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APTAMERS vs. ANTIBODIES AS CAPTURE
PROBES IN OPTICAL POROUS SILICON
BIOSENSORS
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Salama, » Naama Massad-lvanir, ® Johanna-Gabriela Walter, 2
Thomas Scheper  * and Ester Segal ® *

Over the past decade aptamers have emerged as a promising class of
bioreceptors for biosensing applications with significant advantages over
conventional antibodies. However, experimental studies comparing
aptasensors and immunosensors, under equivalent conditions, are limited
and the results are inconclusive, in terms of benefits and limitations of each
bioreceptor type. In the present work, the performance of aptamer and
antibody bioreceptors for the detection of a his-tagged protein, used as a
model target, is compared. The bioreceptors are immobilized onto a
nanostructured porous silicon (PSi) thin film, used as the optical transducer,
and the target protein is detected in a real-time and label-free format by
reflective interferometric Fourier transform spectroscopy. For the antibodies,
random-oriented immobilization onto the PSi nanostructure results in a poor
biosensing performance. Contrary, Fc-oriented immobilization of the
antibodies shows a similar biosensing performance to that exhibited by the
aptamer-based biosensor, in terms of binding rate, dynamic detection range,
limit of detection and selectivity. The aptasensor outperforms in terms of its
reusability and storability, while the immunosensor could not be regenerated
for subsequent experiments.

Introduction

Over the past 20 years, numerous publications and review
articles have elaborated on the advantageous properties of
aptamers as capture probes for biosensing 7. Aptamers have
been termed “chemical antibodies” and predicted to replace
antibodies in the near future > % 8. The possibility of selecting
high affinity aptamers via SELEX (Systematic Evolution of
Ligands by Exponential Enrichment) for a wide range of targets
(including small molecules, proteins and whole cells), their small
size, their high stability and outstanding performance in
complex media have provoked the extensive research effort in
their integration into various biosensing schemes 3 911,
However, antibodies, which have been used as capture probes
for biosensor design for over 70 years, are still considered as the
“gold standard” 12 13,

While some studies present results of different bioassays using
antibodies or aptamers as capture probes towards the same
target analyte 1416, only few papers have experimentally
compared between aptasensors and immunosensors under
equivalent conditions 25 %17, and there is a lack of consensus in
the field. Similar biosensing performance, in terms of selectivity
and sensitivity, was demonstrated for quartz crystal-based
biosensors for IgE detection ¢ and nanogap impedance-based
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biosensor for thrombin detection 7. However, the former also
showed an extended linear detection range, reusability and
greater stability for the aptasensor, in comparison to the
immunosensor. In contrast, an aptasensor for detection of a
prostate specific antigen showed a comparable limit of
detection (LOD), selectivity, and reusability, to an
immunosensor 2. Both biosensors were based on nano-
modified screen-printed electrodes, in three electrochemical
detection techniques 2. Recent reviews have also highlighted
that antibody- and aptamer-based biosensors are comparable
in their performance (i.e., sensitivity and selectivity), but
emphasize that their immobilization onto the transducer and
the detection mode have a more significant impact on the
resulting sensitivity and selectivity » 16. On the other hand, a
superior biosensing performance of an aptamer over an
antibody was observed in a porous silicon (PSi)-based optical
biosensor for detection of insulin >. The aptamer outperformed
the antibody in response value and time and LOD. However, it
should be noted that in this study the antibody was covalently
immobilized to the surface, resulting in a random orientation
that limits its performance. This variability in the studies
emphasizes the need for additional research in the field,
specifically studying the behaviour of these capture probes on
similar  transducers and comparable conditions and
characterizing the limitation and strength of each bioreceptor.
The present study aims to compare between aptamer and
antibody capture probes, which are immobilized on the same
nanostructured PSi-based transducer, for the detection of a
specific target analyte and to investigate the performance and
benefits of each receptor. PSi-based optical biosensors in which
antibodies have been employed as capture probes were
extensively studied over the past 20 years 822, Many of these
biosensors employ reflective interferometric Fourier transform
spectroscopy (RIFTS) for real-time and label-free monitoring of
changes in the refractive index or reflection intensity for various
relevant targets, such as DNA 23, protein > 2% 25 and bacteria 2%
27_The first application of aptamers as bioreceptors in PSi-based
optical biosensors has been demonstrated in 2015 28, showing
promising biosensing results, which evoked a great interest.
Since then, the potential of different PSi-based aptasensors has
been increasingly studied and successful detection of various
molecules was demonstrated > 24 27,29-33,

