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ABSTRACT: Efficiently assessing the invasive capability of tumor
cells is critical both for the research and treatment of cancer. Here,
we report a novel method called the electrochemical trans-channel
assay for efficient evaluation of tumor cell invasiveness. A
bioinspired extracellular matrix degradation model (EDM) has
been first fabricated on a porous anodic alumina (PAA) membrane
to construct the electrochemical apparatus. Upon contacting the
invasive tumor cells, invasive capability can be sensitively evaluated
by the degree of EDM impairment, which is recorded by the
electrochemical trans-channel ionic currents in a label-free manner.
Compared to the most commonly used trans-well migration
method, this assay can be accomplished in an efficient way that is
significantly faster (20 min) and more convenient. Besides,
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quantitation can also be realized for monitoring the invasion process, which cannot be achieved by other currently used methods.
Our proposed electrochemical trans-channel assay method has shown a synergistic effect for the evaluation of tumor cell
invasiveness, providing a promising method for clinical assessment or prognostic applications of tumor metastasis.
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1. INTRODUCTION

Invasion cascade, the spread of tumor cells from the primary
site to distant sites, has been proven to be the principal cause
of death by tumors.”” In the primary site of tumor patients,
upon coming into contact with the invasive tumor cells,
extracellular matrix (ECM) components can be dissolved by
proteolytic enzymes that are released by invasive tumor cells,”*
resulting in local defects of the basement membrane. Tumor
cells can thus enter the blood lymphocyte circulation for
distant spreading.” Therefore, impaired integrity of the
basement membrane has been identified as an important
histological marker of carcinoma invasiveness.’ Since the
invasive property of tumor cells is apparently the first stage of
distant metastasis,” investigating the invasive capability by
profiling the ECM degradation will be the priority assay, which
will enable the early diagnosis and treatment of malignant
tumors.””

Presently, the methods to measure the invasive cellular
process can be carried out in vitro.'”'" The trans-well assay by
using the Matrigel-coated culture chambers is the most
commonly used method, which observes cell migration
through pores in an ECM filter under an optical microscope.'”
The method is widely accepted because it has a good imitation
of the extracellular matrix environment and can reflect invasive
capability."® However, there are also some inherent limitations.
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First, the trans-well assay is an end-point assay. Cell invasive
capability is assessed by the final number of cells transferring
across the EMC filter membrane. Cell invasive properties (e.g.,
cell behaviors, phenotypic diversity) cannot be recorded in this
way. In addition, the less invasive cell cannot even be
evaluated. Second, the pore size and height of the microscopic
membrane filter in the trans-well assay may influence cell
transport, and the action of gravity acting on the vertical up-
and-down movement may affect the invasion performance.'*"
Third, the transferring cells need dye labels for counting under
the optical microscope, making the trans-well assay labor-
intensive and time-consuming. © Therefore, establishing an
effective and rapid assay method for evaluation of the cell
invasion process is still an existing challenge and can be quite
beneficial to tumor metastasis studies.

For developing function-oriented biochemical analytical
methods, nanochannels have gained great interest in recent
years.'”~*' A porous anodic alumina (PAA) membrane that
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Scheme 1. Schematic Diagram of the Artificial ECM Degradation Model (EDM) Used for Dynamic Monitoring of Tumor Cell
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possesses an adjustable pore diameter, a good nanochannel
array, and commercial availability opens a new avenue for
developing highly sensitive sensors.”>~** Most importantly,
nanochannels in PAA not only provide a platform allowing
signal amplification by several orders of magnitude but also
reduce the background noise of the electrochemical detection,
leading to good detection accuracy.”® The ion transport in the
nanochannels between two reservoirs is influenced by
molecular volume, geometry, or charge property changes,”®™**
quickly reflected by a current change. Therefore, a combina-
tion of ECM degradation and electrochemical nanochannel
detection is particularly appropriate for sensitive, rapid, and
label-free detection of cell invasiveness.

