integrated on the chip is highly scalable
and offers high throughput. The proportion of cancer
cells in a biopsy sample indicates the risk level of the
tumor being benign or malignant. The whole process,
from sample acquisition to turnaround, can be achieved
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Fig. 1 Schematics of the integrated circuit-based electric cell-substrate impedance sensing (IC-ECIS) for tumor diagnosis. Schematic
overview of the IC-ECIS workfl ow for rapid intraoperative tumor diagnosis, showing tumor sample dissociation into single cells, loading onto the
integrated circuit chip for impedance measurement, and cancer risk classification based on single-cell impedance analysis
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in 20min. Moreover, we innovatively introduce a
polymer-based embedded silicon fan-out (P-eSiFO)
technique for the fabrication of surface electrodes on
massive amounts of IC chips in one batch, greatly
increasing the throughput of chip post-processing. We
have applied the IC-ECIS to clinical tumors from various
organs, including the thyroid, liver, gallbladder, bile duct,
breast, and pancreas. The diagnostic results were con-
sistent with the hospital pathology and flow cytometry
results. The turnaround time of <30 min makes IC-ECIS a
promising platform for effective tumor diagnosis during

surgery.

Results and discussion
IC-based electric cell-substrate impedance sensing (IC-
ECIS) system

ECIS has been widely used to distinguish cancer cells
from non-cancerous cells***°. However, a big population
of cells (~ 10° cells) is needed to generate distinguishable
impedance signals to overcome the noise generated by the
connections between the sensing electrodes and the per-
ipheral detection circuits. For discrimination between
cancer and non-cancerous cells at the single-cell level, we
developed a semiconductor chip with cell-sized surface
electrodes for cell adhesion and ICs right beneath the
sensing electrodes for signal amplification to reduce
electrical noise and, therefore, improve the signal-to-noise
ratio. The sensing system is named the IC-based single-
cell electric cell-substrate impedance sensing (IC-ECIS)
platform.

Figure 2a depicts the layout of the IC-ECIS platform,
which consists of four main components: an IC chip with
peripheral circuits, a signal generator, an analog-to-digital
converter for acquiring waveforms at the chip output, and
a field-programmable gate array (FPGA) for storing and
analyzing impedance data. The sensing IC chip features
impedance detection and amplification circuits to acquire
impedance across the selected electrodes within the
22 x 16 electrode array. The connection pads on the IC
are connected to peripheral circuitry with gold wires,
facilitating low-noise communication and data transfer.
The row and column control modules activate specific
electrode channels within the array, routing the captured
signals to a set of sixteen transimpedance amplifiers
(TIA), each of which is responsible for processing the
signals from one row of electrodes. The transimpedance
gain of the TIA is digitally programmable to accom-
modate different cell types as well as excitation ampli-
tudes. The detailed simulation results are shown in the
Electronic Supplementary Information (ESI) (Figure. S1).
Moreover, the TIA is biased with a constant transcon-
ductance biasing circuit to stabilize the transimpedance
gain across the temperature range of interest, thereby
safeguarding the operation robustness amid environ-
mental variations. After the cell mixture is loaded onto
the chip, the precise locations of individual cells are
identified under a microscope. The signal generator
delivers sinusoidal excitation to the IC chip, activating the
relevant electrode channel. The FPGA controls and pro-
cesses the data by sending digital signals to the chip,
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engaging specific rows and columns of electrodes for
measurement. This configuration ensures reliable detec-
tion of ultra-weak electrical signals and real-time pro-
cessing, thereby enhancing the system’s efficiency and
automation.