In our previous work 2% 3% 34 35 we have successfully
constructed and characterized several PSi aptasensors for
various targets. In the present work, we focus on the direct
comparison of the performance of PSi-based aptasensor and
immunosensor for detection of the same target protein. To the
best of our knowledge, this is the first comparison of aptamers
to random- or oriented-immobilized antibodies as capture
probes. An oxidized PSi (PSiO;) nanostructure (Fabry-Pérot thin
film), used as the optical transducer, was functionalized with a
well-characterized his-tag binding aptamer (6H7) 3% 3632 or an
anti his-tag antibody for the detection of a model his-tagged
protein, 6x-his tyrosinase from Bacillus megatherium (35.3
kDa). Successful conjugation of the capture probes onto the
nanostructured PSiO, was confirmed by attenuated total
reflectance Fourier transform infrared (FTIR-ATR) spectroscopy,
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and surface density was quantified by cleavage .af othe
bioreceptors from the surface and sub3ell@HI3FILEreSEERte
analysis. The binding of protein target molecules to the
immobilized bioreceptors was monitored in real time by RIFTS
and the biosensing performance, in terms of binding rate,
dynamic range and sensitivity, was compared for the aptamer
and the antibody-conjugated biosensors. The latter was further
studied in a random or Fc-oriented conjugation to the PSiO,
surface. Focus was laid especially on comparing the selectivity
and the performance of both bioreceptors in the detection of
the target protein within complex biological samples, utilizing
bacteria lysates as a model, as well as the recyclability of the
biosensors.

Experimental
Materials

Si wafers (p-type, boron doped, 0.00095 Q-cm resistivity,
<100>-oriented) were purchased from Siltronix Corp (France).
Aqueous HF (48%) and ethanol absolute were purchased from
Merck (Germany). Dimethyl sulfoxide (DMSO) and Toluene
were purchased from Carlo Erba Reagents and Bio-Lab Itd,
respectively. (3-aminopropyl)triethoxysilane (APTES),
ethyldiisopropylamine (EDIPA), glutaraldehyde 25% solution
(GA), ethanolamine, N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), succinic acid, sodium
cyanoborohydride, sodium dodecyl sulfate (SDS), N-
Succinimidyl  3-(2-pyridyldithio)propionate = (SPDP),  DL-
Dithiothreitol (DTT), isopropyl alcohol (IPA) and buffer salts
were supplied by MERCK (Israel). Buffers were prepared with
deionized water (18.2 MQ cm) and filtered prior to use. Anti-his-
tag aptamer 6H7 (5’- GCT ATG GGT GGT CTG GTT GGG ATT GGC
CCC GGG AGC TGG C - 3’) sequence was taken from U.S. patent
7329742 37 . 6H7 was selected in 50 mM K,HPO,, 150 mM Nacl,
0.05% Tween 20 (this buffer is subsequently abbreviated as SB-
T). To prevent possible blocking of the amino-modified surfaces,
Tween 20 was omitted during immobilization and washing
steps, as well as renaturation of the aptamer (and this
composition is termed as the selection buffer, SB). Additional
buffers were phosphate buffered saline (PBS, 1 mM phosphate
buffer, 154 mM NaCl,, pH 7.4) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), which were prepared
according to standard recipes. Aptamers were purchased with
a 5’-amino modification or a 5’ thiol modification and 3’ 6-FAM
modification from Integrated DNA Technologies (USA). Mouse
anti-his monoclonal antibody (catalogue number MCA1396)
was obtained from Enco (Israel). This antibody was validated by
the manufacturer for ELISA, immunoprecipitation and western
blotting applications. Mouse anti-his monoclonal antibodies are
commonly used for these applications, as well as for biological
detection and purification assays 4045, Streptavidin and
biotinylated protein A were purchased from Sigma-Aldrich
Chemicals. Proteins for biosensing experiments included trypsin
from porcine pancreas (Sigma-Aldrich Chemicals) and 6xhis
tyrosinase from Bacillus megatherium (recombinant, expressed
in Escherichia coli), generously supplied by Prof. Ayelet
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Fishman, Technion. As an additional negative control and for
simulation of complex media, Escherichia coli (E. coli) lysates
were used. For this purpose, E. coli strain JL-102 was cultured in
Luria broth (LB) medium (10 g L! casein peptone, 10 g L'* NaCl,
5 g L?! yeast extract, all purchased from Sigma-Aldrich
Chemicals).

