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ABSTRACT: The anterior gradient homologue-2 (AGR2)
protein is an attractive biomarker for various types of cancer. In
pancreatic cancer, it is secreted to the pancreatic juice by
premalignant lesions, which would be an ideal stage for diagnosis.
Thus, designing assays for the sensitive detection of AGR2 would
be highly valuable for the potential early diagnosis of pancreatic
and other types of cancer. Herein, we present a biosensor for label-
free AGR2 detection and investigate approaches for enhancing the
aptasensor sensitivity by accelerating the target mass transfer rate
and reducing the system noise. The biosensor is based on a
nanostructured porous silicon thin film that is decorated with anti-
AGR2 aptamers, where real-time monitoring of the reflectance
changes enables the detection and quantification of AGR2, as well
as the study of the diffusion and target-aptamer binding kinetics. The aptasensor is highly selective for AGR2 and can detect the
protein in simulated pancreatic juice, where its concentration is outnumbered by orders of magnitude by numerous proteins. The
aptasensor’s analytical performance is characterized with a linear detection range of 0.05−2 mg mL−1, an apparent dissociation
constant of 21 ± 1 μM, and a limit of detection of 9.2 μg mL−1 (0.2 μM), which is attributed to mass transfer limitations. To
improve the latter, we applied different strategies to increase the diffusion flux to and within the nanostructure, such as the
application of isotachophoresis for the preconcentration of AGR2 on the aptasensor, mixing, or integration with microchannels. By
combining these approaches with a new signal processing technique that employs Morlet wavelet filtering and phase analysis, we
achieve a limit of detection of 15 nM without compromising the biosensor’s selectivity and specificity.

KEYWORDS: Optical Biosensor, Porous Silicon, Aptamer, Anterior Gradient Homologue-2, Cancer Biomarker, Label-Free, Microfluidics,
Isotachophoresis

1. INTRODUCTION

The aim of biosensors for medical diagnostic applications is to
detect biomarker molecules in body fluids at clinically relevant
levels. In many cases, subpicomolar detection limits are
required to meet the clinical criteria1 in addition to a sufficient
sensitivity (i.e., the ability to discriminate between small
changes in analyte concentrations) at a low background noise.
This should be accompanied by a high selectivity and a fast
response time.2−5 These three benchmarks are the main
challenges to developing a successful biosensor for the clinic
and should be carefully considered. For instance, overcoming
the sensitivity challenge is related to maximizing the signal
from a low number of analyte molecules using more sensitive
transducers or amplification schemes; the latter is related to
the signal or the number of target molecules.2,5,6 A fast
response time can be achieved by accelerating the mass
transport of the analyte molecule to the biosensor surface,
where the diffusion distance should be minimized.2−4 Finally,
selectivity, which addresses the ability to detect the presence of

the biomarker when it is outnumbered by nontarget species by
several orders of magnitude, should be enhanced by
minimizing the cross reactivity. This can be achieved by the
proper choice of high-affinity capture probes and their density
within the biosensor, tailoring the surface chemistry to
minimize nonspecific adsorption, or the pretreatment of the
complex biological sample to remove interfering components.2

The detection of protein biomarkers in body fluids for the
diagnosis and prognosis of various diseases enables the
development of minimally invasive and point-of-care assays.
For example, screening of protein biomarkers for various types
of cancer is highly valuable for cancer management and
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monitoring.1,7,8 Increasing interest has been devoted toward
the protein anterior gradient homologue-2 (AGR2) over the
past decade due to its diagnostic and prognostic value for
pancreatic, breast, ovarian, prostate, and colorectal cancer.9−14

Specifically in pancreatic cancer, which is one of the most
lethal types of cancer, AGR2 has been suggested to play an
important role in cancer initiation and development. More-
over, the level of AGR2 has been found to be elevated, at a
concentration in the subnanomolar range, in the pancreatic
juice of patients with high-grade pancreatic intraepithelial
neoplastic lesions, which are precursors to invasive pancreatic
cancer.15−17 This would be an ideal stage for diagnosis, as it is
a time point when surgical resection can potentially prevent
the progression to malignancy.17 To date, AGR2 detection has
been demonstrated by traditional laboratory-based analytical
methods, such as enzyme-linked immunosorbent assay
(ELISA)18 and mass spectrometry (MS),19 which are time-
consuming, laborious, and expensive. Aptamer-based optical
biosensors (aptasensors) for sensitive AGR2 detection have
been successfully constructed, relying on rather complex
competitive reaction schemes.20,21 Recently, a highly sensitive
detection of AGR2 was demonstrated with an electrochemical
immunosensor; however, selectivity was not shown in a
clinically relevant medium.22

In this work we aim to develop a label-free biosensor for the
direct detection of the protein AGR2 in body fluids. The
biosensor is constructed from porous silicon (PSi) Fabry−
Peŕot thin films, which enable target detection via real-time
monitoring of the PSi reflectance changes. Despite the
significant advantages of such biosensors, their application
has been rather limited due to insufficient sensitivity, usually in
the micromolar range for proteins.23−29 To the best of our
knowledge, their use for detection of cancer protein
biomarkers, which are usually present in the picomolar
range, has not yet been demonstrated. Their inferior
performance is mainly attributed to mass transfer limita-
tions,30−34 and several strategies have been implemented to
enhance their sensitivity while still detecting the analyte in a
direct and label-free manner. These include the optimization of
the porous nanostructure and surface chemistry,35−38 the
design of a flow-through PSi biosensor,32,39 microfluidic
integration,40,41 the decoration of the PSi with gold nano-
particles for an improved optical signal,42,43 signal amplifica-
tion,44 the application of an electrokinetic focusing of the
target on top of the biosensors,31,45 and novel signal processing
techniques.46,47 Specifically, we have demonstrated the
integration of PSi biosensors with the isotachophoresis (ITP)
technique for on-chip analyte preconcentration and demon-
strated a nanomolar detection limit for both DNA and protein
targets.31,45 Furthermore, we have recently presented a novel
signal processing technique, which reduces system noise by
applying Morlet wavelet convolution to filter spectra, resulting
in an improved limit of detection.47

Herein, we investigate different avenues for enhancing the
sensitivity of PSi-based biosensors and address the three key
benchmarks for developing a successful biosensor.2 The
selectivity of the biosensor is achieved by the immobilization
of an anti-AGR2 aptamer48 within the PSi and is analyzed by
exposing the biosensor to nontarget proteins in a buffer
solution and to a simulated pancreatic juice. The sensitivity
and response time of the biosensor are investigated by real-
time mass transfer imaging, and several strategies for improving
the protein flux to the biosensor are studied and compared.

