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Nanochannel technology based on ionic current rectification has emerged as a powerful tool for the de-
tection of biomolecules owing to unique advantages. Nevertheless, existing nanochannel sensors mainly
focus on the detection of targets in solution or inside the cells, moreover, they only have a single func-
tion, greatly limiting their application. Herein, we fabricated SuperDNA self-assembled conical nanochan-
nel, which was clamped in the middle of self-made device for two functions: Online detecting living cells
released TNF-« and studying intercellular communication. Polyethylene terephthalate (PET) membrane
incubated tumor associated macrophages and tumor cells was rolled up and inserted into the left and
right chamber of the device, respectively. Through monitoring the ion current change in the nanochannel,
tumor associated macrophages released TNF-« could be in situ and noninvasive detected with a detection
limit of 0.23 pg/mL. Furthermore, the secreted TNF-« induced epithelial-mesenchymal transformation of
tumor cells in the right chamber was also studied. The presented strategy displayed outstanding perfor-
mance and multi-function, providing a promising platform for in situ non-destructive detection of cell
secretions and related intercellular communication analysis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tumor associated macrophages (TAMs) are an important com-
ponent of the tumor microenvironment, and the interaction be-
tween tumor cells and macrophages is of great significance in the
proliferation, metastasis, invasion, and immune processes of tu-
mors [1-3]. The secretion of cytokines reflects the complex mecha-
nism of tumor-macrophage interaction, for example, TAMs secreted
tumor necrosis factor-a (TNF-«) is one of the key molecules medi-
ating the inflammatory process and promoting tumor growth [4].
High dose local administration of TNF-« has strong tumor necro-
sis activity, while low dose chronic production may participate
in all steps of tumorigenesis as an endogenous tumor promoter,
including cell transformation, proliferation, growth, invasion, an-
giogenesis and metastasis [5,6], which always accompanied with
epithelial-mesenchymal transition (EMT) [7,8]. Therefore, it is cru-
cial to real time monitor the TAMs released TNF-« level and to
further investigate the intercellular communication between tumor
cells and macrophages.
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The traditional detection methods for cytokines are fluores-
cence [9,10], enzyme-linked immunosorbent assay (ELISA) and
mass spectrometry [11-13]. They encountered some bottleneck
problems in the development process, on the one hand, the re-
quirement to label the target analytes, cumbersome operation, long
analysis time, which inevitably caused cell damage; on the other
hand, channel interface performance and analysis devices were dif-
ficult to meet the needs of in situ non-destructive analysis of low-
abundance cell secretions [14-16].

Nowadays, nanochannel technology based on ionic current rec-
tification (ICR) has emerged as a powerful tool for the detection of
biomolecules owing to the unique advantages, such as label-free,
simple sample process, high-spatial and temporal resolution and
high sensitivity [17-22]. Different from traditional electrochemi-
cal analysis methods, which take physical quantities such as elec-
trode potential, electric quantity, current voltage and conductance
as response signals, this technology reflects the quantity change
of target analyte with the change of ICR [23,24]. ICR refers to the
asymmetric ion current response under bias in different directions,
similar to diodes in electronics [25]. Asymmetric factors in the
nanochannel such as structural asymmetry, surface charge distribu-
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tion asymmetry, concentration distribution asymmetry lead to the
asymmetric concentration distribution of cations and ions in the
channel [26-29]. For example, Xia's group introduced supersand-
wich DNA probes (SSW-DNA) on the outer surface of nanochannels
with hydrophobic inner walls, enabling reliable on-site qualitative
detection and ultra-sensitive quantitative analysis of microcystin-
leucine arginine (MC-LR) [30]. Liu’s group designed artificial hy-
drogen peroxide (H,0,)-activated nanochannels by decorating the
inner pore surface with 4-(phenoxymethyl)benzeneboronic acid
pinacol ester (PBAE), exhibiting a highly selective and sensitive re-
sponse toward H,0, [31]. Xu’s group combined the ionic current
rectification property of nanopipette reactor with duplex specific
nuclease-assisted hybridization chain reaction for signal amplifica-
tion to realize ultrasensitive intracellular miR-10b analysis [23]. Ex-
isting nanochannel sensors mainly focus on the detection of targets
in solution or inside the cells, while in situ analysis of biomolecules
outside the cells are rarely reported. Moreover, most nanochannel
sensors only have a single function, limiting their capacity to meet
the diverse requirements of multi-faceted sensing systems.

