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ABSTRACT: An electrochemical sensor based on a conformation-changing aptamer
is reported to detect soluble KIT, a cancer biomarker, in human serum. The sensor was
fabricated with a ferrocene-labeled aptamer (Ky < S nM) conjugated to a gold
electrode. Quantitative KIT detection was achieved using electrochemical impedance
spectroscopy (EIS) and square-wave voltammetry (SWV). EIS was used to optimize
experimental parameters such as the aptamer-to-spacer ratio, aptamer immobilization
time, pH, and KIT incubation time, and the sensor surface was characterized using
voltammetry. The assay specificity was demonstrated using interfering species and
exhibited high specificity toward the target protein. The aptasensor showed a wide
dynamic range, 10 pg/mL—100 ng/mL in buffer, with a 1.15 pg/mL limit of detection.
The sensor also has a linear response to KIT spiked in human serum and successfully
detected KIT in cancer-cell-conditioned media. The proposed aptasensor has
applications as a continuous or intermittent approach for cancer therapy monitoring
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and diagnostics (theranostics).
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C ancer is a noncommunicable disease responsible for most
global deaths. Worldwide, one out of six deaths is
attributed to cancer—more than the mortality caused by
tuberculosis, HIV/AIDS, and malaria combined. In 2018, there
were ~17 million new cancer cases diagnosed worldwide,
causing 9.5 million deaths." In the 21st century, cancer is the
single most significant barrier toward increasing life expect-
ancy. Critically, many cancers are diagnosed at an advanced
stage when treatments are limited, resulting in a persistently
high mortality rate. Notably, several serum cancer biomarkers
have been identified, such as CA-125 for ovarian cancer,” CA
19.9 for pancreatic cancer,” $100 for Melanoma,4 carcinoem-
bryonic antigen for colorectal cancer,” alpha-fetoprotein for
hepatocellular carcinoma,” and prostate-specific antigen for
prostate cancer.” Cancer detection and treatment monitoring
through biomarkers that can be measured at the point-of-care
(POC), especially in low resource settings, could significantly
reduce cancer-related morbidity and mortality and increase the
overall survival rate of patients.”

In this regard, the KIT protein’s prognostic significance in
cancer patients has received intense interest.””'* c-KIT, also a
known proto-oncogene, is a receptor tyrosine kinase that, upon
binding to its ligand, stem cell factor, dimerizes and initiates a
cascade of signal transduction that regulates cell growth and
proliferation. Overexpression or mutations in functionally
important domains of the gene are associated with cancers,
including gastrointestinal stromal tumor (GIST), 10712 mast
cell disease (systemic mastocytosis), acute myeloid leukemia,
testicular seminoma, and melanoma.”® In health and disease,
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the ligand-binding extracellular portion of the ¢-KIT protein is
cleaved from the cell surface by the metalloprotease, tumor
necrosis factor a-converting enzyme (TACE or ADAM-17),
and generates a soluble KIT (sKIT) fra\gment.m’15 The
resulting product, sKIT, can be detected in the serum or
plasma of patients with various patholo%lcal conditions and
functions as a biomarker of cancer.'"'®

Full-length c-KIT and sKIT have been studied as a
biomarker with various detection methods, including flow
cytometry,””*" immunohistochemical analysis,”* and enzyme-
linked immunosorbent assay (ELISA).'® Although these
methods provide quantitative information, they require
complicated pretreatment steps, large sample volume, ex-
pensive laboratory reagents, and sophisticated instruments,
which preclude POC operation.””* On the other hand,
electrochemical detection techniques enable rapid, robust,
simple, and sensitive monitoring of the interaction between a
target protein and the sensor surface modified with its receptor
or ligand molecule.”>”*° Thus, electrochemical biosensors can
be used to diagnose and monitor cancers and provide a
prognostic approach to the treatment. However, there are no
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Figure 1. Electrochemical KIT Aptasensor. (A) Vision of injectable sensor concept for continuous, in vivo cancer treatment monitoring. (B)
Conformation switching aptasensor concept. (C) KIT aptamer with a Fc label in its unbound, unfolded state that modulates the Fc tag’s position.

reports of an electrochemical biosensor for the detection of
sKIT.