With the conventional IC manufacturing process, the
entire top surface of the chip is metal, which needs post-
processing to fabricate electrodes of size 10 pum x 20 um
on a chip of size 1 mm x 2 mm. Although the focused ion
beam technique can cast precise electrodes on an IC
chip®’, the cost prevents mass production. For high-
throughput surface electrode fabrication, we embedded
multiple IC chips into a silicon wafer, borrowing the
polymer-embedded silicon fan-out (P-eSiFO) techni-
que®'. The grooves were accurately etched via a mature
silicon etching process. Then, the IC chips were
embedded in the grooves on the silicon substrate with
gaps between the chips and the sidewalls of the grooves
filled with a polymer adhesive®"*>. The mature litho-
graphy technique was subsequently utilized to cast
micro-sized electrodes on

The surface of the IC chips in batches for mass production
In practice, the maximum number of chips that can be
processed at once depends on the wafer size. The number

of chips per wafer (CPW) estimates the cuttable grains, as
shown in Eq. (1)%.

nxd
2x Wx L

cpw =72 @) (1)

WxL

where d is the diameter of the wafer, W represents the
width of the chip, and L is the length of the chip. The
impedance sensing chip in this work had dimensions of
2152 x 1212 um. To fit the precision of the dicing saw, a
300 um wide scratch line was included. On a 4-inch wafer,
a maximum of 2360 chips can be accommodated, as
shown in Fig. 2b, ensuring high-throughput fabrication of
the sensing chips under laboratory conditions.

With a cavity design that matches the shape and thickness
of the IC chip, with a chip and a chip edge trench of 6 um,
the chips were securely embedded in a silicon wafer. We
used parylene C to fill the gap between the embedded chip
and the silicon adapter plate, given its biocompatibility,
electrical insulation, and chemical inertness. As shown in
Fig. 2c, the IC chips were tightly arranged with a height
difference between the buried chip and the silicon substrate
of <1um. The precise and robust fabrication of the
embedded chip benefited subsequent high-precision litho-
graphy. More processing details can be found in the ESI.
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Fig. 3 Validation of the single-cell classification method based on IC-ECIS. a Impedance magnitude of human gastric cancer cell line (SGC-7901)
and the corresponding gastric epithelial cell line (GES-1), B lymphocytes, T lymphocytes, and mesenchymal stem cells (MSCs). b Single-cell classifier
based on impedance magnitude. ¢ Impedance differentiation map of mixed stained cell samples (GES-1 and SGC-7901). d A cancer risk evaluation
criterion based on impedance sensing. e The number of single cells dissociated from tumors of different sizes

During our IC fabrication, a 925 nm thick metal layer,
consisting of 95% aluminum and 5% copper, was exposed
at the sensing region following the tape-out stage. To
increase the compatibility of the metal electrode with cells
for good adhesion, a layer of platinum was deposited atop
the preexisting metal. Ion beam etching was applied to
remove excess metals, allowing for the creation of pat-
terned electrodes without destroying the ICs underneath,
which are essential for impedance sensing and signal
amplification. The electrode array after etching, depicted
in Fig. 2d, shows a uniform and neatly arranged pattern
meeting the requirements for single-cell impedance
measurements.

IC-ECIS for distinction of commercial cancer and non-
cancerous cells

To evaluate the performance of the IC-ECIS system for
distinguishing cancer cells from non-cancerous cells in a
biopsy sample at the single-cell level, we chose a com-
mercial human gastric cancer cell line (SGC-7901) as the
model cancer cell line and a gastric epithelial cell line
(GES-1) as the corresponding non-cancerous cell line for
investigation. Non-cancerous cells, including immune
cells (B lymphocytes and T lymphocytes), which may be
present in tumor tissue, and mesenchymal stem cells
(MSCs), which are sometimes used in cancer therapy,