Preparation of Bacteria Suspensions and Bacteria Lysates

A flask with 20 mL sterile LB medium was inoculated with 100 pL
of a freeze culture of E. coli JL-102 (free of plasmids) and
cultured overnight under shaking at 37°C. The resulting culture
was used for biosensing experiments to mimic a biologically
relevant complex fluid.

A volume of 2 mL of the bacteria culture was spun down in a
standard lab centrifuge and the supernatant was replaced by
1 mL PBS selection buffer. Following the re-suspension, the
culture was ultrasonicated at 4°C (Labsonic M, Sartorius Stedim
Biotech, Germany). The resulting suspension was centrifuged
again to remove cell debris and the supernatant was transferred
to a fresh tube and further used as the bacteria lysate.

Preparation of Oxidized PSi (PSiO,).

Silicon was anodized at a constant current density of 375 mA
cm for 30 s in a 3:1 (v/v) solution of aqueous HF (48%) and
ethanol. The anodization setup is similar to previous work 28,
Briefly, a Si wafer with exposed area of 1.33 cm? was contacted
on its back side with a strip of aluminium foil and mounted in a
Teflon etching cell and a Platinum wire was used as the counter
electrode. The freshly-etched PSi film was rinsed with ethanol
several times and subsequently dried under nitrogen gas flow.
The resulting PSi sample was then thermally oxidized at 800°C
for 1 h in ambient air in a tube furnace (Thermo Scientific,
Lindberg/Blue M™ 1200°C Split-Hinge, USA).

Characterization of PSiO, Films

Specific properties (i.e. thickness and porosity) of the fabricated
PSiO, layers were characterized by several techniques: HRSEM
(high resolution scanning electron microscopy), and SLIM
(spectroscopic liquid infiltration method) methods, as
previously described 18.

Immobilization of Aptamers onto PSiO,

The anti-his-tag aptamer (6H7) was conjugated onto the surface
of the PSiO, film by EDC-mediated covalent attachment 28,
PSiO, sample was first incubated with a 2% (v/v) APTES solution
in toluene for 1 h. After thorough rinsing with toluene, ethanol,
and acetone and drying under a nitrogen stream, the amine-
modified surface was immersed in a freshly prepared solution
of 100 mg of succinic acid in 4.7 mL of DMSO and 300 pL of 0.1
M NaHCO; (pH 9.4) for 30 min. After rinsing with DMSO and
purified water and drying under a nitrogen stream, EDC solution
at a concentration of 52 mM (in SB) was introduced and allowed
to react for 1 h. Successively, the activated PSiO, surface was
incubated with the aptamer solution (75 uM, 50 pL in SB) for 1
h, followed by thorough washing with 50 mM Tris buffer (pH
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7.4) for 20 min, to block remaining active sitesyfinallyothe
biosensor was exposed to boiling deionizB@WAtEEFP2AMIAEAE
gently dried under a nitrogen stream to unfold any aptamer
secondary structures. The resulting aptasensors were stored
dried in a desiccator for up to 4 days post immobilization. Prior
to biosensing experiments, the aptasensors were incubated in a
solution of 1 M imidazole in SB (pH 7.4), followed by incubation
in SB for 30 min, in order to allow the immobilized aptamer to
properly fold.

Immobilization of Antibodies onto PSiO,

The anti-his antibody was either directly immobilized via
covalent binding, leading to a random antibody orientation, or
conjugated via the biotin-streptavidin linkage to result in an
oriented antibody configuration 25 46,

For random antibody immobilization, the PSiO, surface was
incubated with a solution of 1% APTES and 1% EDIPA in water
for 30 min. After removing the solution, the sample was rinsed
with water and ethanol, then dried under a nitrogen stream.
Subsequently, the film was incubated in a 2% aqueous GA
solution for 30 min, washed with water and dried under a
stream of nitrogen. In the next step, 50 pL of the antibody
solution (100 ug mLtin PBS) were introduced and incubated for
1 h at room temperature and then stored overnight at 8°C.
Next, unbound antibodies were removed by thorough washing
with PBS and residual reactive groups were capped by
incubation of the porous film with 0.1 M aqueous solution of
ethanolamine for 30 min.