Recently, electrochemical aptamer-based sensors, “aptasen-
sors”, have drawn significant interest.>%?’ Aptamers are single-
stranded DNA or RNA oligonucleotides selected by an in vitro
iterative process known as systematic evolution of ligands by
exponential enrichment.”*”” The nucleotides in the single-
stranded aptamer molecules undergo intramolecular Watson—
Crick base pairing to initially form secondary and subsequently
tertiary structures to assume three-dimensional shapes that
function as ligands that bind to their cognate proteins with
high binding affinity and specificity, which is analogous to
monoclonal antibodies.’’~*> This conformation-changing
property of the aptamer structure upon protein binding has
been utilized in biosensors where a redox-active molecule is
covalently conjugated to the aptamer immobilized on an
electrode surface.”” ™ The binding of the cognate protein to
the aptamer changes its conformation and thus the redox
probe’s distance from the electrode. 3639 This, in turn, alters
the electron-transfer profile between the redox molecule and
the electrode. Thus, the aptamer—protein binding event is
transduced into an electronic signal that quantifies the amount
of protein present in a sample.‘j’s’40

In this work, we used a DNA aptamer against ¢-KIT with
high affinity and specificity (K; < $ nM).”>*' The aptamer was
covalently conjugated to a ferrocene (Fc) redox label and
immobilized on a gold electrode to form a novel electro-
chemical aptasensor, as shown in Figure 1. The resulting
aptasensor based on a thin gold-film electrode offers high
electrical conductivity, biocompatibility, and good chemical
stability in biofluids along with mass production, cost
controllability, and high sensitivity. The aptasensor was read
out using square-wave voltammetry to detect sKIT in the
conditioned media of cancer cell lines for the first time to show
its clinical applicability. This target-induced conformational
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change of the aptamer-based sensor has the potential to be
used as a diagnostic tool to evaluate the biomarker present in
the biological fluids. Such an assay could be further coupled
with injectable sensors (Figure 1A) or wearable sensors for
continuous monitoring of KIT levels in response to therapy,
closing the personalized medicine cancer treatment loop.*
Thus, the aptasensor can function as both a diagnostic and
therapeutic response tool, hence the name theranostics.

B MATERIALS AND METHODS

Reagents and Instruments. Magnesium chloride (MgCly;
#208337), phosphate-buffered saline (PBS; #P5493), Tris[2-carbox-
yethyl] phosphine (TCEP; #C4706), 6-mercapto-1-hexanol
(#725226), p-mercaptoethanol (#M6250), N-hydroxysuccinimide
(NHS; #130672), ferrocene carboxylic acid (Fc; #106887), human
serum albumin (HSA; #A9511-100MG), fibrinogen (FBG; #341576-
100MG), 1,4-dithiothreitol (DTT; #233156), Dulbecco’s modified
Eagles medium (DMEM; #D6429-SO0ML), fetal bovine serum (FBS;
F2442-500ML), Iscove’s modified Dulbecco’s medium (IMDM;
51471C-1000ML), radioimmunoprecipitation assay buffer (RIPA;
R0278-SOML), and 1-thioglycerol (#M6145-25ML) were purchased
from Sigma-Aldrich. Human AB serum (#01024) was bought from
Omega Scientific, and Ulex europaeus agglutinin I (UEA; #L-1060)
was purchased from Vector Laboratories. Fetal bovine serum (FBS; #
A31604), penicillin/streptomycin (#15140122), and Pierce protease
and phosphatase inhibitor (#A32959) were purchased from Thermo
Fisher Scientific. Interleukin 6 (IL-6; #206-IL) was purchased from
R&D Systems and N-ethyl-N'-(3-dimethyl aminopropyl) carbodii-
mide hydrochloride (EDC; #BC25-S) from G-Biosciences. Purified c-
KIT protein containing the extracellular domain (Met 1-Thr 516)
with a polyhistidine tag at the C-terminus (#11996-HO8H) was
purchased from Sino Biological. The primary mouse monoclonal anti-
KIT antibody (#3308) was obtained from Cell Signaling Technology
and the secondary, horseradish peroxidase-conjugated antimouse IgG
(#31430) from Invitrogen. Immun-Blot PVDF membrane
(#1620177) and prestained molecular weight marker (#1610375)
were acquired from Bio-Rad.
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The single-stranded DNA KIT aptamer (5'-GAG GCA TAC CAG
CTT ATT CAA GGG GCC GGG GCA AGG GGG GGG TAC
CGT GGT AGG ACA TAG TAA GTG CAA TCT GCG AA-3’) and
the scrambled control oligo (5'-TGA CGG GAG ACT TAA AAC
GCA AGG GGT GCA GCT ATC GCG GAG GCC AAG GGT TCA
AGT CGA CGG GTA GCT AGG TTG GA-3') were synthesized
with §’-S-S- (disulfide bond) and 3’-NH, (amine group)
modifications by Integrated DNA Technologies. We obtained the
GIST-T1 cell line from T. Taguchi (Kochi Medical School, Japan),
the human mast cell line HMC 1.2 from L Pass (Sanford Burnham
Prebys Medical Discovery Institute, San Diego), and the pancreatic
cancer cell line MiaPaCa-2 from ATCC.*