Herein, by simulating the extracellular matrix, a bioinspired
ECM degradation model (EDM) matrix has been designed
and fabricated on PAA and thoroughly addressed in this work,
with an ultimate objective to be used as the electrochemical
trans-channel assay of the invasive capability of tumor cells.
The EDM, self-assembled collagen—DNA complex gel, can be
formed through electrostatic interaction and hydrogen-bond
interaction on the barrier layer of the PAA membrane.” ™'
The degrading enzymes secreted by the tumor cells can digest
the colle\gen;32’33 thus, the steric hindrance is reduced
significantly to allow ion transportation across the channels.
Eventually, the ion current can be quantitatively and
dynamically recorded for carrying out the invasive process of
tumor cells, as shown in Scheme 1. In this design, the
distinctive structure of the asymmetrical PAA membrane may
provide a larger area for EDM modification,”* and the narrow
channel allows smaller steric hindrance to ion current response,
which will significantly enlarge the detecting signal. Hence,
compared to the trans-well assay, the electrochemical trans-
channel assay can be carried out in a short period of time with
more sensitive quantification. The invasive process and less
invasive cells can be simultaneously monitored in our trans-
channel assay. Thus, in virtue of the electrochemical technique,
an efficient and label-free method has been proposed not only
for the dynamic recording of the invasive behavior of the

tumor cell but also for screening drugs that inhibit cell invasion
and potentially prevent metastatic malignancy.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Collagen-like peptide
(GPQGIFGQIGPQGIFGQIGPQGIFGQIGPQGIFGQ) designed as
the optimal substrate for MMP-2 was synthesized by China Peptides
Co., Ltd. The oligonucleotides DNA S1, 5'-CHO-(CH,)¢-CAC GAC
GTT GTA AAA CGA CGG CCA GAG CAG-3/, and its
complementary strand DNA S2, $'-CTG CTC TGG CCG TCG
TTT TAC AAC-3’, were ordered from Sangon Biotech Co., Ltd.
(Shanghai, China). Recombinant Human MMP-2 was purchased
from Sino Biological, Inc., captopril, and 4-aminophenylmercuric
acetate (APMA) were obtained from Genmed Scientifics, Inc. Crystal
violet staining solution was obtained from Solarbio Technology Co.,
Ltd. MMP-2 from cell suspension was extracted and quantified with a
Human MMP-2 ELISA kit from Beyotime Biotechnology Co., Ltd.
(Shanghai, China); 24-well inserts used in the trans-well assay were
purchased from Corning Co., Ltd. Potassium chloride (KCl) was
obtained from Nanjing Chemical Reagent CO., Ltd (Nanjing, China).
(3-Aminopropyl)trieoxysilane (APTES) and other certified analytical-
grade reagents were purchased from Sigma-Aldrich (Shanghai,
China). The porous anodic alumina (PAA) film was ordered from
Hefei Puyuan Nanotechnology Co., Ltd (Anhui, China). All solutions
were prepared with deionized water that had been purified with a
Milli-Q purification system (Bedford, MA) to a resistance of 18.2 MQ
cm.

2.2. Instrumentation. Surface and flank morphologies of the
PAA membrane were determined with a scanning electron micro-
scope (SEM, SU8020, Japan) and an atomic force microscope (AFM,
Bruker, Germany). To characterize the modification process of the
probe, X-ray photoelectron spectroscope (XPS, ESCALAB 250XI,
Thermo Fisher Scientific) was used to measure the X-ray photo-
electron spectroscopy (XPS) spectra of the reactants at each step to
verify the gradual modification of the PAA membrane. Ion currents
were recorded by an electrochemical workstation (CHI 660D,
Chenhua, China).

2.3. Collagen—DNA Complex Modification. PAA films were
sequentially washed by ultrasonication in alcohol and water for 5 min
to remove impurities in the nanochannel. They were dried with
nitrogen and then placed in an ethanol solution containing 5% (3-
aminopropyl)triethoxysilane (APTES) and shaken gently on a shaking
table at room temperature for 12 h to graft the aminopropyl
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Figure 1. Assembly and characterizations of EDM on the PAA membrane. (A) Porous layer, (B) flank, and (C) barrier layer of the PAA membrane
under a scanning electron microscope (SEM). (D) Barrier layer of the PAA membrane observed under an AFM. (E) Characterization of EDM by
elemental analysis of Si 2p using X-ray photoelectron spectroscopy (XPS). (F) Schematic illustration of the fabrication process of the EDM.