antibody immobilization, silanization and
modification with GA were performed as described above,
followed by incubation with 50 mM sodium cyanoborohydride
in HEPES for 30 min, in order to stabilize the Schiff base formed
during reaction of the aldehyde groups with the amine groups
47 After washing with HEPES, the PSiO, film was placed in a
humidity chamber and 100 pL of a freshly-prepared streptavidin
solution (100 ug mL? in PBS) were introduced onto the surface
and incubated for 1 h. A thorough rinsing with PBS was
performed before a repetition of the reduction in sodium
cyanoborohydride for the stabilization of the Schiff base,
formed during streptavidin fixation. Next, the streptavidin-
modified surface was blocked with ethanolamine, followed by
incubation with biotinylated protein A (100 uL; 100 pug mL?t in
PBS) for 1 h in a humidity chamber. Finally, the sample was
rinsed with PBS and incubated with the antibody (50 uL; 100 ug
mLin PBS; humidity chamber) for 1 h at room temperature and
then overnight at 8°C. On the next day, the film was rinsed and
stored in PBS buffer (at 8°C) for up to one day prior to
biosensing experiments.

For oriented

Infrared Spectroscopy

Chemical modification steps were verified using attenuated
total reflectance Fourier (ATR-FTIR)
spectroscopy. Spectra were recorded using a Thermo Fisher
6700 FTIR instrument equipped with a Smart iTR diamond ATR
device (USA). Background and all sample spectra were
measured in dry air, utilizing an IR source and a DTGS kBr

transform infrared
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detector. Number of scans was set to 256, at a resolution of 4.
The samples were dried under a nitrogen stream before each
measurement.

Bioreceptors Surface Density

For the antibody quantification, a FITC-labelled 1gG was
immobilized in a random or oriented-configurations within the
PSiO, film, as described above. As a control, PSiO, films were
chemically activated by the full chemistry procedure, but
without antibody application. After immobilization, the samples
were extensively washed with PBS and sodium acetate buffer
(0.1 M, pH 4.5) to remove any unbound IgG molecules from the
surface. The latter was confirmed by monitoring the
fluorescence signal (excitation and emission wavelength values
of 490 nm and 525 nm, respectively using a Thermo Scientific
Varioskan Flash) of the washing solutions until no signal was
measured, in comparison to the controls. Then, 250 pL of pepsin
solution (100 pug mL? pepsin in sodium acetate buffer) was
introduced onto the immunosensor and incubated for 24 h at
37 °C for proteolytic digestion. After 24 h, the solution was
collected and replaced by a fresh pepsin solution for additional
cleavage. The concentration of the IgG in the collected solution
was determined by fluorescence measurements at excitation
and emission wavelength values of 490 nm and 525 nm,
respectively (Thermo Scientific Varioskan Flash). The measured
fluorescence values were correlated to the respective IgG
concentrations using a calibration curve, which was constructed
using known concentrations of FITC-labelled IgG. For the
calibration curve preparation, FITC-labelled-IgG was diluted in
sodium acetate buffer, containing also biotinylated protein A
and streptavidin, in the relevant concentrations applied for the
immobilization chemistry procedure. Then, pepsin was added
to a final concentration of 100 ug mL?, and the calibration curve
samples were incubated for 24 h at 37 °C, followed by
fluorescence analysis.

For the aptamer, we adapted the method described by Hu et
al *8. Following silanization with APTES (as described above), the
amine-terminated surfaces were reacted with 6.5 mM N-
Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) in ethanol for
30 min and washed thoroughly with IPA and ddH,0.
Subsequently, 75 uM thiol modified and FAM6-labeled aptamer
in HEPES buffer (0.05M HEPES, pH 7.5) was introduced and
incubated for 1 h. The functionalized PSiO, was extensively
rinsed with HEPES, to remove physisorbed aptamer molecules,
until no fluorescence signal was observed for the collected
washing solution (compared to a control, i.e., PSiO, which was
similarly functionalized with SPDP, but without aptamer). It
should be noted that the aptamer stock was diluted in TE buffer
(10 mM Tris and 1 mM EDTA, pH 8.0) with 30 mM DTT and prior
to its use, the aptamer was cleaned in NAP-5 column (GE
healthcare) to remove the DTT reducing agent and replace the
buffer with HEPES. The resulting aptamer-functionalized PSiO,
was incubated with DTT solution (250 pL of 25 mM DTT in HEPES
buffer, pH 7.5) for 24 h. The solution was collected and replaced
by a new reducing solution and the fluorescence signal of the
collected solution was measured using a plate reader at

4| J. Name., 2012, 00, 1-3

excitation and emission wavelength values of 490,nm and
525 nm, respectively. The cleavage proc®s3 wasoispeatdadimy
no fluorescence signal was observed for the collected solution
(compared to the control). The measured fluorescence values
were correlated to the respective aptamer concentrations using
a calibration curve, which was constructed using known
concentrations of FAM6-labeled aptamer. For the calibration
curve preparation, FAM6-labeled aptamer was dissolved in
25 mM DTT in HEPES buffer and the fluorescence of these
solutions was measured.