Square-wave voltammetry (SWV), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) measurements were
performed using a benchtop potentiostat (CH Instruments, 7SOE). A
three-electrode setup was used for all experiments with Au, Ag/AgCl,
and Pt wire (CH Instruments, #CHI115) as the working electrode
(WE), reference electrode (RE), and counter electrode (CE),
respectively.

KIT Aptasensor Fabrication. Gold-coated microscope slides
(100 nm thickness, 99.999% Au film purity on a S nm Cr adhesion
layer) were used as the WE (5 mm diameter). Each WE (6.25 X 107
m? area) was sectionalized by a nonconductive (Teflon) custom-made
electrode holder with wells that hold up to 100 pL. This fixture
maintains the electrode area during the surface modification and
measurements. Before electrode modification, the WE was chemically
treated with a mixture of H,SO, and H,0,, followed by washing with
distilled water. It was then electrochemically cleaned by potential
cycling from 0 to 1.4 V versus Ag/AgCl in 0.1 M H,SO,. The
thiolated aptamer was activated with TCEP for 2 h at room
temperature. The WE was functionalized by immersing it in a solution
containing 0.5 #M aptamer in SO0 uL of incubation buffer [S mM
MgCl,, 0.5 mM DTT in 20 mM PBS (pH 7.4)] with 0.5 uM 6-
mercapto-1-hexanol on a shaking incubator (Thermo Scientific,
#4625) at room temperature for 12 h. The WE was then gently rinsed
with distilled water and equilibrated with the incubation buffer for 30
min on a shaking incubator. To remove the unbound aptamer and
block the surface, the electrode was incubated in 10 mM f-
mercaptoethanol for 30 min at room temperature. Last, the amine-
terminated aptamers were modified with Fc by EDC/NHS coupling.
1S mg of ferrocene carboxylic acid was dissolved in 1 mL of absolute
ethanol, and 11.5 mg of NHS and 76.7 mg of EDC were dissolved in
1 mL of PBS (pH 5.0). The mixture containing 15 uL of 64 mM
ferrocene carboxylic acid and 985 uL of EDC/NHS solution was
prepared so that the reagents’ concentration was 1, 100, and 400 mM
ferrocene carboxylic acid, NHS, and EDC, respectively. After that, 50
uL of the activated solution was drop-cast onto the aptamer-modified
electrode and kept overnight at room temperature.” In this step, a
carbodiimide bond forms between the activated carboxylic groups of
ferrocene carboxylic acid and the amino-labeled aptamers. The
stepwise assembly was monitored using CV and EIS with 5§ mM
[Fe(CN)s]*/3 in 0.1 M PBS and SWV in 0.1 M PBS. All prepared
electrodes were inspected in the buffer solution at every step during
the immobilization process to select the ones having a similar
response for the quantitative measurement of KIT.

Atomic Force Microscopy Surface Characterization. The
surface morphology was investigated using a Veeco Scanning Probe
Microscope with a Nanoscope IV controller (Veeco Instruments,
Woodbury, NY, USA) in the tapping mode. S mm X S mm gold-
coated slides were used as probes. Images were obtained in air at
room temperature and controlled humidity. The images were
analyzed by Veeco Instruments software.