functional groups. The PAA films were rinsed again with alcohol to
remove the residual silylation reagent and dried with nitrogen,
followed by baking at 120 °C for 1 h to cross-link the silane layer.
DNA S1 solution was then dripped onto the porous layer side of the
PAA membrane and reacted at room temperature for 24 h. It is
important to note that a little water is added to the sealed culture dish
to prevent evaporation of the DNA solution. Then, the PAA
membrane was cleaned with ultrapure water to remove the free DNA
S1. The DNA S2 strand was added to be paired with DNA S1 at 37
°C for 1 h to form a DNA double-stranded complex on the surface of
PAA. Finally, 20 uL of 50 uM collagen buffer was dripped onto the
surface of the double-stranded DNA-modified PAA membrane and
reacted at 37 °C for 30 min so that collagen and DNA could self-
assemble into a collagen—DNA complex through electrostatic
interaction.

2.4. Electrochemical Detection of MMP-2 Activity. The pre-
enzyme of MMP-2 was inactive and needed to be activated overnight
at 37 °C with 1 mM APMA activator. The activated MMP-2 was
diluted with TCNB to different concentrations for the next use. The
modified collagen—DNA—PAA membrane and two electrolytic cells
were fixed with a silicone gasket to prevent liquid leakage, and the two
electrolytic cells were fixed together with metal clips. Cells were
treated with 1 mM captopril at 37 °C for 24 h to assess the inhibition
effect on MMP-2. Each experiment was performed in triplicate, and
the gels were analyzed using semiquantitative densitometry; 1.5 mL of
10 mM KCI solution and 13.5 mL of 1X TCNB buffer (10 mM
CaCl,, 150 mM NaCl, and 50 mM Tris-HCI buffer containing 0.05%
Brig) were added to each cell. Two Ag/AgCl reference electrodes full
of a saturated potassium chloride solution were inserted into the cells
to form a complete electrical circuit with the electrochemical
workstation. MMP-2 (10 uL) with different concentrations was
added on the porous layer side of the modified PAA membrane and
incubated at 37 °C for 20 min. Current—voltage (I—V) characteristics
between —1.0 and + 1.0 V adopting the technique of linear sweep
voltammetry (LSV) were recorded by the electrochemical workstation
at 37 °C.

2.5. Cell Invasion Assay. The cell invasion assay was performed
by Matrigel-coated trans-well cell culture chambers (8 ym pore size).
The 10.9 mg/mL Matrigel was diluted to 300 yg/mL by serum-free
cell culture medium or phosphate-buffered saline (PBS) solution at 4
°C, and 100 uL of diluent was evenly added to the surface of a
polycarbonate film in the upper chamber. It was placed in a cell
incubator for 4 h to facilitate Matrigel polymerization, and then put in
a superclean bench overnight. After removing serum for starvation for

12 h, well-grown cells were washed with PBS, digested with trypsin,
and then washed with PBS 1—2 times. The suspended cells were
cultured in serum-free medium containing 1% bovine serum albumin
(BSA), and the cell density was adjusted to 0.5—10 X 10°/mL.
Medium (600 uL) containing 10% fetal bovine serum (FBS) was
generally added to the lower chambers of the 24-well plate; 300 yL of
cell suspension was added to the upper chambers. Finally, the cells
were cultured in a humidified atmosphere (5% CO,) at 37 °C for 6—
48 h.

The Matrigel and the cells in the chambers were wiped gently with
a cotton swab after medium removal. A new 24-well plate was added
with 600 uL of 70% methanol solution, and these chambers were fixed
for 30—60 min. Next, the methanol solution was discarded, and the
chambers were stained with 0.1% crystal violet for 10—20 min and
washed with PBS three times to remove the residual crystal violet.
The upper side of the chamber was gently wiped with cotton swabs,
and the dye that was not specifically bound to the upper surface of the
chamber was erased for subsequent microscopic examination. After
being properly air-dried, the cells were observed and counted from the
field of a high-resolution microscope with upper, lower, left, middle,
and right views.