Furthermore, a new signal processing technique is investigated
to reduce the experimental noise.

2. EXPERIMENTAL SECTION

2.1. Materials

Heavily doped p-type Si wafers (⟨100⟩-oriented, 0.90−0.95 mΩ·cm
resistivity) were purchased from Sil’tronix Silicon Technologies.
Aqueous HF (48%), (3-aminopropyl)triethoxysilane (APTES),
diisopropylethylamine (DIEA), succinic anhydride, N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), acetonitrile (ACN), morpho-
linoethanesulfonic acid (MES), MES sodium salt, Tris base, and all
buffer salts were purchased from Merck. Ethanol absolute was
supplied by Bio-Lab Ltd. All buffer solutions were prepared with
Milli-Q water (ddH2O, 18.2 MΩ·cm). Polydimethylsiloxane (PDMS)
was prepared from a Sylgard 184 Silicon Elastomer kit purchased from
Dow Corning. The anti-AGR2 aptamer sequence was obtained from
Wu et al.,48 containing a 17 base-long spacer sequence at the 5′-
terminus (the original primer sequence used in the aptamer selection
process48), followed by the 33 base-long binding region as follows: 5′-
TCT-CGG-ACG-CGT-GTG-GTC-GGG-TGG-GAG-TTG-TGG-
GGG-GGG-GTG-GGA-GGG-TT-3′. The aptamers were purchased
with either a 5′-amino modification or a 5′-amino modification and
3′-Cy5 fluorescent dye modification from Integrated DNA Tech-
nologies. The AGR2 protein was purchased from MyBioSource Inc.
Pancreatin from a porcine pancreas (4× USP), Nα-benzoyl-L-arginine
ethyl ester (BAEE), trypsin, and BSA were purchased from Merck.
Rabbit immunoglobulin G (IgG) was purchased from Jackson
ImmunoResearch Laboratories Inc. Phosphate buffered saline (PBS,
10 mM) was composed of 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 2 mM KH2PO4 (pH 7.0). The selection buffer (SB)
was composed of 137 mM NaCl, 20 mM KCl, 10 mM Na2HPO4, and
2 mM KH2PO4 (pH 7.4). The 0.5 M MES buffer was prepared from
0.27 M MES and 0.23 M MES sodium salt (pH 6.1), and the Tris
buffer was composed of 50 mM Tris base (pH 7.4).

2.2. Aptasensor Construction

2.2.1. Fabrication of Oxidized PSi Nanostructures. PSi
Fabry−Peŕot thin films were fabricated from a highly doped p-type
crystalline Si wafers with typical resistivities of 0.90−0.95 mΩ·cm
using a two-step anodization process. A detailed description of the
etching setup can be found elsewhere.49 First, a sacrificial layer was
etched at a constant current density of 300 mA cm−2 for 30 s in a 3:1
(v/v) solution of aqueous HF (48%) and ethanol, respectively.
Subsequently, the obtained porous layer was dissolved in 0.1 M
NaOH and removed. Finally, a second etching was conducted under
similar conditions, and the resultant freshly etched PSi was thermally
oxidized in a tube furnace (Thermo Scientific, Lindberg/Blue M 1200
°C Split-Hinge) at 800 °C for 1 h in ambient air.30

2.2.2. Nanostructure Characterization with Scanning Elec-
tron Microscopy. The oxidized PSi nanostructure, pore diameter,
and film thickness were characterized by high-resolution scanning
electron microscopy (Carl Zeiss Ultra Plus) at an accelerating voltage
of 1 keV.

2.2.3. Immobilization of Anti-AGR2 Aptamers. Amino-
terminated aptamers were conjugated to the oxidized PSi films by
amino silanization and carbodiimide coupling chemistry.23,50 Initially,
the oxidized PSi film was amino-silanized by incubation in a solution
of 1% v/v APTES and 1% v/v DIEA in ddH2O for 1 h, followed by
washing with ddH2O and ethanol and drying under a nitrogen stream.
Subsequently, the PSi samples were annealed at 100 °C for 15 min.
Next, carboxylation was achieved by incubation in a solution of
succinic anhydride (10 mg mL−1) and 2% v/v DIEA in ACN for 3 h,
followed by extensive rinsing with ACN and ddH2O and drying under
a nitrogen stream. The samples were then reacted with EDC (10 mg
mL−1) and NHS (5 mg mL−1) in MES buffer for 1 h, after which the
samples were rinsed with MES buffer and gently dried under a
nitrogen stream. Subsequently, an aptamer solution (50 μM in PBS)
was applied, and the sample was incubated for 1 h, followed by rinsing
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with Tris buffer to deactivate remaining reactive NHS and EDC
groups on the surface. Finally, the aptamer-functionalized PSi was
exposed to boiling ddH2O for 2 min and then gently dried under a
nitrogen stream to unfold any secondary structures of the aptamer
prior to further use.
2.2.4. Chemistry Characterization with Fourier Transform

Infrared (FTIR) Spectroscopy. The chemical modification of the
PSi was studied with attenuated total reflectance FTIR (ATR-FTIR)
spectroscopy, utilizing a Thermo 6700 FTIR instrument equipped
with a Smart iTR diamond ATR device.
2.2.5. Chemistry Characterization with Confocal Laser

Scanning Microscopy. The Cy5-labeled aptamer was immobilized
onto the PSi, followed by scanning with a confocal laser scanning
microscope (LSM 700, Carl Zeiss, Inc.) linked to a Zeiss inverted
microscope that was equipped with a Zeiss X63 oil immersion
objective. PSi photoluminescence (PL) and Cy5-labeled aptamers
were excited with laser lines of 405 and 639 nm, respectively. For
three-dimensional image projection of the porous structure, z-scans in
0.4 μm increments over a depth of ∼12 μm were taken and projected
with a standard Carl Zeiss software (ZEN 2009). Further image
analysis was performed by Imaris Bitplane scientific software.