Circular Dichroism Spectroscopy. Circular dichroism (CD)
experiments were performed with a CD Spectrometer (Aviv
Instruments, model 202) and a quartz cuvette with a 1 mm optical
path length. 400 uL of the KIT aptamer (10 gM) in 100 mM
potassium phosphate buffer (pH 7.1) was loaded in the cuvette, and
spectra were recorded in the wavelengths of 220—320 nm in 1 nm
steps at 25 °C. All scans were done in triplicate, and the average of the
buffer CD (baseline) was subtracted from all other measurements.
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KIT Assays. Calibration curves were generated by incubating the
KIT aptasensor with various KIT concentrations (10 pg/mL—100 ng/
mL) in 0.1 M PBS for 30 min at room temperature and measured
with SWV and EIS. Control assays to look at nonspecific binding were
performed with the control (scrambled) oligo-modified sensor
incubated with 10 pg/mL KIT. Selectivity was assessed using 1.0
ug/mL IL-6, UEA I, BSA, FBG, or HSA incubated for 30 min at room
temperature in 0.1 M PBS (pH 7.4) and then measured using SWV
and EIS. Voltammograms were recorded using SWV (=150 to +450
mV at S0 mV/s) in 0.1 M PBS (pH 7.4). EIS measurements (10 Hz
to 100 kHz with a S mV ac amplitude) were performed with S mM
[Fe(CN)4]*/3" in 0.1 M PBS.

Cell Culturing. GIST-T1 cells were grown in DMEM with 10%
FBS, 1% penicillin/streptomycin, and 2 mM glutamine.** The human
mast cell line HMC-1.2 was cultured in IMDM with 10% FBS, 1%
penicillin/streptomycin, and 1.2 mM 1-thioglycerol.”® GIST-T1 is an
adherent cell line, and HMC 1.2 cells grow in suspension. The growth
medium was collected and centrifuged at 1000 rpm and 4 °C to
remove suspended cells (HMC-1.2) and nonadherent dead cells
(GIST-T1). The resulting supernatant was collected and centrifuged
at 13,000 rpm and 4 °C to remove residual cellular debris. The
supernatant (conditioned media, CM) was collected and stored in
aliquots at —80 °C. The CM was used to estimate the soluble sKIT
using ELISA (Human CD117/c-kit Immunoassay; R&D Systems, Inc.
#DSCRO0).

Cell Culture Assays. For western blot, GIST-T1 cells were
homogenized in the RIPA buffer. 30 uL of the conditioned media and
S puL of the GIST-cell lysate were loaded and separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis before transfer to
a nitrocellulose membrane. Membranes were incubated with a
primary anti-KIT antibody (1:1000). A secondary antibody, horse-
radish peroxidase-conjugated anti-mouse IgG (1:5000), was added,
and antibody complexes were detected by an enhanced chemilumi-
nescence (ECL) system (Thermo Fisher Scientific, #32109). A
prestained molecular weight marker was run in parallel to determine
the molecular weight of the proteins. For electrochemical detection,
sKIT-containing supernatant obtained by centrifuging the growth
medium was diluted to the appropriate concentration, incubated with
the aptasensor for 30 min, and recorded using SWV.

Statistical Analysis. All data were obtained from a minimum of
three independent experiments, and error bars represent one standard
deviation (SD). Statistical analysis was performed with Origin 9.0.
The limit of detection (LOD) was calculated using LOD = 3 X SD of
blank (95% confidence level).

B RESULTS AND DISCUSSION

Guanine (G) nucleotide-rich DNA and RNA aptamers can
form a four-stranded helical structure called a G-quadruplex.
Four guanines connect to form a square-planar structure called
the guanine tetrad through the cyclic Hoogsteen hydrogen
bonding. Two or more of these guanine tetrad layers stack to
form a G-quadruplex structure. These intricate structural
motifs are thermodynamically stable and resistant to many
serum nucleases that make them desirable candidates as
therapeutic and diagnostic agents for cancer treatment.*>*°
The G-quadruplex aptamers also undergo a structural change
in the conformation upon ligand binding and are especially
suited for electrochemical aptasensor fabrication.*”**