were also investigated for accuracy evaluation. The
impedance magnitude between two adjacent electrodes
loaded with a single cell was measured for comparison.
As illustrated in Fig. 3a, compared with all four types of
non-cancerous cells, cancer cells demonstrated a sig-
nificantly greater magnitude of impedance®. The higher
impedance of cancer cells (SGC-7901) than non-cancerous
tissue cells (GES-1) may be due to the unique physical
properties and metabolic activities of cancer cells®>. As cells
transition into a cancerous state, they undergo significant
changes in transmembrane potential, surface charge, ion
concentration, etc®®. Cancer cells tend to release higher
quantities of lactate ions, which can cross the cytoplasmic
membrane, leading to a substantial buildup of negative
charges on the cell membrane surface®”*®, When applied
to an electric field, this accumulated negative charge can
generate a current in the opposite direction, thereby
enhancing the impedance®. Moreover, cancer cells express
more proteins related to adhesion, migration, and inva-
sion*>*!, When cells adhere to the electrode surface via
these proteins, charge transfer becomes more challenging,
as they must pass through a layer of non-conductive
extracellular adhesion protein, leading to an increase in
charge transfer resistance®”. Both mechanisms could cause
an increase in the impedance amplitude of cancer cells
compared with that of non-cancerous or precancerous
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cells. The reluctance of immune cells to adhere to elec-
trodes results in their low impedance®. Among the non-
cancer cells, T cells had the lowest impedance magnitude,
which is also attributed to their smaller size**, MSCs had a
lower impedance than cancer cells, but slightly higher
compared with the immune cells. This may be due to the
complicated differentiation states of the MSCs, which
cause the overexpression of certain proteins%’%.

To build a criterion for the reliable discrimination of a
single cancer cell from a non-cancerous cell, we carefully
studied the range of their impedances. Considering that
MSCs seldom appear in a biopsy sample, only normal
tissue cells and immune cells were analyzed. As shown in
Fig. 3b, the impedance magnitude of non-cancerous
gastric cells ranged from 7 to 24 MQ), whereas that of
gastric cancer cells ranged from 21 to 35 MQ. Cells with
impedance magnitudes in the range of 21 to 24 MQ
could not be definitively determined due to cancer cell
morphological heterogeneity and potential impedance
overlap caused by size variation. These data were
excluded from the analysis. However, cells with impe-
dance magnitudes above the upper limit of non-cancer
cells (24 MQ) were most likely to be cancerous, whereas
those with impedance magnitudes below the lower limit
of cancer cells (21 MQ) were most likely to be normal.
To account for cancer cell morphological heterogeneity
and potential impedance overlap caused by size varia-
tion, our platform does not rely on single-cell absolute
impedance values but instead applies a statistical classi-
fication based on impedance distribution ranges, with
ambiguous intervals excluded from decision-making to
emphasize intrinsic dielectric and adhesion-related
differences.

To evaluate the accuracy of the cell classification based
on IC-ECIS, we labeled SGC-7901 and GES-1 cells with
red and green fluorescence, respectively, for biochemical
cell identification. The labeled cells were then classified as
cancer or non-cancerous cells via IC-ECIS according to
the above criteria. The impedance differentiation map is
shown in Fig. 3c. The classification was accurate for the
samples in the second and fourth quadrants, where GES-1
cells were correctly identified as non-cancerous cells,
while SGC-7901 cells were identified as cancer cells.
Those in the first and third quadrants were misidentified.
The accuracy of the classifier model is defined as:

IN + TP
ACC = 2
e TN + EN + TP + FP @)

where true negative (TN) indicates cells correctly
identified as non-cancerous that are indeed non-cancer-
ous, whereas false negative (EN) refers to cells incorrectly
classified as non-cancerous but are actually cancerous.
True positive (TP) represents cells correctly classified as
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cancer cells, and false positive (FP) refers to cells
incorrectly identified as cancerous but not actually non-
cancerous. Overall, our method achieved an accuracy rate
of 80% despite single-cell variation in shape, size, and
position in the cell cycle.