2.3. PDMS Microchannels

PDMS microchannels, 3 cm in length, 100−350 μm in width, and 20
μm in depth were fabricated in-house based on an SU8 template,
which was constructed by standard lithography at Stanford Micro-
fluidic Foundry (Stanford University, Stanford, CA, http://www.
stanford.edu/group/foundry/).51 PDMS polymer and cross-linker
were mixed at a 10:1 ratio, respectively, followed by curing at 100 °C
for 3 h. The microchannels were attached to the aptamer-
functionalized PSi by exposing the inner surface of the PDMS to a
corona treatment for 40 s using a laboratory corona treater (BD-20 V
Electro-Technic Products), followed by baking at 100 °C for 3 h.

2.4. Time-Resolved Mass Transfer Visualization

The infiltration of a fluorescent-labeled AGR2 protein (Atto-647N
dye) into the aptasensor was monitored in real time by confocal laser
scanning microscopy (CLSM). Scans were conducted with a LSM
510 confocal laser-scanning microscope (Carl Zeiss, Inc.) linked to a
Zeiss upright microscope that was equipped with a Zeiss X63 oil
immersion objective. PSi PL and Atto-647N-labeled AGR2 were
excited with laser lines of 458 and 633 nm, respectively. For three-
dimensional image projection of the porous structure, z-scans in 0.73
μm increments over a depth of ∼15 μm were taken every 30 s and
projected with a standard Carl Zeiss software (ZEN 2010). Initially,
the PL and AGR2 fluorescence signals were scanned within the
aptasensor with 10 μL of SB buffer for 10 min. Then, a 1 μM solution
of Atto-647N-labeled AGR2 in SB (40 μL) was introduced, and the
PL and AGR2 fluorescence were measured continuously for
additional 50 min. We used a relatively low AGR2 concentration
for the measurements to obtain a time-resolved visualization of the
protein infiltration before signal saturation was reached. Image
analysis was performed by Imaris Bitplane scientific software.

2.5. Isotachophoresis (ITP) Assay

For the application of ITP, the freshly etched PSi was thermally
oxidized in a tube furnace (Thermolyne) at 1000 °C for 46 h under a
constant oxygen flow of 0.5 L min−1. These harsh oxidation
conditions are employed to ensure an insulting oxide layer capable
of withstanding high voltage values.31,45 Following aptamer
immobilization, PDMS microchannels were attached (350 μm in
width and 20 μm in height) as described above. Fluorescent-labeled
AGR2 was used to visualize the protein focusing, where the protein
was labeled via amine groups with Atto-647N dye to maintain its
natural charge. In a standard cationic ITP assay, the microchannel and
its east reservoir were filled with a leading electrolyte (LE) buffer
using a vacuum pump, while the microchannel’s west reservoir was
filled with the fluorescent-labeled AGR2 diluted in a terminating
electrolyte (TE) buffer; see schematic illustration in Figure S-1
(Supporting Information). A constant voltage of 350 V was then
applied across the microchannel utilizing a high-voltage power supply

(model PS375, Stanford Research Systems, Inc.). The fluorescence
signal was monitored with a customized Zeiss upright microscope,
which was equipped with a camera (Axio Cam MRc, Zeiss), at a
constant exposure time of 100 ms. An X-Cite 120Q excitation light
source (Excelitas Technologies) was used for illumination. The LE
and TE buffer compositions are detailed in Table S1 (Supporting
Information). For the indirect anionic ITP assay, the LE was
composed of 200 mM Bis-Tris, 100 mM KCl, and 100 mM HCl, and
the TE buffer was composed of 20 mM Bis-Tris, 10 mM tricine, and
0.2 mM KCl. The fluorescent-labeled AGR2 was reacted with the
anti-AGR2 aptamer at a ratio of 1:10, respectively, in TE buffer for 1 h
prior to the ITP assay.

2.6. Biosensing Experiments
The aptasensor was mounted in a custom-made Plexiglas cell, and a
tungsten light source was focused onto the center of the sample with a
spot size of approximately 1 mm2. Interferometric reflectance spectra
were collected with a charge-coupled device (CCD) spectrometer
(Ocean Optics, USB 4000) fitted with an objective lens coupled to a
bifurcated fiber-optic cable; see Figure S-2a (Supporting Information)
for additional details. For experiments in microchannels, a customized
Zeiss upright microscope equipped with a CCD spectrometer was
utilized. The aptasensor was fixed to the microscope stage under the
objective and illuminated with light from a halogen source
(halogen100 illuminator, Zeiss), which was focused through an A-
Plan objective (10× magnification, 0.25 NA, Zeiss). The size of the
illumination spot was controlled by the microscope iris and adjusted
to the microchannel width (the experimental setup is shown in Figure
S-2b in the Supporting Information).

Illumination and reflectivity detection were performed perpendic-
ular to the surface, and the reflectance spectra were recorded in real
time at a wavelength range of 450−900 nm. The collected spectra
were analyzed by reflective interferometric Fourier transformation
spectroscopy (RIFTS),23,52,53 where taking the fast Fourier trans-
formation (FFT) of the raw spectra results in a peak that corresponds
to the dominant frequency of the Fabry−Peŕot interference fringes.
The position of this peak along the x-axis equals the effective optical
thickness (EOT) of the porous layer and is the product of the average
refractive index and the thickness of the porous layer. Reflectance
spectra were recorded every 15 s throughout the experiments, and the
data are presented as a relative EOT, which is defined as

EOT
EOT

EOT EOT
EOT

t t

0

0

0

Δ
=

−

where EOT0 is the averaged EOT signal obtained during baseline
establishment.