The conformation-changing aptasensor concept is illustrated
in Figure 1B. The sensor is functionalized with a mixture of
aptamer and spacer molecules that bind to the gold electrode
surface via a self-assembled chemisorgtion reaction between
sulfur and Au, forming Au—S$ bonds.* In the absence of the
target molecule (KIT protein in this work), the aptamer tagged
with a Fc reporter is in a semiopen conformation where the
reporter is away from the sensor surface, as shown in Figure
1C. Upon binding to KIT, the aptamer switches to a rigid,
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target-specific G-quadruplex structure that brings the reporter
near the electrode surface. Modulating the reporter position
results in a decreased electron-transfer rate between Fc and the
electrode that is read out using voltammetry techniques.
Aptasensor Surface Characterization. Each step in the
aptasensor fabrication was characterized by EIS and CV
starting with the unlabeled KIT aptamer (Au/aptamer). EIS
was used to measure the charge-transfer resistance, R,
whereas CV measured the peak current. Spectra for a bare
Au electrode, Au/aptamer, and Au/aptamer/KIT with various
KIT concentrations ranging from 10 pg/mL to 10 ng/mL are
shown in Figure 2A. The formation of the aptamer—protein
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Figure 2. Stepwise electrode assembly. (A) Nyquist plots of KIT
aptasensor fabrication steps and spiked KIT protein in S mM
[Fe(CN)4]* /%", (B) Extracted AR, vs log [KIT] with a linear fit. (C)
Control experiment using the KIT aptamer and scrambled
oligonucleotide-modified electrode with 10 pg/mL KIT protein.
(D) Voltammograms of aptasensor fabrication in S mM [Fe-
(CN)]* /3. All measurements were performed in triplicate, where
error bars indicate +10. (E) AFM images of (i) Au, (ii) Au/Apt, (iii)
Au/Apt-Fc, and (iv) Au/Apt-Fc/KIT.

complex disrupted the electron transfer between the ferri/
ferrocyanide solution {[Fe(CN)4]*/3>~} and the sensor
surface, leading to an increase in R,. The measured Nyquist
plots show an R increase after the aptamer immobilization
(Au/aptamer) from 5.07 to 8.91 kQ. After incubating with the
KIT protein, the change in R [AR, = R((KIT) — R, (blank)]
linearly increased for KIT concentrations from 10 pg/mL to 10
ng/mL.

Figure 2B shows the linear relationship between KIT
concentration and AR, demonstrating that the KIT protein
interacted with the aptamer. Control experiments using the
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KIT aptamer (Au/aptamer) and a scrambled version of the
aptamer (Au/control) further proved this. The control sensor
did not show a significant AR, (043 + 0.25 kQ), thus
indicating no binding compared to the KIT sensor (5.74 +
0.36 kQ2), which had significant binding, as shown in Figure
2C. CV measurements were also performed to assess the
sensor performance. As shown in Figure 2D, the voltammo-
grams have well-defined redox peaks for [Fe(CN)]*/3~. The
aptamer-modified sensor (Au/aptamer) showed a lower peak
current due to the aptamer immobilization, resulting in an R
increase. After incubation with 10 and 100 pg/mL KIT, the
current responses decreased further because the KIT—aptamer
complex blocked the electron-transfer process between the
solution and the electrode. We also characterized the surface
with atomic force microscopy (AFM). The topographic images
of (i) Au, (ii) Au/Apt, (iii) Au/Apt-Fc, and (iv) Au/Apt-Fc/
KIT surfaces are shown in Figure 2E and suggest structural
differences between the layers. The bare gold layer was the
smoothest (<10 nm variation), whereas after aptamer
immobilization (ii—iii), the surface morphology exhibited
increased, homogeneous surface roughness. The interaction
of the KIT protein with the sensing layer gave rise to globular
structures (iv). The AFM data are consistent with the
electrochemical data. Together, these data demonstrate that
the KIT aptamer is selective toward the target molecule and
that the sensor is well assembled.

To characterize the secondary aptamer structure, CD
analysis was performed in 0.1 M PBS. Figure S1A shows that
the CD spectra have a negative peak at 245 nm and a positive
peak at 270 nm, which is the inherent DNA characteristic of
the G-quadruplex structure due to the multiple z—n*
transitions.’’ Chronoamperometry was used to confirm the
electron-transfer rate difference between the unbound and
KIT-bound aptamer (Figure S1B). We observed a shorter
exponential Faradaic current decay time with KIT compared to
that without the KIT protein. These results demonstrate that
the aptamer conformational change affects the electron-transfer
kinetics.