In this work, we fabricated SuperDNA self-assembled coni-
cal nanochannel for online detecting living cells released TNF-«
and studying intercellular communication (Scheme 1). SuperDNA
nanostructures were self-assembled on the tip side of conical
nanochannel with the diameter of 137nm through hybridiza-
tion chain reaction (HCR). Then the modified nanochannel was
clamped in the middle of the self-made device, where polyethy-
lene terephthalate (PET) membrane incubated tumor associated
macrophages (differentiated U937) was rolled up and inserted into
the left chamber; PET membrane incubated tumor cells (BXxPC-3)
was rolled up and inserted into the right chamber. Lipopolysac-
charides (LPS) was added in the left chamber to stimulate U937
cells to secrete TNF-oc, which opened the SuperDNA structure.
Through monitoring the ion current change in the nanochannel,
living cells released TNF-a could be in situ and noninvasive de-
tected. We achieved a reliable detection limit of 0.23 pg/mL for
TNF-«. In addition, the TNF-o¢ mediated intercellular communi-
cation between tumor associated macrophages (U937) and tumor
cells (BXPC-3) was also investigated. TNF-« induced epithelial-
mesenchymal transformation of BxPC-3 cells, which confirmed
by down-regulated EMT marker E-cadherin and up-regulated vi-
mentin. Therefore, the proposed platform is expected to be a
promising tool for studying cytokines mediated intercellular com-
munication.

The PET nanochannel was fabricated according to surfactant-
assisted ion-track etching method [32]. Scanning electron micro-
scope (SEM) images clearly exhibited the asymmetric conical struc-

/

/\/‘CP DNA ¢

Yadnﬁcaﬂon

O

PET PET-Au PET-Au-CP

—6
B

0 .00 Se aas et
AT LPS stimulation BxPC-3, C C C EMT
U937 cells BxPC-3 cells  *._

Scheme 1. Schematic illustration of in situ non-destructive detection of cell secre-
tion TNF-o based on confined ion transport and investigation of intercellular com-
munication. PET: polyethylene terephthalate; CP DNA: capture probe DNA; HCR: hy-
bridization chain reaction; LPS: lipopolysaccharides; TNF-«: tumor necrosis factor-
o; EMT: epithelial-mesenchymal transition.
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ture of the fabricated nanochannel (Fig. 1A, Fig. S1 in Supporting
information), the diameter of the base side and tip side was about
2.6um and 137 nm, respectively. For self-assembling SuperDNA in
the nanochannel, Au was firstly sputtered from tip side (PET-Au),
then capture probe (CP) DNA was anchored on the surface through
Au-S bonds (PET-Au-CP), following that P1 and P2 were introduced
to trigger HCR process to obtain SuperDNA modified nanochan-
nel (PET-Au-SuperDNA) [33,34]. The formation of SuperDNA was
verified by gel electrophoresis (Fig. 1B), the length of SuperDNA
was maximum, reaching >2000 base pairs, much larger than the
length of Marker, P1 and P2. The base sequences of each DNA
strand were shown in Table S1 (Supporting information) and the
structure of SuperDNA was shown in Fig. S2 (Supporting infor-
mation). In order to further prove the successful construction of
PET-Au-SuperDNA, surface contact angle and corresponding X-ray
Photoelectron spectroscopy (XPS) characterization of PET, PET-Au
and PET-Au-SuperDNA were performed. The contact angles of PET,
PET-Au and PET-Au-SuperDNA were presented in Fig. 1C, compared
with PET and PET-Au, PET-Au-SuperDNA exhibited increased hy-
drophilicity due to the introduction of SuperDNA nanostructures.
XPS pattern showed that there was a characteristic peak of Au 4f
for PET-Au and a characteristic peak of N 1s for PET-Au-SuperDNA
(Fig. 1D). All above results demonstrated the successful preparation
of PET-Au-SuperDNA.