A clinical tumor sample contains both cancer and non-
cancerous cells, even if it is malignant. The percentage of
cancer cells varies according to the stage of tumor devel-
opment. Here, we set a cancer risk level classification to
low risk, medium risk, or high risk on the basis of the
cancer cell percentile in a tumor biopsy. Figure 3d shows
the diagnostic protocol and evaluation criteria. Tumor cells
obtained from the tumor and non-cancerous cells from the
region outside the tumor passed through the IC-ECIS for
single-cell impedance measurement. The upper impedance
limit of all cells from the non-tumor sample is set as the
threshold. The risk level is based on the proportion of
tumor cells that exceed the threshold, which are most likely
to be cancer cells. When the proportion is <20%, the risk of
the tested tumor being cancer is low, as it may come from
the error of the impedance sensing system. When more
than 40% of the cell impedance is abnormal, we consider it
to be high risk. When the proportion is between 20% and
40%, we consider it to be a medium risk, in which case the
doctors need to consider clinical symptoms for a more
precise judgment. The 20% threshold is derived from the
accuracy of our IC-ECIS method, which is 80% in distin-
guishing between normal cells and cancer cells. Thus, a
20% margin of error is within the acceptable range. The
40% (double of error range) was chosen as the high-risk
cancer threshold, which is not fixed. As sample sizes and
tumor types increase, the threshold will be adjusted to
better suit different cancer types.

The processing time of a diagnosis method is critical for
decision-making during the surgical operation. The
turnaround time of a sample on the IC-ECIS platform is
limited by tumor dissociation into single cells. To validate
the shortest time to obtain enough primary tumor cells
for IC-ECIS, we collected three tumor specimens from the
same patient and systematically assessed their dissociation
rates. The sizes of the samples varied from 0.13 cm® to
0.78 cm® to 3.11cm® As shown in Fig. 3e, while larger
tumor samples yielded more cells within the same time
frame because the larger surface area contacted the tumor
digestion buffer, they required a longer time to complete
the dissociation process. Notably, even the smallest sam-
ple yielded over 3000 single cells within 15 min, a quantity
sufficient for subsequent on-chip detection. The whole
diagnostic process, including impedance measurement,
can be accomplished in 20 min. Compared with the 1-h
turnaround time for frozen pathology'?, a 20-min tumor
diagnosis based on IC-ECIS has the potential for the
doctor to determine whether to expand the dissection
area during surgery.
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Thyroid tumor diagnosis

To validate our tumor diagnosis criterion on the IC-
ECIS platform, we conducted impedance analysis on
clinical tumor samples and marked their cancer risk
levels. Thyroid tumors, which are commonly found in the
neck, often present as painless nodules, making distin-
guishing between benign and malignant tumors based on
symptoms alone difficult. The preoperative misdiagnosis
rate is high for thyroid tumors®’. Here, we used thyroid
tumor samples to preliminarily validate our IC-ECIS for

tumor diagnosis by comparing the results with those of
traditional tissue staining techniques.