Aptasensor Optimization. After demonstrating the
concept’s viability, we optimized the parameters (i.e.,
aptamer-to-spacer ratio, aptamer immobilization time, pH,
and KIT incubation time) to obtain the best sensor response.
It is well known that the aptamer-to-spacer (6-mercapto-1-
hexanol) ratio in conformation-changing assays affects the
performance as the spacer provides room to form the
aptamer—protein complex. Aptamer and spacer ratios from
1:0 to 1:50 were investigated at a fixed KIT concentration (10
ng/mL). The measured AR, monotonically increased from a
1:0 to a 1:1 ratio and then declined (Figure S2A). From these
data, the 1:1 ratio was chosen for all subsequent experiments.
Next, the aptamer incubation time was studied by incubating
0.5 uM aptamer on the electrode from 1 to 24 h. AR,
consistently increased from 1 to 12 h and then plateaued,
indicating that the sensor surface was saturated by the aptamer
and spacer molecules (Figure S2B). The effect of pH was
examined over the range of 6.0—8.0 (Figure S2C). The
response increased gradually from 6.0 to 7.4, whereas it rapidly
decreased at a higher pH, likely due to the protein stability.
The optimum pH for all subsequent experiments was selected
to be 7.4, similar to physiological biofluid levels. Last, the effect
of the target incubation time was studied, ranging from 5 to 40
min, as shown in Figure S2D. In our envisioned in vivo
application for treatment monitoring, this does not apply, but
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we did so for completeness. In these experiments, AR
monotonically increased up to 30 min incubation and then
plateaued. From these results, the optimized conditions were a
1:1 ratio of the aptamer to the spacer, 12 h aptamer
immobilization, an assay pH of 7.4, and a 30 min sample
incubation time. These values were used for all subsequent
experiments.

Ferrocene Reporter. The assay described thus far used a
traditional route with a redox couple in the buffer, ferri-/
ferrocyanide. To remove the need for a redox couple toward
“reagentless” in vivo monitoring, we modified the amine
terminus of the aptamer with a redox reporter, Fc. The
electrochemical behavior of each step in the fabrication process
was investigated using SWV in PBS with the optimized
parameters previously described, as shown in Figure 3.
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Figure 3. Stepwise aptasensor assembly with Fc reporter and KIT
detection. (A) Voltammograms of the KIT electrode. (B) Voltammo-
grams of control oligo. (C) Voltammograms at various concentrations
of KIT (10 pg/mL—100 ng/mL) in 0.1 M PBS (pH 7.4). (D)
Calibration curve. All measurements were performed in triplicate,
where error bars indicate +1o.

Voltammograms were recorded for both the KIT aptamer
and a scrambled version as a negative control. The ferrocene
oxidation peak is visible at 123 mV for Au/Fc-Apt due to the
electrochemical signal of Fc, whereas it was not observed for
the bare Au, Au/spacer, or Au/aptamer modification steps. As
expected, after incubating with 100 pg/mL KIT, the Au/Fc-
Apt-modified electrode had an increased peak current (0.668
uA) compared to without KIT (0.262 uA) due to the
conformation change of the aptamer modulating the location
of the Fc reporter (Figure 3A). The scrambled control
oligonucleotide was tested in the same manner. As shown in
Figure 3B, the voltammograms without the Fc reporter (i.e.,
Au/control and Au/control/KIT) did not exhibit an
appreciable current response. After labeling the control oligo
with the Fc reporter (Au/Fc-control), the Fc oxidation peak at
128 mV was present but did not increase after incubation with
100 pg/mL KIT, indicating that the control oligo is not
binding to KIT. These results provide further evidence that the
aptamer conformation change is specific to KIT and that the
aptasensor can be read out using the Fc reporter and SWV.
KIT Detection Using a Conformation-Changing
Aptasensor. To assess the assay performance, KIT was
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incubated on the sensor with concentrations ranging from 10
pg/mL to 100 ng/mL and measured using SWV in PBS (pH =
7.4). In the presence of KIT, the Fc oxidation peak increased
compared to the blank solution due to the direct electron
transfer of Fc resulting from the aptamer conformation change.
As shown in Figure 3C, the current response increased
proportionally with the KIT concentration. These data were
compiled into a calibration curve (Figure 3D) showing the
linear relationship. The assay has a 1.15 pg/mL LOD and a
limit of quantification (LOQ) of 10.0 pg/mL with a linear
dynamic range from 10 pg/mL to 100 ng/mL. The sensor
reproducibility was evaluated by measuring 0.5 ng/mL KIT
with five independent electrodes. The coefficient of variation
was 2.35%, indicating that the proposed sensor exhibited high
reproducibility (Figure S3). The coefficient of variation is
comparable to previously reported methods for KIT detection
[2.2—9.4% for ELISA,”"** 0.04—34.0% of multiplex immuno-
polymerase chain reaction (mI-PCR)].>