The ion transport properties of the prepared nanochannel were
studied by self-made electrochemical cell (Fig. S3 in Supporting in-
formation). The Au coated PET nanochannel (PET-Au) displayed a
diode-like I-V curve with the ICR ratio (|I_,y|/I,2y) of 25.03, after
the modification of SuperDNA (PET-Au-SuperDNA), the |I_,y|/l oy
decreased from 25.03 to 3.43, ascribing that the tip side was signif-
icantly blocked by SuperDNA nanostructures. SuperDNA nanostruc-
tures contained aptamer sequence for cell secretion TNF-¢, thus
after the addition of TNF-o, SuperDNA nanostructures collapsed
and opened the tip side, the |I_,y|/I,,y retrieved to 70.52% of that
measured in PET-Au, demonstrating the feasibility of quantitatively
detecting TNF-« (Fig. 2A). Due to the introduction of cy5 group
at the 3’ end of DNA aptamer, the modified state can also be
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Fig. 1. Preparation and characterization of the PET-Au-SuperDNA nanochannel. (A)
Scanning electron microscopy (SEM) image of the base side, tip side, and cross-
section of the etched PET nanochannel. (B) Analysis of HCR products using 2%
agarose gel electrophoresis. (C) Surface contact angles of PET, PET-Au and PET-Au-
SuperDNA. (D) XPS spectra of PET, PET-Au and PET-Au-SuperDNA.



W. Liu, Y. Liu, Z. Tian et al.

200 300 400
Time (s)

500 600

(A) 20 (B) 3 1.2x10 ], —PET-Au
& \ —— PET-Au-SuperDNA
0 21.0x10%7 1\ Treated with TNF-a
= z \
220 Fsoa0’) |
= E 5
§ 40 E 6.0x10 \\
5 -60 £ 4.0x10°
g
-80 —=—PET-Au $2.0x10° k
—e— PET-Au-SuperDNA g —
-100 —A— Treated with TNF-a. = 0.0
-1 0 1 2 660 680 700 720 740
Voltage (V) Wavelength (nm)
(€30 (D)
251 25
5 20 2 20
Q@ +
= 5 215
] ]
= 10/ =101
0 0 . s
1 2 3 4
-lge

Fig. 2. (A) I-V plots of the PET-Au, PET-Au-SuperDNA and treated with TNF-«. Inset:
section of self-made electrochemical cell. (B) Fluorescence spectrum of the PET-Au,
PET-Au-SuperDNA and treated with TNF-w. (C) Optimization of Au deposition time.
Error bars represent standard deviations from five repeated measurements. (D) Op-
timization of electrolyte solution concentration of KCl.

reflected by fluorescence spectra and laser scanning confocal mi-
croscopy (CLSM). As displayed in Fig. 2B, characteristic peak of cy5
at 667 nm was observed for PET-Au-SuperDNA, upon treatment of
TNF-«, the peak disappeared. The CLSM images on the tip side of
the nanochannel were consistent with the fluorescence results (Fig.
S4 in Supporting information), further confirming the SuperDNA
assembly and disassembly ability in the channel.