Figure 4a shows the procedure for assessing primary
tumors. The process involved surgical removal of the
tumor, followed by the extraction of samples from various
locations using biopsy needles. Normal tissues away from
the tumor region were also collected as controls. These
tissues were then dissociated into single cells and placed
onto IC-ECIS chips. Cells whose impedance was higher
than the upper impedance limit of cells from normal
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risk of cancer. Figure 4c shows another example from - | = . 2 £ £ £ 2 £ £ £ £ £ £ £
. . i k=) 7 © © © 8 2 © & © ©» & o
Patient #T2. The percentage of cancer cells at various €| T 2 =T IfT=1ITIIITTIT*cTH*ct
locations in the tumor was tested. As demonstrated, no
obvious difference was observed between the tumor cells
and normal cells. Only 11% of the tumor cells were
identified as cancer cells. On the basis of the IC-ECIS g
criterion, this tumor was highly likely benign. More tumor 2 -
testing results and histological pathology images are Z b w e om b b o8 o 2
shown in Fig. 4d. Patients #T1, T4, T5, T6 and T8 had § g g g g g g g g é §
more than 40% cancer cells (high risk). Patient #T2 had g' § § § § fé fé 5;5 fé % %
11% cancer cells, which was lower than 20% (low risk). il
Patients #T3, T7 had cancer percentages between 20%
and 40% (medium risk).
We compared the tumor diagnosis based on IC-ECIS
with the preoperative diagnosis based on various imaging
techniques and the gold standard diagnosis with patho- 5
logical analysis. As shown in Table 1, our diagnostic 5
results were completely consistent with the gold standard 2 % é y _
pathological diagnosis at collaborating hospitals via the ; s 85 2 £ - s 3
traditional hematoxylin-eosin (HE) staining method. 5 g ; g —g g g " % g S e
Histopathological images are shown in Fig. 4d. For the IC- 3 z; 3 £ 5 L, 2T g2 § Fz Li
ECIS patients diagnosed at high risk levels (T1, T4, T5, g 85 55258 é 2 s & 5
T6, and T8), the pathological results revealed papillary e 3 dé § E § § § £ 3 § g € §
thyroid carcinoma. Histopathological images revealed 1o 5 § 22 292 2 £ gy 299
irregular cellular structures, including variations in cell ] é’ 2 § % BB EEE ¥ fE: g oa @2
size (black circles), elongation (black arrows), and papil- 2] s E e 5 E E E E E § 8 é : é é
L4 =] Y > =] o
lary features (black square), indicative of cancerous cell “E’ E| € x % EEEEE X L E w § B
morphology. For the IC-ECIS-diagnosed low-risk (T2) @ g £ § 5 £ £ £ £ g § £ £ £ s <
patients, the pathological results revealed nodules, 2 Pl ==2=22=2=n32=329==
whereas the medium-risk (T3 and T7) patients presented s
with papillary follicular adenoma. The histological fea- £
tures were consistent with those of normal healthy cells 22
and were characterized by uniform cell morphology, sin- '§ g C N p T w0 pr® - ND s G &
gular spheroid nuclei, and finely distributed chromatin. 5
Notably, T4. Its preoperative diagnosis showed 3
C-TIRADS 4a, which is a suspicious cancer with a 5-15% 5
chance of malignancy*®. However, the pathological results g g
revealed papillary thyroid carcinoma, ruling out pre- = é
diagnosis. For this case, our diagnosis, which was based on \ 8 z o
the IC-ECIS criterion, was high risk, which was consistent % 3 N § %5 % g
with the gold standard approach and demonstrated its i £ £ § &3 &
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Fig. 5 Clinical validation of tumor diagnosis and pathological verification for liver, gallbladder, bile duct, breast, and pancreas.
a Pathological results and impedance analysis results. b Flow cytometry results for tumor tissue from patients #L1 and #L2. ¢ Flow cytometry results

accuracy. The 20-min turnaround time supported the fast
and accurate intraoperative diagnosis of thyroid cancer.

Application in other tumor diagnoses

To assess the general applicability of tumor malignancy
diagnosis via IC-ECIS, we tested the method on other
tumors from the liver (L1, L2), bile duct (C1), breast (B1),
gallbladder (G1), and pancreas (P1).

Figure 5a shows the tumor images, the histological
images, and the proportion of abnormal cells in the IC-
ECIS. For the microscopic pathology samples of patients
L1 and L2, the trabecular architecture in the tumor tissue
was broader, with many areas of two or more thick cells
(dotted line) and prominent nucleoli (black arrows)
indicative of a malignant tumor. The biopsy of patient B1
revealed mostly single-layer cells in the breast ducts
(green shape), some irregular nests of cells (black arrows),
visible tubular formations (black circle), and increased
nuclear-cytoplasmic (NC) ratios (red arrows). These fea-
tures are compatible with invasive ductal carcinoma. For
patient G1, variable-sized glands (black arrows) that
infiltrate the wall of the gallbladder. The glands are

surrounded by a desmoplastic stroma. In general, these
findings suggested adenocarcinoma of the gallbladder. For
patient P1, we observed predominantly a complex
arborizing papillary architecture (black arrow), high-grade
dysplasia (dashed shape), and enlarged, irregular nuclei
(black circle) predominantly. These observations were
consistent with those in pancreatic ductal adenocarci-
noma. The histological images clearly revealed cancerous
cells, confirming the malignancy of the tumors. Our IC-
ECIS diagnosis revealed that more than 40% of the tumors
were cancer cells, indicating a high risk of being malignant
tumors.