In all biosensing experiments, a baseline was first acquired in SB.
Then, the protein solution (in SB or in a simulated pancreatic juice)
was introduced, and the sample was incubated for 1 h. The protein
solution was removed, and the aptasensor was extensively washed
with SB. Please note that the purchased AGR2 stock (1 mg mL−1)
was diluted in 20 mM Tris-HCl, 1 mM DTT, 1 mM EDTA, and 10%
glycerol (pH 8.0) buffer. Thus, its dilution in SB contains residues of
these components. Biosensing experiments with nontarget proteins
were carried out with the same dilution procedure to eliminate
variability due to the buffer composition. For experiments with
simulated pancreatic juice, pancreatin was utilized. It was diluted
according to its trypsin activity to provide 100 p-toluene-sulfonyl-L-
arginine methyl ester units per milliliter.54 The trypsin activity of 0.45
μm filtered pancreatin in SB was determined by a standard BAEE
assay55 and diluted accordingly. The total protein amount within this
sample was determined with a NanoDrop instrument (NanoDrop
2000 spectrophotometer, Thermo Scientific), and the sample was
analyzed by standard SDS-PAGE. In some experiments, mixing was
applied by manually pipetting the AGR2 solution over the aptasensor
for 10 min, followed by an incubation without mixing. As a control,
the buffer used for the dilution of the AGR2 protein stock was mixed
for the same time on top of the aptasensor.

The limit of detection (LOD) was calculated based on the standard
deviation of the relative EOT signal, while the aptasensor was
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incubated with the baseline buffer prior to protein introduction. We
use the lowest standard deviation values in each of the experimental
setups, which are equal to σ = 0.03, σ = 0.01, and σ = 0.04 (as ΔEOT/
EOT0 x10−3) for the cell, mixing, and microchannel setups,
respectively. The LOD is commonly determined as the concentration
at which the signal equals 3.3*σ, thus centering the noise floor around
0; however, this assumes that the intercept of the line of the best fit is
0, which is not always the case due to baseline drift or nonspecific
adsorption. This may result in an undefined LOD when the intercept
is outside the noise floor. Thus, we apply a more accurate and robust
approach by centering the noise floor around the intercept and
calculating the LOD as the concentration at which the signal exceeds
its intercept by 3.3*σ in the linear fit of the data.47 It should be noted
that AGR2 is present in a dimer−monomer equilibrium;56 thus, we
utilized the molecular mass of the dimer to convert between
micrograms per liter and molar units.
The apparent dissociation constant (KD) was calculated based on a

nonlinear regression of the obtained data utilizing the model for
specific binding with a hill slope according to

Y
B X
K X( )

h

h h
max

D

=
·
· (2)

Bmax is the concentration at which the maximum biosensor response is
reached, and h is the Hill coefficient that gives information about the
stoichiometry of the binding interaction.57,58 GraphPad Prism
software was used for the fitting.

2.7. Signal Processing Based on Morlet Wavelet Filtering
and the Average Phase Difference (Morlet Wavelet Phase
Method)

The acquired reflectance spectra were processed using the recently
introduced Morlet wavelet phase method.47 The requisite steps are
depicted in Figure S-3 and include the application of complex Morlet
wavelet band-pass filtering to the reflectance versus wavenumber
spectrum. The Morlet wavelet parameters were determined based on
the width and center frequency of the dominant peak in the FFT,
which were obtained using a rectangular window. The phase of the
resulting complex filtered spectrum was extracted and unwrapped. In
this manner, the unwrapped phase was calculated for a reference
spectrum during aptasensor incubation with the baseline buffer prior
to protein or complex sample introduction and for each subsequent
time point. The resulting Morlet wavelet phase signal is the average of
the difference between the unwrapped phase of the reference
spectrum and that of the spectrum collected at each time point.

2.8. Statistical Analysis

For all experimental sets, n ≥ 3, and values are presented as the mean
and the standard deviation of the mean. For statistical analysis, a
Student’s t-test was performed with a minimum confidence level of
0.05 for statistical significance, assuming unequal sample sizes and
unequal variance.

Figure 1. PSi aptasensor construction. (a) Top view and cross-section electron micrographs of the oxidized PSi film fabricated by anodization at
300 mA cm−2 for 30 s. (b) ATR-FTIR spectra and (c) relative EOT values of the PSi film following the synthetic steps for the aptamer
immobilization: amino-silanization with APTES, carboxylation with succinic anhydride, activation with NHS/EDC, and the coupling of the amino-
terminated aptamer. Note that the ATR-FTIR spectra are normalized to the Si−O−Si stretching peak, which is the maximal peak value for each
spectrum, and that the EOT values are normalized to the EOT of a neat oxidized PSi film (no aptamer). Since NHS and EDC serve as leaving
groups and were replaced by the aptamers, the EOT of the porous layer after NHS/EDC activation is not presented. (d) CLSM 3D projection
images of the PSi film conjugated with a Cy5-labeled aptamer in the following cases: (I) full conjugation chemistry and (II) control experiment
with no activation of the carboxylated surface with coupling agents NHS and EDC. The top row represents the fluorescence signal of the Cy5-
labeled aptamer, the middle row represents the PL of the PSi nanostructure, and the bottom row is the merged view of the top and middle rows.
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3. RESULTS AND DISCUSSION

3.1. Aptasensor Construction

PSi was fabricated by a contact-current anodization of Si to
yield a nanostructured porous film (4.89 ± 0.07 μm thick)
with characteristic interconnected cylindrical pores (with
diameters of 40−60 nm), as presented in Figure 1a. The
porous film was thermally oxidized and functionalized with
amine-terminated anti-AGR2 aptamers48 using NHS/EDC
coupling chemistry,50 where the aptamer is comprised of a 33
base-long binding region with a 17 base-long spacer sequence
at its 5′-terminus48 to increase the distance of the binding
region from the solid surface.59,60 The oxidized PSi was amino
silanized, and the ATR-FTIR spectrum depicts a peak at 1640
cm−1 (see Figure 1b) that is attributed to the bending of the
primary amines.50,61 Subsequent carboxylation with succinic
anhydride results in two strong peaks at 1557 and 1637 cm−1,
which are ascribed to amide II and amide I bonds, respectively,
and a peak at 1406 cm−1 is assigned to the carboxylic acid
groups.50,61 After the activation with coupling agents EDC and
NHS, three peaks at 1736, 1785, and 1820 cm−1 are visible,