Selectivity. Selectivity is an important characteristic of any
receptor-target-based assay. Whlle the specificity of the KIT
aptamer was previously reported,””*" it is crucial to verify the
specificity with the Fc reporter’s addition and the change to
electrochemical rather than optical readout. To investigate the
selectivity of the conformation-changing aptasensor, voltam-
mograms with various off-target proteins (IL-6, UEA, BSA,
FBG, and HSA) were measured, as shown in Figure 4A. In all
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Figure 4. Selectivity of the aptasensor. (A) Comparison of the
aptasensor response to 0.1 yg/mL KIT and off-target proteins: IL-6,
UEA, BSA, FBG, and HSA at 1 ug/mL. (B) Voltammograms
recorded with spiked KIT in diluted human serum. (C) Calibration
curve. All measurements were performed in triplicate, where error
bars indicate +1o.

cases, the interfering protein’s current responses were
significantly lower than 0.1 yg/mL KIT, despite being present
at an order of magnitude higher concentration, indicating that
the proposed sensor has good selectivity. Next, the aptasensor
was examined in human serum spiked with KIT toward an in
vivo application. The serum was diluted 10-fold with PBS to
mimic interstitial fluid (ISF), and KIT was spiked in at
concentrations of 10 pg/mL, 500 pg/mL, and 100 ng/mL.
Figure 4B shows the measured voltammograms where the
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Figure S. Clinical applicability. (A) Schematic and (B) response of the KIT aptasensor 30 min after incubation using a conditioned medium of (a)
HMC-1.2, (b) GIST-T1, and (c) MIA PaCa-2 cell lines. (C) Calculated sKIT concentration using aptasensor (red) and ELISA (blue) for each cell
line. (D) Western blot assay results of sKIT in the conditioned media.

current response increased linearly proportional to the KIT
concentration. The corresponding calibration curve is shown
in Figure 4C, confirming the linear relationship. The different
slopes of the calibration curves in buffer (0.252 + 0.005) and
10% serum (0.231 + 0.024) were likely due to matrix effects.
The serum response was slightly reduced; however, it revealed
no significant differences between the two slopes in the
calibration curves (<6.15% of RSD). These data demonstrate
that the KIT aptasensor has applicability in clinically relevant
biofluids with high levels of background-interfering species.
Cell Culture Media and Serum Assays. KIT is known to
be overexpressed in GIST and Mastocytosis.”’ It has been
shown that a sKIT fragment is released from cell surfaces and
can be used for cancer theranostics.'””'> To investigate the
clinical applicability of the reported KIT conformation-
changing aptasensor toward in vivo cancer treatment
monitoring, we collected conditioned media containing sKIT
from a GIST (GIST-T1) and a Systemic Mastocytosis (HMC-
1.2) cell line, each of which has an oncogenic KIT mutation
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and overexpresses the KIT protein.”**> Conditioned media

from a pancreatic cancer cell line, MIA-PaCa2, which does not
express KIT, were used as a control. Each supernatant was
diluted 10*fold in PBS solution and incubated on the
aptasensor for 30 min (Figure SA,B). From the triplicate
measurements, KIT concentrations were determined to be
12.84 + 3.99 and 7.08 + 1.98 ng/mL for HMC-1.2 and GIST-
T1, respectively, whereas it was 0.06 + 0.04 ng/mL for MIA-
PaCa2 (Figure SC). These data are consistent with the western
blot results run on the same samples (Figure 5D).>° With
electrochemical and western blot measurements, sKIT
concentrations in the conditioned media of HMC-1.2 and
GIST-T1 cells, which overexpress KIT, were significantly
higher than that in MIA-PaCa2 cells. We also tested the
aptasensor performance using three independent sensors on 3
different days with a commercially available ELISA kit, where
the three independent samples were analyzed. The results of
the CM (background subtracted) for HMC-1.2, GIST-T1, and
MIA-PaCa2 cells were 6.36 + 0.28, 3.28 + 0.55, and 0.03 +
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Table 1. Comparison of Reported sKIT Detection Methods