2.6. Electrochemical Detection of MMP-2 Secreted by Cells.
The cancer cells used in the experiments were MCF-7 cells. MCF-10A
cells were analyzed for the control experiments. The MMP-2 in the
cell culture medium supernatant was determined with the Human
MMP-2 ELISA kit; 10 pL of the culture medium supernatant with
different measured MMP-2 concentrations from cells was added to
the porous layer side of the modified PAA membrane and incubated
at 37 °C for 20 min. The electrochemical detection experiments were
conducted using the methods mentioned above.

3. RESULTS AND DISCUSSION

3.1. Characterization of the PAA Membrane and
Fabrication of the EDM. To get a clear observation of the
microstructure of the EDM assembly, we have characterized
the PAA membrane with a scanning electron microscope
(SEM). Figure 1A shows the porous layer of the PAA
membrane. The diameter of the channels is about 50 nm. The
nanochannels that extend straight out are shown in Figure 1B.
The barrier layer is clearly presented in the SEM image (Figure
1C) and the AFM image (Figure 1D), while there exist
subnanometer channels within arrays of protuberances that
allow ion transport to generate a current signal. With the well-
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organized channel array, a small steric hindrance change can
trigger a significant electrochemical signal response, which
allows a sensitive response after EDM assembly. After
morphological characterization of the bare PAA membrane,
we have then fabricated the EDM. The functionalization
manifestation has been proceeded by means of X-ray
photoelectron spectroscopy (XPS). The XPS spectrum of the
(3-aminopropyl)trieoxysilane (APTES)-functionalized PAA
membrane (red curve) presents an obvious Si 2p peak
compared to that of the bare PAA membrane (gray curve),
shown in Figure 1F, revealing successful modification of
APTES, followed by a gradual modification of DNA and
collagen, as illustrated in Figure 1F. Specified XPS tests for P
2p, C 1s, and N 1s have verified the modification (Figures S1
and S2). For the amino-activated PAA membrane, an obvious
N 1s peak is observed (red curve), together with a
corresponding increase in the C 1s peak value. Blue and
green curves represent the PAA membrane modified with
DNA and peptide, and the nitrogenous bases in DNA and
amino acids in peptides both lead to an increase of the N 1s
peak, respectively. Laser scanning confocal microscopy has also
been adopted for the examination of DNA immobilization
(Figure S3). Therefore, successful modifications of APTES,
DNA, and peptide on the barrier of the PAA membrane have
been manifested.

3.2. Sensing of Cell Invasion by the Trans-Channel
Assay. The trans-channel assay property has been charac-
terized by I—V measurement in a home-made H-type
electrolytic tank inserted with two Ag/AgCl reference
electrodes (Figure 2A). Linear sweep voltammetry (LSV)
has been adopted to record the current characteristics between
—1 and +1 V over time. The collagen-like peptide used in the
work is negatively charged like DNA, so the surface charge
changes slightly. However, as shown in Figure S4, after the
assembly of the collagen—DNA complex gel as the EDM, the
current value at - 1 V decreases because the ion-transfer
behavior is obstructed due to the steric hindrance. It has been
observed that the current value reverses back after the cleavage
of MMP-2; therefore, the enzyme digestion process can be
reflected by the current signals. We have then conducted the
experiments using PAA membranes with three pore sizes, 50,
90, and 200 nm, to study the influence of the diameter of the
PAA membrane. Experimental results reveal that there is no
obvious difference among the three groups as shown in Figure
SS. The complex gel assembles after the modification of DNA
on the PAA membrane, so DNA concentration may be of great
importance in the performance of the EDM assay; thus, it has
been investigated so as to achieve efficient assay conditions
(Figure S6). To be clear, we denote the current drop value as
the difference of the current value before and after the cleavage
of the collagen—DNA complex modified on the PAA
membrane by MMP-2. The current drop value increases
sharply at the beginning when the DNA concentration
increases from 1 to 20 M and then levels off at higher
concentrations, which indicates that 20 yM DNA can
sufficiently accommodate the collagen peptides. Moreover,
the effect of cell density on the assay has been explored to
widen the detection range, as shown in Figure 2B,C. The
current rises with increased cell density, which may contain
more secreted enzymes.