The respective bioreceptor surface density values were
calculated by dividing the number of bioreceptor moles by the
porous surface area. The latter was measured in a previous
study #° by nitrogen adsorption isotherms and application of
BET (Brunauer-Emmett-Teller) model for a similar PSiO,
nanostructure, see Supporting Information.

Measurement of Interferometric Reflectance Spectra

Interferometric reflectance spectra of the samples were
collected as was previously described 28. Briefly, interferometric
reflectance spectra of the PSiO, films were collected using an
Ocean Optics charge-coupled device (CCD) USB 4000
spectrometer coupled with a microscope objective lens by a
bifurcated fiber-optic cable (USA). A tungsten light source was
focused onto the surface of the sample with a spot size of
approximately 1-2 mm?2. The reflectivity spectrum of the PSiO,
film is comprised of a series of Fabry—Pérot interference fringes,
where the maxima of these fringes are governed by the
following equation:

m-A=2-n-L Equationl
where, mis aninteger, A is the light wavelength, nis the average
refractive index of the porous film and L refers to its thickness.
The term 2nL represents the effective optical thickness (EOT),
where a change in the latter indicates a change in the refractive
index.
Reflectivity data were recorded every 30 s in a wavelength
range of 400—1000 nm and spectral acquisition time 100 ms.
The spectra were analysed by applying fast Fourier
transformation (FFT), which leads to a single peak for each
spectrum, whose position (corresponds to the value of 2nL, i.e.,
the EOT) was monitored. In this work, data are presented as
relative AEOT, defined as:

AEOT  (EOTreqadour EOTat paseli)e .
Equation 2

EOTat pasetine

The term EOT, refers to the averaged EOT obtained during
baseline measurement at the beginning of each optical
experiment.

Protein Biosensing

Biosensing experiments were carried out in a cell configuration.
The biofunctionalized PSiO, samples were mounted into a
custom-made Plexiglas cell. An O-ring inside the cell seals off
the exposed area and an in- and outlet allow introducing
solutions for subsequent reaction steps. At first, spectra were
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Page 4 of 16


https://doi.org/10.1039/d0an00178c

Page 5 of 16

oNOYTULT D WN =

recorded until a stable baseline was achieved in either PBS or
SB, depending on the respective capture probe. Functionalized
PSiO, films were then incubated with 100 pL of the protein
solution for 1 h (without flow). Tyrosinase was diluted in PBS or
SB for the antibody or aptamer functionalized PSiO,,
respectively. The complex samples, including trypsin, lysate and
spiked lysate, were prepared in SB-T for the aptamer-based
biosensor to reduce nonspecific binding, according to previous
studies 28. After removal of the protein solution, the sample was
rinsed and incubated for 30 min with PBS/SB. Each aptamer-
based biosensor was utilized for multiple biosensing
experiments, through surface regeneration, as previously
described 28. The protein was eluted with 1 M imidazole in SB
(pH 7.4) for 30 min, followed by the regeneration of aptamers
in SB for 30 min. Antibody-conjugated biosensors were used
only once.

Regeneration of the oriented antibody biofunctionalized PSiO,
was studied by exposure of the surface to different solutions for
30 min, as summarized in Table 1.

Table 1 Composition of regeneration solution for the oriented antibody-based biosensor

Solution Composition
1M imidazole in SB (pH 7.4)
10 mM glycine/HCl pH 2.5 %°
100 mM glycine/HCI pH 2.5 5%
100 mM HCl pH 2.0 5253
200 mM glycine/HCl pH 2.3 + 1% DMSO >*
1% SDS in ddH,0 *°

Statistical Analysis and Data Regression

For statistical analysis, unpaired t-tests were performed, with
two tail distribution and unequal variance. Resulting two-tailed
P values below 0.05 were required to consider the compared
groups as significantly different from each other.