which are characteristic of the NHS ester groups on the
surface.50,61,62 The latter diminish following the conjugation of
the aptamer, while the peaks of the amide I and II bonds
intensify. We also monitored the changes in the reflectance
spectra of the PSi film throughout the aptamer immobilization
process, and the relative EOT values after each modification
step are presented in Figure 1c. Upon the immobilization of
the different chemical groups and aptamer molecules, the
average refractive index of the porous layer increases, as
evidenced by the increasing EOT values.49,52 The aptamer
conjugation was further characterized by confocal laser
scanning microscopy (CLSM), and Figure 1d presents 3D
projection images of the PSi film following conjugation with
the Cy5-labeled aptamer. When utilizing the complete
conjugation chemistry of the labeled aptamer, a strong
fluorescence signal from the labeled aptamer was observed to
be uniformly distributed throughout the entire porous
nanostructure (Figure 1d-I). As a control, the activation step
of the carboxylated surface with NHS and EDC was omitted,
and no fluorescence from the Cy5-labeled aptamer was

Figure 2. Aptasensor response to AGR2 in solution and in pancreatin. (a) Real-time relative EOT changes upon aptasensor incubation with AGR2
or trypsin protein solutions (200 μg mL−1). The baseline was acquired in the aptamer’s selection buffer (SB), followed by the introduction of the
protein solution and incubation for 1 h. The slope of the real-time EOT curves at the initial 30 min of protein incubation (I) was used to study the
protein infiltration rate into the porous layer and binding. The solution was removed, the biosensor was washed with SB, and the attained signal
(II) is referred as the net relative EOT change. (b) Net relative EOT changes and calculated slopes upon exposure of the aptasensor to AGR2 and
different nontarget proteins solutions (trypsin, BSA, and IgG; a similar concentration of 200 μg mL−1 was used in all experiments, n = 3). (c) Net
relative EOT changes and (d) calculated slopes for pancreatin spiked with 100 μg mL−1 AGR2, neat pancreatin, and 100 μg mL−1AGR2 in a buffer.
***/* Significantly different (t-test, n = 3 for neat AGR2 and n = 5 for experiments with pancreatin; p = 0.0002 for relative EOT changes and p =
0.02 for calculated slopes).
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detected, indicating that no conjugation of the aptamers to the
carboxylated surface occurred (Figure 1d-II). Thus, these
results confirm the successful immobilization of the aptamer
within the PSi nanostructure.

3.2. Biosensor Selectivity

Figure 2a presents the real-time relative EOT changes of the
PSi aptasensor upon the introduction of the target (AGR2)
and nontarget (Trypsin) proteins. The two proteins present
similar molecular weights and charges, while trypsin is highly
abundant in the gastrointestinal body fluids.54 The aptasensor
was initially washed with SB to allow the proper folding of the
aptamer and to establish the initial EOT baseline. Following
the introduction of AGR2, the EOT signal was observed to
gradually increase due to the protein infiltration into the
porous layer and binding to the tethered aptamers, as
manifested by the slope of this curve. In contrast, for the
nontarget trypsin only a low increase in the EOT signal was
observed, remaining relatively steady throughout the incuba-
tion step. This was also observed for other relevant nontarget
proteins, including BSA and IgG (see Figure S-4), and was also
reported for other porous aptasensors.23,63,64 While the slope
of the real-time EOT signal cannot differentiate between
infiltration and molecular binding phenomena,65 the net
increase in the relative EOT (obtained upon the wash step
with SB intended for removal of unbound and adsorbed
proteins) is used to study apparent protein binding within the
PSi. Figure 2b summarizes both the averaged net EOT values
and the slopes obtained in these experiments. Only minor
changes were observed for the nontarget proteins, demonstrat-
ing the outstanding selectivity of the biosensor.
Pancreatic juice is a highly complex fluid rich with different

proteins and digestive enzymes.66 Given that pancreatic juice is
secreted by the pancreas, it serves as an opportune medium for
studying pancreatic cancer-related proteins and specifically
early cancer-stage-related proteins, such as AGR2.67−69 Thus,
the aptasensor was challenged with pancreatin, which is a
simulated pancreatic juice from pigs. It is composed of a
mixture of several digestive enzymes, such as amylase, trypsin,
lipase, ribonuclease, and protease, that are produced by the
exocrine cells of the porcine pancreas.54 The total protein
concentration is 19 ± 1 mg mL−1, and the abundancy of
nontarget proteins within this sample is shown in an SDS-
PAGE analysis in Figure S-5 (Supporting Information). The
aptasensor response in terms of the net EOT change to the
neat and AGR2-spiked pancreatin is presented in Figure 2c.
Pancreatin induced only a small increase in the net relative
EOT, which is suggestive of nonspecific binding, while the
spiked samples result in ninefold higher EOT changes (t-test, p
= 0.0002). This further highlights the selectivity of the
aptasensor, where AGR2 is selectively bound while out-
numbered >100-fold by nontarget proteins. Yet, it should be
noted that the response to the spiked pancreatin was lower
than that obtained for AGR2 in the buffer (Figure 2c). This
result may be ascribed to pancreatin components interfering
with the aptamer-AGR2 binding, which is highly dependent on
the proper folding of the aptamer.70

The calculated slopes (see Figure 2d) also present the
selectivity of the biosensor toward AGR2, as the AGR2-spiked
pancreatin induced a twofold higher slope compared to that of
neat pancreatin (t-test, p = 0.02). Yet, the attained slope signal
in neat pancreatin is rather high, and the coefficient of variation
between readouts is prominent compared to the net relative