3.3. Feasibility Investigation. The property of EDM for
the cell invasiveness assay has also been additionally supported
by the AFM imaging data. The collagen-like peptide on the
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Figure 2. Electrochemical and AFM characterizations of the trans-
channel device. (A) Schematic illustration of the electrochemical
device. (B) I-V curves of the EDM measured between —1 and + 1 V
in response to different cell densities (a: 2 X 105, b: 4 X 10°, c: 6 X
10%, d: 8 X 105, e: 10 X 10%, f: 12 X 10°, g: 14 X 10%, h: 16 X 10° cells/
mL) and (C) linear calibration plot of the corresponding current
values at —1 V vs the cell density. AFM image of the (D) bare PAA
membrane and the collagen—DNA complex gel-modified PAA
membrane (E) before and (F) after the incubation with cell culture
medium. The electrolyte is 1.5 mL of 10 mM KClI solution and 13.5
mL of 1 X TCNB buffer. The cells used in the experiment are MCF-7
cells.

PAA membrane appears as an ordered assembly (Figure 2E),
which covers the original morphology (Figure 2D). After
addition of the cell culture medium that contains lyases like
MMP-2, the morphological disorder and decreased thickness
reveal that the proteolysis occurred after the incubation with
cell culture medium (Figure 2F). In addition, the control
experiment has also been conducted using the MCF-10A cells,
and Figure S7 shows that the current of the collagen—DNA-
modified PAA membrane does not change much before and
after incubation with the noncancerous cell medium. Since
MMPs are the only proteases involved in the invasion of
cancer cells through the basement membrane, which is a thin
and dense sheetlike structure,® fabricating a biomimetic EDM
based on the assembly of collagen-like peptide on the PAA
membrane for the detection of cell invasive capability is
feasible.

3.4. Trans-Well Assay Validation and Advantages of
the Trans-Channel Assay. For monitoring of the cell
invasive capability, the I-V properties of the EDM at different
incubation time points under optimized conditions have then
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Figure 3. Comparison between the electrochemical trans-channel assay and the trans-well assay. (A) I-V properties of the EDM between —1 and
+1 V at different time points. (B) Current values at —1 V vs different enzyme digestion times. (C) Diagram of the trans-well insert apparatus used
to measure cell invasion. (D—I) Representative pictures of cell invasion at the time periods of 18, 24, 30, 36, 42, and 48 h, respectively. The
electrolyte is 1.5 mL of 10 mM KCl solution and 13.5 mL of 1X TCNB buffer. The cells used in the experiment are MCF-7 cells.

been explored by adopting the LSV electrochemical technique
between —1 and +1 V (Figure 3A). The dots in Figure 3B
represent the current value at —1 V. They show an increasing
trend and a big rise in the first 20 min, which indicates that the
ECM degradation is in progress in the device. Since the trans-
well assay is the standard tool for studying matrix invasion,”®*”
the cell invasive capability along with incubation time has been
investigated by the trans-well cell invasion assay as a
validation.”® Two culture compartments are separated by a
microporous membrane filter as shown in Figure 3C. Cell
suspension has been added on top of the trans-well membrane
in the upper chamber and culture solution has been added to
the lower chamber. Cell migration has been performed
according to the procedures described in the Experimental
section. Representative pictures of cell invasion at the time of
18, 24, 30, 36, 42, and 48 h (Figure 3D—I) indicate the same
rising tendency with our method, but the time needed for the
test in our method is significantly reduced. Therefore, this
proves that our trans-channel assay method is well qualified to
detect cell invasiveness, avoiding the influences of the
microporous membrane pore size and gravity, overcoming
inevitable shortcomings in the trans-well assay. It is clear that
the electrochemical EDM invasion assay also shows the merit
of rapid and dynamic monitoring, which is much superior to
the end-point determination in the trans-well assay.