Non-linear regression of obtained data was performed with
GraphPad Prism software utilizing the model for specific binding
with hill slope. The following equation was used for modelling:
Boax* X"
(k4 - x")
Herein, Bnax is the interpolated concentration at which the
maximum biosensor response is reached. Kp (also known as the
apparent dissociation constant) is the target concentration
needed to reach the half-maximum biosensing signal. The
parameter h is the Hill coefficient, which gives information
about the stoichiometry of the occurring binding > 57,

Y= Equation 3

RESULTS AND DISCUSSION

Immobilization of Bioreceptor Molecules onto PSiO,

The porous nanostructures were fabricated by anodization and
subsequent thermal oxidation to vyield PSiO, films with a
thickness of 5500 nm and characteristic interconnected
cylindrical pores with a typical diameter between 35 and 65 nm
(see Table S1, Supporting Information, for a summary of the PSi
nanostructure characteristics). Figure 1a (upper panel)

This journal is © The Royal Society of Chemistry 20xx
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schematically illustrates the immobilization of;the;aming:
modified 6H7 aptamer onto the PSiO, fil®! TRE1ABPAVES First
amino-silanized using APTES dissolved in toluene (2%) and
subsequent carbodiimide coupling was employed to conjugate
the amine-terminated 6H7 aptamers, as we previously reported
28,31 Successful aptamer conjugation was confirmed by ATR-
FTIR spectroscopy. The spectra following each of the
modification steps are presented in Figure 1b (upper panel).
After the amino-silanization, a small peak at 1639 cm™ is
observed, attributed to the bending of the primary amines >% >°.
Following the carboxylation of the surface with succinic acid,
the spectrum depicts two strong peaks at 1556 and 1632 cm™
attributed to amide Il and amide | bonds, respectively, and a
peak at 1400 cm™ is assigned to the carboxylic acid groups % >°.
After EDC introduction, the carboxylic acid peak is observed to
diminish, suggesting successful activation. Following aptamer
conjugation, multiple characteristic DNA bands appear between
1780-1530 cm™ and 1550-1250 cm™?, attributed to the carbonyl
groups and vibrations of saccharides 0, similarly to our previous
report 28,

For the antibody immobilization, two different strategies were
used (as schematically illustrated in Figure 1a, middle and
bottom panels): (1) straightforward conjugation in random
orientation via an amine-group within the antibody to an
aldehyde-modified surface (this immobilization route will be
referred as ‘random conjugation’), and (2) oriented conjugation
of the antibody Fc-region to a protein A-modified surface. For
both immobilization routes, the PSiO, was first silanized using
an aqueous APTES solution (1%). It should be noted that this
step was slightly modified in comparison to the aptamer
immobilization route to allow an optimal immunosensor
performance (see Figure S1, Supporting Information). Next, the
amine-activated PSiO, was reacted with glutaraldehyde. For the
random immobilization route, the aldehyde-activated PSiO,
surface was immediately incubated with the antibody solution.
Thus, the antibody is conjugated through its primary amines to
available aldehyde groups on the PSiO, surface. Following a
thorough rinsing, residual amines were blocked by incubation
with ethanolamine. For the oriented antibody conjugation,
protein A layer was formed on a glutaraldehyde-reacted PSiO,
surface through streptavidin-biotin linkage, followed by
antibody conjugation to the protein A through the Fc-region, as
shown in Figure 1a (bottom panel). For both conjugation routes,
the conditions were optimized in previous studies 2% 26 to
minimize steric hindrance and crowding effects.

Figure 1b, middle and bottom panels, present the ATR-FTIR
spectra of the corresponding chemical modification steps for
the random and oriented conjugation routes, respectively. For
both, following amino-silanization, a peak at 1637 cm™ appears,
attributed to the bending of primary amines. Upon
glutaraldehyde functionalization, peaks are observed at 1720,
1637, 1560, 1445 and 1401 cm, which are ascribed to the
(C=0) stretching vibrations, the imine bond, and (C-H) and (C-C)
bond vibrations, respectively . For the random conjugation
route, antibody immobilization results in peaks at 1643 and
1555 cml, which are attributed to the bending of amide | and
amide I, respectively 8. For the oriented conjugation route,
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Fig. 1 (a) Schematic illustration of the coupling steps followed for the immobilization of aptamers (upper panel) and antibodies (via random and oriented conjugation, middle and
bottom panels, respectively) to PSiO,. (b) ATR-FTIR spectra of PSiO, upon the different chemical modification steps throughout aptamer and antibody immobilization on the surface.

similar peaks are observed for streptavidin, protein A and
antibody immobilization, with greater absorbance respective to
the preceding step, suggesting successful modification of the
PSiO; film.

It should be emphasized that while chemical route for the
construction of the immunosensor is well established, it
involves multiple steps and the thus the immobilization
procedure is >3 times longer (~4 times for the oriented
antibody) in comparison to that of the aptasensor. Moreover,
there are significant differences in the cost of the biosensors,
which results from both the price of the bioreceptors and the
reagents wused for their immobilization. Thus, the
immunosensors cost is >5 times higher than that of the
aptasensors.