To obtain the highest |I_,y|/I,oy for the following bioanalysis,
Au deposition time and electrolyte concentration for TNF-o¢ de-
tection were optimized. With the prolonging of the Au deposition
time, the size of tip side was reduced, further increasing the asym-
metric extent of the conical nanochannel, thus the |I_yy|/I oy was
gradually increased. When the Au deposition time was 600s, the
|I_oy|/I,ov reached 25.03 (Fig. 2C). In addition, we observed the
blockage risk of tip side increased significantly over 600s. To in-
vestigate the effect of ion concentration on the |I_,y|/I 5y, differ-
ent electrolyte concentrations of KCl at pH 7.0 were added into de-
tection device. As shown in Fig. 2D, the |I_,y|/I,oy increased with
the increasing KCl concentration from 0.1 mmol/L to 10 mmol/L due
to the accumulation and depletion of ions gradually increased,
it reached a maximum value when KCl concentration tend to
10mmol/L. At high salt solution concentration, however, the elec-
trical double-layer at the conical nanochannel wall can powerfully
shield the surface charges weakening cation-selective. Thus, the
|I_oy|/l oy decreased with the increasing KCl concentration from
10mmol/L to 1mol/L. Therefore, the Au deposition time and KCI
electrolyte concentration were chosen to be 600s and 10 mmol/L
for subsequent experiments, respectively.

Under the optimal conditions, I-V curves with different con-
centrations of TNF-a were recorded and shown in Fig. 3A. The
current at —2V gradually increased from 19.36 nA to —109.76
nA with the augment of TNF-a concentration from 0.1 pg/mL to
1250 pg/mL. The |I_py|/I,2v showed an excellent linear relation-
ship with TNF-« concentrations. The linear regression equation
was |[_yy|/l2y=6.36+0.01C (R?>=0.97) with the detection limit
(LOD) of 0.23 pg/mL, it was lower than other reported methods
(Table S2 in Supporting information). About the time dependence
for the TNF-ov and PET-Au-SuperDNA, the |I_,y|/I,y gradually in-
creased with the extension of incubation time, and tended to be
stable after 4h, suggesting that TNF-« had fully reacted with Su-
perDNA (Fig. 3B). To evaluate the specificality of PET-Au-SuperDNA
for TNF-«, other interference species (ATP, MUC1, VWF and VEGF)
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Fig. 3. (A) I-V properties of the nanochannel toward different TNF-ox concentrations.
Inset: the corresponding standard work curve. (B) Time dependence for TNF-«
and PET-Au-SuperDNA. (C) Selectivity assessment of PET-Au-SuperDNA toward ATP,
MUC1, TNF-o, VWF and FEN1. The concentration was 750 pg/mL. (D) The |I_oy|/I,2v
of five PET-Au-SuperDNA fabricated independently.

were used to replace TNF-o. TNF-« treated PET-Au-SuperDNA ex-
hibited significantly higher |I_,y|/I,oy than other species treated
nanochannel (Fig. 3C), indicating its good specificity. The |I_yy|/l oy
of five PET-Au-SuperDNA fabricated independently confirmed a
good repeatability (Fig. 3D). The stability of the fabricated PET-
Au-SuperDNA was evaluated through assessments of intra-assay
(n=5). The relative standard deviation (RSD) of intra-assays was
2.22%, representing acceptable stability. These results confirmed
the feasibility of PET-Au-SuperDNA for the detection of TNF-cr.

The nuclease resistance and thermal stability were important
for in situ intracellular detection. To verify the nuclease resistance
of SuperDNA nanostructures, gel electrophoresis was conducted,
the SuperDNA remained in almost the same position before and af-
ter treatment with RPMI-1640 medium containing 10% fetal bovine
serum (FBS) for 12h at 37°C (Fig. S5 in Supporting information).
The transmembrane current of PET-Au-SuperDNA showed stability
before and after treatment (Fig. S6 in Supporting information).

These results confirmed that PET-Au-SuperDNA has excellent
serum resistance and thermal stability, which could be used for
subsequent in situ cell analysis. Cells were inoculated on flexi-
ble PET, then curled and placed in the left chamber of self-made
electrochemical cell (Fig. S7 in Supporting information). Here, tu-
mor associated macrophages (U937), tumor cells (A549) and nor-
mal cells (LX-2) were used as model. FDA/PI double staining as-
say showed that the operation of insertion and withdrawn from
the chamber had no effect on the cell viability (Fig. 4A). Next,
TNF-o¢ released by cells was monitored in situ. The ICR ratio of
PET-Au-SuperDNA gradually increased over time toward cells with
the density of 8 x 10° cells/mL, indicating continuous TNF-o se-
cretion by the different cells and different secreted rate of differ-
ent cells could be monitored (Fig. 4B). Besides, a linear correlation
(R? =0.99) between the results from our platform and commercial
ELISA kit for TNF-o was obtained, validating the accuracy of the
platform for TNF-«¢ quantitative detection (Fig. 4C).