EOT change (Figure 2c). The different behaviors of these two
signal analysis approaches stem from their origin; while the
slope characterizes the protein infiltration and apparent
binding rate, the net relative EOT signal represents the total
binding within the porous layer. Thus, in contrast to the
biosensor performance in a single protein solution (Figure 2b),
some of the components of this concentrated complex protein
mixture diffuse into the porous nanostructure and nonspecifi-
cally adsorb on the pore walls upon overwhelming the
aptasensor with pancreatin, resulting in a higher slope as
shown in Figure 2d. This can be observed in Figure S-6
(Supporting Information), which presents the real-time
increase in the relative EOT during neat pancreatin
introduction. Yet after ∼25 min of incubation the signal
reaches a plateau, whereas for the spiked sample the signal
continues to increase throughout the incubation period,
resembling the real-time response of the aptasensor to AGR2
in a buffer. Once the aptasensor is washed with SB, the EOT
decreases by 6 ± 1 and 5.6 ± 0.3 nm for the neat and spiked
pancreatin, respectively (corresponding to relative EOT
decrease of 0.5 ± 0.1 and 0.40 ± 0.02 ΔEOT/EOT0 × 10−3,
respectively), indicating a similar extent of removal of adsorbed
and nonspecifically bound proteins from the porous layer. As
such, due to the wash step the net EOT change (presented in
Figure 2c) is less affected by reversible adsorption and
nonspecific binding.
3.3. Limit of Detection

Figure 3 presents the averaged net relative EOT changes and
calculated slopes upon exposure of the biosensor to different

concentrations of AGR2. The linear detection range of the
biosensor is between 0.05 and 2 mg mL−1 based on both signal
analysis methods, with a good linear correlation (R2 = 0.9957
for the relative EOT changes and R2 = 0.9919 for the
calculated slope). For the net relative EOT signal, a
concentration of 50 μg mL−1 is detected with an average
signal-to-noise ratio (SNR) of 4.5, and the theoretical LOD
value is calculated as 9.2 μg mL−1 (∼0.2 μM). Nevertheless, in
practice an AGR2 concentration of 25 μg mL−1 did not result
in a reliable signal and cannot be differentiated from the
background noise. Furthermore, the apparent dissociation
constant is 21 ± 1 μM, which is several orders of magnitude

Figure 3. Net relative EOT changes and calculated slopes upon
exposure of aptamer-functionalized PSi to different concentrations of
AGR2, presenting a linear correlation to both signal parameters (n =
3).
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higher than the reported value for that of the anti-AGR2
aptamer (determined to be in the nanomolar range by flow
cytometry analysis in solution).48 This is in accordance with
our previous report where the protein diffusion was found to
have a profound effect on its capture rate, resulting in
micromolar apparent dissociation constants and detection
limits regardless of the capture probe and the protein target
pair.65

Herein, we experimentally demonstrate this phenomenon by
real-time confocal laser scanning microscopy (CLSM) imaging
of the diffusion process of a fluorescent-labeled AGR2 into an
aptamer-functionalized PSi. We monitored the real-time
fluorescence signal of the labeled protein with respect to the
intrinsic photoluminescence (PL) signal of the PSi skel-
eton,71,72 allowing us to spatially correlate the labeled protein
molecules with respect to the porous nanostructure.50,73,74

Figure 4a presents CLSM 3D projection images of the
aptasensor, prior and 1 min after introduction of the
fluorescent-labeled AGR2. The images were acquired by
stacking 0.73 μm CLSM cross sections and present both the
porous layer region, as well as the solution above the pores.
These demonstrate that 1 min after the introduction of AGR2,
the protein fluorescence signal is observed mainly above the
porous layer, with a lower intensity signal within the porous
layer. Figure 4b presents the distribution of the AGR2
fluorescence signal and the PSi PL signal with depth, in a
segment of 10.95 μm. The location of the porous layer, which
is 4.89 ± 0.07 μm thick (according to SEM measurements), is
estimated based on the PL peak maximum, attributed to the
top region of the PSi. Thus, the region of <3 μm represents the
solution phase, above the pore entry. The fluorescence
intensity of the protein increases with time in the imaged
region and varies with depth within the PSi layer. A distinct
gradient is observed at all studied time points, where the
highest signal is measured at the bulk solution (above the pore
entry) and the lowest at the bottom of the porous layer. These
results qualitatively illustrate the target’s concentration
gradient and indicate that equilibration was not reached
within 40 min. This is in agreement with the results of the
biosensing experiments, where the EOT signal does not reach
saturation in this time frame, see Figure 2a. Thus, we can
conclude that molecular diffusion processes affect protein
delivery to the porous layer, for at least 40 min after initial
protein introduction to the biosensor, and that mass transport
acceleration is mandatory for improving the biosensor
response time and accordingly its sensitivity in this time frame.

3.4. Mass Transfer Acceleration

The target flux to the biosensor surface is governed by Fick’s
laws of diffusion and is both correlated to the target
concentration gradient and inversely proportional to the
diffusion path length. Thus, increasing the target concentration
gradient and decreasing the diffusion path length will result in
enhanced diffusion flux. In our previous work,45 we
incorporated the isotachophoresis (ITP) technique for the
on-chip and real-time concentration of a target protein in the
sample, thus locally increasing the target concentration
gradient on top of the aptasensor and consequently improving
its flux. This resulted in up to 1000-fold improvement in the
LOD to the lower nanomolar range (measured values). In ITP,
a discontinuous buffer system is used, which is comprised of a
leading electrolyte (LE) and a terminating electrolyte (TE)
that has higher and lower electrophoretic mobility than the

target, respectively. Upon voltage application, a sharp electric
field gradient is formed at the LE−TE interface, and any
species having an intermediate electrophoretic mobility will
focus at this interface. This results in the concentration of the
target into a highly focused peak at the LE−TE interface.75

The proper choice of the LE and TE buffer system is crucial for
the success of the method and is highly dependent on the
target characteristics, mainly its charge,76 and the capture
probe properties to ensure its functionality. While in our
previous work anionic ITP was applied to concentrate a
negatively charged protein,45 in the present work, a cationic