6 | J. Name., 2012, 00, 1-3

Bioreceptors Surface Density

Surface density has a major impact on the performance of
biosensors. It determines the bioreceptor orientation, the
uniformity of the sensing layer and the steric crowding within
the sensing layer % 62, |t also influences the target capture
kinetics and the overall sensitivity of the biosensor 3 84, Thus,
the bioreceptor surface coverage for the aptasensor and the
immunosensor was determined by quantifying the amount of
immobilized aptamer and antibody, respectively, onto the PSiO,
surface. In both cases, the immobilized bioreceptors were
cleaved from the respective biosensor and their concentration
in the solution was measured, as illustrated in Figure 2. For the
immunosensor, a fluorescently labelled antibody (in which the
fluorophore is conjugated to the amine groups) was
immobilized in a random or oriented configuration; after which,

This journal is © The Royal Society of Chemistry 20xx
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bioreceptor during immobilization.

the functionalized surface was subjected to proteolytic
digestion (using pepsin), as depicted in Figure 2a. The pepsin
cleaves the IgG into (F(ab’),) molecules, and the Fc fragment (as
well as other proteins) into lower molecular weight fragments
85 Thus, following digestion, these cleaved fragments are
released to the solution and quantified (by fluorescence
measurements). For the immobilized aptamer, a fluorescently-
labelled and thiol-modified aptamer was conjugated to the
surface using SPDP linker, as illustrated in Figure 2b. This allows
to cleave the immobilized fluorescent aptamer by disulphide
bond reduction and subsequent quantification of the solution
fluorescence, as described by Hu et al #8.

Figure 2c presents the accumulated moles of antibody and
aptamer cleaved from the surface vs. time. For the aptamer, the
cleavage is fast and the accumulated amount of the “released”
aptamer stabilizes within 24 h. For the antibody, the cleavage is
much slower, as the relatively large pepsin molecules are
required to infiltrate into the porous layer to catalyse the
digestion, followed by out diffusion of the resulting protein
fragments to the solution. For the aptamer, a total amount of
1.89+0.02 nmol was released, which is approximately half of the

This journal is © The Royal Society of Chemistry 20xx

aptamer amount used for the conjugation. For the oriented and
unoriented antibody, the total amount was 0.045+0.002 and
0.0430+0.0006 nmol, respectively, which is two orders of
magnitude lower than that of the aptamer. As the specific
surface area for both biosensors are similar, the significant
difference in the amount of the immobilized bioreceptors
correlate to the respective calculated surface density (see Table
S2, Supporting Information). Thus, the results demonstrate the
significantly higher surface density of the aptamer molecules
immobilized within the porous nanostructure film, compared to
the antibodies. This is mainly ascribed to the profound
differences in the size of the two bioreceptors; where the
aptamer is approximately >10-fold smaller than the antibody 3
6,66 which enables higher immobilization density and surface
coverage. Thus, for the aptasensor, a greater number of binding
sites are available for the target within the same nanostructure,
compared to the immunosensor & 67, This in turn is highly
advantageous for enhancing the sensitivity of the biosensor 3.
It should be emphasized that although a different
immobilization chemistry was utilized for quantifying the
aptamer surface density (and as such the total number of
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immobilized aptamer molecules is not accurate), its effect on
the obtained value may be neglected due to the profound
difference of 2-orders of magnitude in surface densities
between the aptasensor and immunosensor. In addition, for the
immunosensor constructed via random conjugation, our
quantification method underestimates the total number of
immobilized antibody molecules (see Table S1, Supporting
Information). As in this case the antibodies are covalently bound
to the porous surface, a fragment of the antibody is expected to
remain attached to the surface after pepsin digestion, resulting
in an incomplete cleavage. This is in contrast to the oriented
immobilization, where the antibodies are conjugated to the
protein A layer, which is digested by the pepsin, leading to a
complete release of the immobilized antibodies.

Biosensing Experiments

For the biosensing experiments, the antibody-conjugated and
the aptamer-conjugated PSiO, films were exposed to different
protein solutions (5 UM to 56 puM) and Figure S2 (Supporting
Information) presents characteristic results in terms of the
relative EOT changes vs. time. Initially, PBS or SB (for antibody-
and aptamer-conjugated PSiO,, respectively) were introduced

8| J. Name., 2012, 00, 1-3

to establish a stable EOT baseline. Next, different analyte
solutions were introduced onto the studied biosensor and
allowed to react with the respective functionalized surface for
1 h (without flow). Subsequently, the biosensors were
extensively rinsed with buffer (PBS or SB) to remove unbound
molecules until a stable baseline is reached.