Intercellular communication between tumor associated
macrophages (TAMs) and tumor cells is crucial for tumor de-
velopment, metastasis, and related immune process. As reported,
the continuous secretion of TNF-a by TAMs at low doses would
induce epithelial mesenchymal transformation (EMT), which is
a complex reprogramming process of epithelial cells, playing an
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Fig. 4. (A) The merged CLSM images of cells stained by commercial fluorescence
probe FDA (green/live) and PI (red/dead) before and after the operation of insertion
and withdrawn from the chamber. (B) The ICR ratio vs. the secretion time with LX-
2, A549 cells and M1 macrophages derived from U937 cells in the left chamber. (C)
Accuracy verification of the proposed platform.

important role in tumor invasion and metastasis [35-37]. Our
work will mainly investigate whether TNF-« has an effect on EMT.
Tumor associated macrophages (U937) and tumor cell (BxPC-3)
were used as model, they were cultured on the PET membrane,
then rolled up and inserted into the left and right chamber of
the self-made device, respectively (Fig. S8 in Supporting informa-
tion). U937 cells were transformed into MO macrophages after
the incubation of Phorbol 12-myristate 13-acetate (PMA) of 24 h
(Fig. S9 in Supporting information), then MO macrophages were
transformed into M1 macrophages to secret TNF-a under the
stimulation of LPS. As shown in Fig. 5A, with the extension of
LPS stimulation time, the |I_y|/I,oyv was increased compared
with the control group due to gradual secretion of TNF-«. Then
the effects of TNF-« secretion on BxPC-3 cells were studied.
Under immunofluorescence characterization, we found that the
expression of EMT marker E-cadherin was down-regulated and the
expression of vimentin was up-regulated (Fig. 5B) [38,39]. Western
blot further revealed the significant changes in the protein levels

(A) 30 DAPI E-cadherin  Vimentin Merge

Fig. 5. Intercellular communication analysis. (A) The |I_,y|/I,2v of PET-Au-SuperDNA
after the treatment of LPS with different times. (B) Immunofluorescence mi-
crographs of EMT markers (epithelial marker E-cadherin (green) and mesenchy-
mal marker vimentin (red)) on BXPC-3 cells. Cell nuclei were stained with 4/,6-
diamidino-2-phenylindole (DAPI, blue). (C) Western blot analysis of the protein ex-
pression of the EMT markers.
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of E-cadherin and vimentin at different incubation time (Fig. 5C).
These demonstrated that TNF-« induced BxPC-3 cells to achieve a
transition from epithelial phenotype to mesenchymal phenotype, a
kind of intercellular communication.

In summary, we have successfully fabricated SuperDNA self-
assembled conical nanochannel (PET-Au-SuperDNA) through hy-
bridization chain reaction (HCR). Based on self-made device, two
functions were achieved: (1) Online detecting tumor associated
macrophages (differentiated U937) released TNF-«, which opened
the SuperDNA structure in the nanochannel. Through monitor-
ing the ion current change, living cells released TNF-o could
be in situ and noninvasive detected, a detection limit of 0.23
pg/mL and linear detection range was 0.1-1250 pg/mL was ob-
tained. (2) Studying intercellular communication between tumor
associated macrophages (U937) and tumor cells (BxPC-3). TNF-
o induced epithelial-mesenchymal transformation of BxPC-3 cells,
which confirmed by down-regulated EMT marker E-cadherin and
up-regulated vimentin. The proposed nanochannel had high sen-
sitivity, good specificity and repeatability, providing a new avenue
for in situ analysis of cellular secretions and the study of intercel-
lular communication.
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