Figure 4. Time-resolved confocal laser scanning microscopy (CLSM)
imaging of AGR2 diffusion within the aptasensor. (a) 3D projection
images of the aptasensor before and 1 min after the introduction of
fluorescent-labeled AGR2 (1 μM). 3D images were obtained from the
stacking of CLSM cross sections. The top row represents the
fluorescence signal of the fluorescent protein, the middle row
represents the PL signal of the PSi nanostructure, and the bottom
row is the merged view of the top and middle rows. (b) Variation with
time of both the AGR2 fluorescence and the PL intensity as a function
of depth (Z) above and within the porous nanostructure. The PSi
region is estimated at the peak maximum of the PL signal, while the
solution phase is located in the region of <3 μm. The gradient in the
AGR2 intensity signal demonstrates that equilibration was not
reached within the studied time frame.
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ITP is applied as AGR2 is theoretically characterized by a basic
isoelectric point (based on its amino-acid sequence). As most
proteins are negatively charged at physiological conditions,77

cationic ITP assays exist77−83 but are less prevalent.
Figure 5a presents the concept of the ITP assay for focusing

AGR2. The PSi aptasensor was incorporated in PDMS
microchannels, which were 350 μm in width and 20 μm in
height. A fluorescent AGR2 (labeled via amine groups) was
utilized to visualize the protein focusing within the micro-
channel. We have investigated several buffer compositions of
cationic ITP for the focusing and accumulation of AGR2 at the
LE−TE interface, see Table S-1 (Supporting Information).
The microchannel was initially filled with LE buffer, while the
labeled AGR2 was mixed with the TE buffer in the reservoir.

Voltage application resulted in the migration of the LE−TE
interface toward the PSi aptasensor, as evidenced by the
electric field and RIFTS measurements (data not shown). Yet,
none of the studied conditions led to a formation of a
fluorescent protein peak. Thus, in an effort to improve the
AGR2 electrophoretic behavior, we have allowed the negatively
charged anti-AGR2 aptamer to interact with the protein (prior
to voltage application), resulting in a complex with a predicted
total negative charge. Indeed, when utilizing the established
anionic ITP buffer composition,45,76 a fluorescent peak was
visible at the buffer interface (see Figure 5b), suggesting the
successful focusing of the protein. Nevertheless, the
fluorescence intensity observed was weak and the peak formed
was unstable for a relatively high AGR2 concentration (50

Figure 5. Strategies for enhancing the sensitivity by mass transfer acceleration via ITP, target mixing, and integration with microchannels. (a)
Schematic illustration of a cationic ITP assay for AGR2 on-chip concentration. (b) Schematic illustration and raw fluorescence image of AGR2 (50
nM) and the anti-AGR2 aptamer complex focusing under anionic ITP conditions. (c) Characteristic relative EOT changes as a function of time for
10 min mixed and nonmixed AGR2 (100 μg mL−1) biosensing experiments. As a control, selection buffer (SB) was mixed on the aptasensor for 10
min. The gray area indicates the mixing phase. (d) Averaged net relative EOT changes and (e) calculated slopes for the detection of different
concentrations of AGR2 in mixed and nonmixed biosesing experiments (n = 3). (f) Schematic illustration of the PSi aptasensor integrated in the
conventional cell setup and the PDMS microchannel setup. Dimensions are in millimeter units. (g) Characteristic real-time relative EOT changes
upon aptasensor incubation with 100 μg mL−1 AGR2 in SB either in a cell setup or in a microchannel setup. (h) Averaged net relative EOT
changes for the detection of different concentrations of AGR2 in both experimental setups (n = 3).
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nM) compared to our previous work,45 impeding the efficiency
of the method. This emphasizes the main challenge of the ITP
method, which should be carefully tailored for each target
protein and capture probe pair.84 We note that the further
study and optimization of the buffer composition may
eventually allow for the successful ITP-assisted concentration
of AGR2.
Another strategy for enhancing the target flux to the

biosensor is to reduce the diffusion length to the biosensor
surface, which would result in a decrease in the diffusion time
according to the following relation:

t L D/2∝

where L is the diffusion length and D is the target diffusion
coefficient.2,85,86 In the first approach, we mix the target
solution on top of the biosensor, which eliminates the diffusion
gradient in the bulk solution. Thus, a constant target
concentration, equal to the applied solution concentration,
can be assumed in the bulk solution, and the diffusion length is
reduced to the porous layer thickness only. Figure 5c presents
characteristic biosensing results for the aptasensor upon
exposure to 100 μg mL−1 AGR2 and compares results between
mixed and nonmixed systems. During mixing, a significantly
higher apparent infiltration and binding rate (∼6.5 fold) was
obtained in comparison to the nonmixed system, and the
relative EOT signal reached ∼90% of the maximal signal
obtained at equilibration (after 1 h). Following the 10 min of
mixing, the apparent binding rate sharply decreased, and
minimal target capture was observed during the following
incubation period. This is attributed to the decrease in the
AGR2 concentration gradient, which is the driving force for
diffusion, and suggests that the assay time can be reduced to 10
min of mixing with similar results. Figure 5d summarizes the
averaged net relative EOT values upon exposure to different
AGR2 concentrations for mixed and nonmixed systems. A
signal enhancement greater than threefold was realized by
target mixing for all studied AGR2 concentrations, and
specifically an AGR2 concentration of 25 μg mL−1 was
detected with an average SNR of 16. The calculated LOD was
reduced by fivefold to 2.1 μg mL−1 (∼47 nM). Analyzing the
slope during the mixing allows us to study the apparent
infiltration and binding kinetics, and a comparison to the
nonmixed system is presented in Figure 5e. A substantial (>13-
fold) enhancement for the mixed system was observed,
underscoring the prominent effect of the enhanced target
flux on the binding kinetics.