To further validate the reliability of the impedance sensing
technique for determining the proportion of cancer cells, we
compared our results with those obtained via flow cyto-
metry. Two liver tumor samples (L1 and L2) and corre-
sponding normal tissues were used as examples. The focus
of this analysis was on glypican-3 (GPC-3), a crucial tumor
marker associated with hepatocellular carcinoma®. As
shown in Fig. 5b, 71% of the cells from sample L1 and 75%
from sample L2 specifically bound to the antibody, indi-
cating a high percentage of GPC-3-positive cells in the
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tumor. These proportions were consistent with those
obtained via the IC-ECIS method, which were 63% and 66%,
respectively. The slight deviation may be attributed to dif-
ferences in the cell cycle phases of the cancer cells. As well as
the presence of GPC-3—positive subpopulations that exhibit
weaker adhesion to the electrode surface and consequently
lower impedance signals®>”'. In comparison, only 2% and
1% of the cells from normal tissue bound to the antibodies,
as shown in Fig. 5c. This was likely due to non-specific
binding or incidental expression, which are considered
acceptable background values in flow cytometry.

The tumor diagnosis results are summarized in Table 1.
The risk levels based on the IC-ECIS were all high,
showing good consistency with the available preoperative
diagnosis and the gold standard pathological diagnosis
after surgical operation. This consistency highlights the
accuracy of our method. Given the short turnaround time
of IC-ECIS, it has the potential to be used during surgery
for fast diagnosis, which will aid surgeons in deciding
whether to broaden the dissection area.

Conclusion

Timely and accurate tumor diagnosis is critical for
optimizing surgical outcomes and improving patient
prognosis. In this study, we present a fast, accurate,
automated, and easy-to-operate method based on IC-
ECIS at the single-cell level for differentiating benign and
malignant tumors. The advantage of the proposed
method lies in the tight integration of ECIS with IC
technology, which significantly shortens the signal path
and effectively suppresses parasitic capacitance and
external noise. The turnaround time of a sample can be
as short as 20 min, enabling it to be used during the
operation. The incorporation of the P-eSiFO chip pro-
cessing technique has substantially decreased production
costs and time, making disposable diagnostic chips viable
for clinical use. The platform’s efficacy was confirmed
through small samples of clinical trials involving a variety
of tumor samples, demonstrating its ability to match
traditional pathology results in distinguishing benign
from malignant tumors.

However, the IC-ECIS platform also has some limita-
tions. 1) The low replication of cell positions on each
electrode in large-scale applications. We are currently
developing dielectrophoretic technology to move indivi-
dual cells to the center of the electrodes precisely, and we
will report the results elsewhere. 2) Integrating IC tech-
nology into clinical diagnosis may involve high costs. We
will reduce costs through batch production and large-
scale production. 3) Long-term cell culture and mon-
itoring on IC chips can affect cell viability. Future research
will adopt surface modification strategies to reduce cell
damage and improve the interaction between cells and
electrodes.
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This advancement offers a scalable and cost-efficient
solution to aid surgical decision-making and precision
medicine. By connecting advanced technology with real-
world clinical needs, this innovation paves the way for the
widespread implementation of fast tumor diagnostic tools,
thereby improving the quality of cancer care. The FPGA-
based architectures are naturally well-suited for image
preprocessing, feature extraction, and the integration of
image-derived features with single-cell impedance signals,
providing a scalable hardware foundation for multimodal
intraoperative diagnosis. In the future, our platform can
combine frozen pathology and Al to greatly improve the
accuracy of fast intraoperative diagnosis of tumors.
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