method receptor

ELISA®" antibody 95
antibody 339

immunohistochemical®® antibody
western blot>” antibody
flow cytometry*® antibody 5000
mI-PCR*? antibody 2.41
electrochemical aptasensor (this work) aptamer 1.15

detection limit (pg/mL)

dynamic range (ng/mL)  assay time (min) in vitro or in vivo?

0.312—10 120 in vitro
1.6—50 270 in vitro
1500 in vitro
1500 in vitro
120 in vitro
150 in vitro
0.010—100 35 in vivo and in vitro

0.02 ng/mL, respectively. The measurements between different
cell lines were similar; however, the sKIT levels detected using
the aptasensor were higher than that of ELISA, possibly due to
the higher affinity and sen51t1v1ty of the reagent (receptor)®’
and different sensing approaches.”” To investigate the recovery
of the KIT aptasensor, known KIT concentrations (0.1, 1, and
10 ng/mL) were spiked into the ISF mimic (10X diluted
human serum). The percent recovery of spiked samples ranged
from 859 to 117.5% (Table S1 and Figure S4). These
measurements demonstrate that the developed conformation-
changing aptasensor has high selectivity and sensitivity to KIT
in physiologically relevant biofluids.

Toward the in vivo application of this assay, the aptasensor
stability in serum and the temperature dependence were
assessed. The sensor was stable for 30 min without any signal
loss but lost half of the signal after 4 h (Figure S5). The
aptamer’s backbone should be chemically modified to improve
the sensor stability and reliance against deoxyribonucleases and
will be the focus of future work. The temperature stability was
investigated by incubating a fixed concentration of KIT and
varying the temperature from 7 to 5SS °C (Figure S6).
Interestingly, the signal was the highest at 7 °C, decreased
slightly from 14 to 37 °C, and then significantly decreased at
higher temperatures, likely due to the aptamer and/or KIT
protein denaturation. The temperature range is compatible
with the human body, pointing toward the implanted therapy
monitor application.

Comparison. KIT is detected using ELISA, immunobhis-
tochemical, western blot, flow cytometry, and mI-PCR
techniques. The analytical performances of these are
summarized in Table 1. The proposed electrochemical
aptasensor has the widest linear range and the best LOD.
The proposed sensor has an 80X lower LOD and 2 decades
broader dynamic range than a commerc1a1 ELISA kit, the
current gold standard for clinical detection.”’ Importantly, the
aptasensor’s dynamic range covers the physiological range of
sKIT in serum, indicating the clinical appllcablhty to biofluids
such as ISF for continuous monitoring.”’ The proposed
technique is capable of both in vitro and in vivo monitoring,
uniquely positioning it for diagnostic and therapeutic
applications, hence the “theranostic” designation.

B CONCLUSIONS

A novel electrochemical conformation-changing aptasensor
with a ferrocene reporter toward a GIST cancer biomarker,
KIT, was developed to study the clinical applicability in this
work. The stepwise sensor modification was investigated using
CV and EIS, and experimental parameters such as the spacer
ratio, aptamer immobilization time, pH, and KIT incubation
time were optimized. In PBS, the aptasensor has a 1.15 pg/mL
LOD and a 10 pg/mL—100 ng/mL linear dynamic range. The
sensor was tested with off-target, interfering species and
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supernatant of the conditioned medium with no appreciable
nonspecific binding. The proposed sensor could detect the
sKIT within 35 min, unlike the traditional ELISA technique
requiring several hours. The sensor successfully detected the
sKIT released from the HMC-1.2 and GIST-T1 cells, which
demonstrates that the reported aptasensor has high specificity
and high sensitivity. Therefore, the developed method can be
applied as a fast routine laboratory test in CM, serum, and
plasma samples obtained from clinical laboratories. Further-
more, this work lays the foundation for a reagentless assay
toward the in vivo treatment monitoring of KIT-overexpressing
cancers.
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