In the second approach, we decrease the characteristic
diffusion length by integrating the PSi aptasensor with PDMS
microchannels. Specifically, we decrease the solution height
above the porous layer from 1 mm to 20 μm (as illustrated in
Figure 5f). This in turn accelerated the target capture rate,
where the EOT signal was observed to reach equilibration
almost instantly, as shown in the real-time relative EOT curve
in Figure 5g. Figure 5h compares the averaged net relative
EOT changes for AGR2 detection in the cell and the
microchannels, where for the latter a three- to sixfold increase
in the EOT signal was observed compared to that for a cell
setup. The calculated LOD in the microfluidic set up is 5.7 μg
mL−1 (∼129 nM) and, importantly, AGR2 can be reliably
detected at a lower concentration of 12.5 μg mL−1 with an
average SNR of 9 compared to a cell setup or mixing
experiments. Note that due to the insufficient time resolution
of the optical measurements at the initial protein introduction
into the microchannel (see Figure S-7, Supporting Informa-
tion), we do not analyze the binding slope of the real-time
EOT curves.
The binding enhancement achieved by the two presented

strategies emphasizes the limiting effect of diffusion in these
porous biosensors. Further acceleration of the mass transfer
rate can be achieved by the optimization of the porous
nanostructure, e.g., by carefully adjusting the thickness of the
porous layer (i.e., the use of thinner porous layers is beneficial
as it reduces the diffusion length, but it also affects the
reflectance and as a result may hamper the accuracy of the
optical signal),65 by introducing convection by the target flow
in the system, and by optimizing the microchannel dimensions
and geometry.2,87 Additional improvement in the LOD can be
achieved by stabilizing the aptasensor surface to reduce any
negative signal drifting events, which are occasionally observed
upon overtime measurements.

3.5. Improved Signal Processing

The aptasensor performance is also determined by the
experimental setup, the signal processing technique, and
consequently the noise of the system. To reduce the latter,
we apply a different signal processing technique instead of
RIFTS, named Morlet wavelet phase.47 In this method, Morlet
wavelet convolution is applied to the PSi reflectance spectra to
filter out typical noise signatures. This results in enhanced
noise immunity and consequently lower LOD values. In our
recent study, we demonstrated that Morlet wavelet phase
enables a one order of magnitude improvement in the LOD for
BSA adsorption on a PSi thin film compared to RIFTS and
other commonly used signal processing techniques.35,46,47

Figure 6. Characteristic changes in the relative Morlet wavelet phase and net EOT signals as a function of time for the lowest measured AGR2
concentrations in (a) mixing, (b) microchannel, and (c) cell setups, demonstrating that the Morlet wavelet phase signal processing technique
reduces the signal noise and improves the SNR. The gray area indicates the mixing phase.
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Figure 6 presents the real-time changes in the Morlet wavelet
phase signal, compared to the RIFTS signal, for the lowest
studied AGR2 concentrations in each of the different
experimental setups, i.e., mixing, microchannel, and cell setups.
Morlet wavelet phase analysis resulted in a significant
reduction in the signal noise, which consequently improved
the SNR between three to sixfold, compared to that of RIFTS
(Figure 6a and 6b). Accordingly, the calculated LOD was
improved for the mixing and microchannel experiments to 0.66
(∼15 nM) and 0.97 μg mL−1 (∼22 nM), respectively, where
further improvement could be realized by optimizing the
Morlet wavelet parameters to filter measured reflectance
spectra more effectively. Importantly, the selectivity of the
biosensor was maintained while utilizing Morlet wavelet phase
analysis, see Figure S-8. Yet, as the platform is limited by the
mass transfer rate, Morlet wavelet phase does not enable the
detection of AGR2 at a concentration of 25 μg mL−1 in a cell
setup (Figure 6c), where no signal was obtained with RIFTS as
well. Thus, the lowest measured target concentration is
unchanged upon Morlet wavelet phase analysis and mass
transfer acceleration is mandatory for practical improvement in
the biosensor sensitivity, where Morlet wavelet phase presents
a complementary approach to improve the detection reliability.

4. CONCLUSIONS
We constructed a label-free PSi-based biosensor for detection
of AGR2, a cancer biomarker, and studied different approaches
for enhancing its sensitivity. The Anti-AGR2 aptamer was used
as a capture probe and was immobilized within the nanoscale
pores of the PSi thin film, which was utilized as an optical
transducer. The detection of AGR2 by the aptamer-function-
alized PSi film was carried out by the real-time monitoring of
the reflectance changes of the PSi nanostructure. AGR2
capture by the aptasensor was confirmed by the net EOT
signal increase, and the apparent infiltration and binding rate
was calculated based on the analysis of the slope of the real-
time EOT curves. Both signal analysis methods linearly
correlate to the AGR2 concentration and enable the selective
AGR2 detection both in a buffer and in a simulated pancreatic
juice, where AGR2 is outnumbered >100-fold by nontarget
proteins. The LOD of the aptasensor is limited to 9.2 μg mL−1

(0.2 μM), which is attributed to the slow diffusion rate to and
within the porous layer. Thus, we applied several strategies to
improve the target flux to the PSi aptasensor. The ITP
technique, which allows the preconcentration of the target
based on its electrophoretic mobility, was investigated for real-
time focusing of the protein on top of the aptasensor.
However, focusing of the positively charged AGR2 while
maintaining the immobilized aptamer functionality was not
successful. Two approaches were studied to reduce the
diffusion length to the aptasensor, including target solution
mixing on top of the biosensor and aptasensor integration in
microchannels. Both methods successfully reduced the LOD of
the aptasensor by up to fivefold and improved its response
time from 1 h to several minutes. To further improve the
detection reliability, the Morlet wavelet phase signal processing
technique was applied instead of RIFTS and resulted in a
substantial reduction in the measurement noise, which reduced
the LOD to 0.66 μg mL−1 (15 nM). We acknowledge that the
current LOD is not sufficient for AGR2 detection in real
clinical samples and is inferior compared to other reported
biosensors for AGR2 detection.20−22 However, our con-
structed biosensor presents a superior simplicity and selectivity

in a highly complex media, as well as direct AGR2 detection
with a real-time binding resolution. We also argue that the
LOD can be improved by the additional means of
nanostructure optimization in terms of its thickness,65

introducing flow into the system for convection, the
optimization of the microfluidic architecture,87 applying active
or passive mixing approaches (e.g., microfluidic mixers or
magnetic mixers),88,89 and tuning the filtering parameters of
the Morlet wavelet phase method. Furthermore, surface
stabilization and passivation can be applied by various blocking
agents to improve the performance in the complex media and
reduce signal drifts, and the signal can be further amplified by
methods such as the utilization of a secondary capture probe,
as we previously demonstrated.24
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