3.5. Evaluation of the Tumor Cell Invasiveness. For
proof of concept, MMP-2 secreted by the invasive tumor
cells*® has been further used to examine the electrochemical
response of EDM. The effects of cell concentration or the
MMP-2 concentration in cell culture medium on cell invasion
have thus been tested. Different cell concentrations, 0.5, 1.0,
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1.5, 2.0, and 2.5 X 10°/mL, are chosen as the experimental
concentrations to conduct the trans-well assay. Microscopic
images are captured at 42 h as shown in Figure SSA—E that the
number of cells that travel to the lower chamber is found to
increase with the increase of the cell concentrations that are
added to the upper compartment. To be in parallel with the
trans-well assay, our EDM-based electrochemical tests have
been carried out. Figure 4A shows the I—V responses of the
EDM under different concentrations of MMP-2, and Figure 4B
shows the corresponding current drop values. It is easy to see
that there is a correlation between the current drop value and
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Figure 4. (A) I-V responses of the EDM-modified PAA with
different concentrations of MMP-2 contained in the cell culture
medium. (B) Corresponding current drop values of the EDM at —1 V
vs cell culture medium containing different concentrations of MMP-2;
inset: linear calibration plot of current values recorded at —1 V vs the
logarithm of different MMP-2 concentrations. The electrolyte is 1.5
mL of 10 mM KClI solution and 13.5 mL of 1X TCNB buffer. The
cells used in the experiment are MCF-7 cells.
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the concentration of MMP-2 in cell culture medium. As the
MMP-2 concentration increases, the EDM gets broken more
efficiently, which can be reflected by the quick increase in the
electrochemical signal.

3.6. Specificity, Stability, and Application of the
Trans-Channel Assay. The specificity of the EDM-based
electrochemical assay has been examined through incubation
with potential interference species as shown in Figure SA.
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Figure S. Specificity validation and application of the EDM. (A)
Current drop values of the EDM at —1 V vs different incubation
systems. (B) Chemical structure of captopril. (C) Current of the
EDM assay with or without the inhibitory effect of captopril. The
electrolyte is 1.5 mL of 10 mM KCI solution and 13.5 mL of 1X
TCNB buffer. The cells used in the experiment are MCF-7 cells.

Results show that there are apparent current changes in the
systems of the MMP-2 enzyme solution and the mixture
containing MMP-2, confirming that the collagen modified on
the PAA membrane in this work can be specifically cleaved by
MMP-2. Therefore, an EDM simulating the ECM degradation
has been created for evaluation of the premetastatic tumor
cells. After the collagen degradation in the first round of the
experiment, the used PAA membrane has been modified again
with the collagen to study cycling performance. As shown in
Figure S9, the interaction of this EDM is reversible, so the
membrane can be reused after one test, though with little
performance decline. In addition, the EDM has been used to
examine the inhibitory effect of captopril on MMP activity,
whose chemical structure is shown in Figure 5SB. Optimization
of the concentration of captopril has been conducted (Figure
§10), and the current—time (I—t) curves have been adopted to
make a comparison (Figure 5C).** The green curve represents
the normal EDM assay and the current changes along with the
collagen—DNA degradation. Captopril directly inhibits MMP-
2 activity and impacts tumor invasion and migration,”' and the
effect is well demonstrated in the EDM assay. The blue five-
pointed stars curve shows no growth, which indicates the
possibility that the EDM could be used for inhibitor screening.

B CONCLUSIONS

This study has demonstrated an electrochemical trans-channel
assay for tumor cell invasiveness with simplicity and sensitivity.
Based on biomimetic EDM, the modification of the collagen—
DNA complex on the PAA membrane, MMP-2 contained in
the cell culture medium degrades the collagen, which
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significantly increases the current response of the nanochannel.
The in situ degradation has a natural advantage of dynamic
monitoring of the cell invasive capability, which overcomes the
complex operation steps in the currently used trans-well assay.
Owing to the sensitive response of EDM and the fast response
of the trans-channel ionic signals, the assay can be
accomplished within 20 min with high sensitivity. In addition,
as a sensitive assay of tumor cell invasiveness, the EDM-based
electrochemical assay has shown great potential in developing a
reliable and convenient analytical platform for the dynamic
analysis of cellular response to certain challenges such as drug
screening and treatment.
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