Figure 3a presents the averaged EOT values (attained after 1 h
incubation with the target and subsequent washing with the
buffer) for increasing protein concentrations and the
corresponding curve fit utilizing a model for specific binding
with Hill slope (see Equation 3). Oriented antibody and
aptamer-based biosensors result in a target binding behaviour
that can be modelled according to Equation 3, with a good fit
(R?=0.9490 and R2?=0.9731, respectively). For the unoriented
immunosensor, no statistically significant differences were
observed between the EOT signals measured for the different
protein concentrations. Thus, owing to the poor performance of
this biosensor, which is discussed in detail at the end of this
section, we focus our discussion on the comparison between
the aptasensor and oriented immunosensor. The dynamic
range of these biosensors is from 8.25 uM to 56 uM, and the
lowest measured target concentration is 5 uM, with an average

This journal is © The Royal Society of Chemistry 20xx
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relative AEOT signal of 1.940.8 and 1.5+0.3 for the oriented-
immunosensor and aptasensor, respectively. These signals can
be reliably distinguished from the baseline, with a baseline
noise equivalent to three standard deviations of 0.4 and 0.3 for
the immunosensor and aptasensor, respectively. The observed
micromolar detection limit agrees with the common limit of
detection (LoD) values of label-free PSi-based optical
biosensors 8. We ascribe this high value mainly to mass transfer
phenomena, specifically to the diffusion rate to and within the
PSiO; nanostructure which has a profound effect at lower target
concentrations 2. 63. 6971 Thjs in fact does not allow a proper
comparison between both bioreceptors in the lower detection
range, as both biosensors are limited by the PSiO, transducer,
regardless of the bioreceptor type. Thus, we cannot draw a
conclusion on which of the bioreceptor results in improved
biosensor sensitivity.

Overall, both biosensors perform in a similar manner, in terms
of their dynamic range and sensitivity. This is also apparent in
the binding rates for the aptamer and oriented antibody-based
biosensors. Figure 3b depicts real time changes in the relative
EOT signal (with respect to the baseline) for the oriented-
antibody and aptamer-based biosensors upon incubation with
increasing concentrations of tyrosinase. Both biosensors exhibit
a similar target binding trend and a concentration-dependent
behaviour. The calculated binding rates are presented in Figures
3c and 3d, as the initial (0 to 10 min) and total (0 to 60 min)
values for different concentrations of tyrosinase, respectively.
An insignificant difference is observed between both types of
biosensors, regardless of the analysed duration, i.e. the initial or
the total binding rate. The only apparent difference is observed
at a longer binding time of 60 min, where the immunosensor
reaches almost equilibration, while the signal for the aptasensor
is far from surface saturation and keeps increasing (see Figure
3b). This behaviour is ascribed to the greater number of
available binding sites for the target protein in the aptamer-
based biosensor, in comparison to the antibody-based one (see
Figure 2c). This also results in greater signal values for target
concentrations >16.5 uM, as observed in Figure 3a. The greater
number of available protein binding sites for the aptamer-based
biosensor, maximizes target capture onto the PSiO, surface and
consequently resulting in a higher signal 48.

The performance of the randomly conjugated antibody-
immunosensor was generally poor. A significantly lower EOT
signals were observed (see Figure 3a), as well as 10-fold lower
binding rates, compared to the oriented antibody and aptamer-
based biosensors (see Figure 3c and 3d). Also, a poor
dependence of the binding rate in the protein concentration is
found (see Figure S3, Supporting Information). Antibody
conjugation via its primary amines is typically highly random,
owing to the large number of amine groups in the antibody
structure 7276, Thus, the functionality of these antibodies varies
dramatically, and the resulting performance of the biosensors is
limited. Since the total amount of antibodies immobilized
within the porous layer for the random conjugation is similar or
higher than for the oriented conjugation route, these results
indicate that for the random conjugation less than ~10% of the
immobilized antibodies are active, compared to the oriented

This journal is © The Royal Society of Chemistry 20xx
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immobilization. Our results suggest that immaohilization,of
antibodies via a random amine-functionafity Gsl&¥8tQorereratile
for fabrication of robust and specific PSiO, biosensors and this
is in agreement with other biosensing systems 77-80, The similar
binding rate, dynamic detection range and sensitivity of the
oriented antibody and aptamer-based biosensors indicate that
by optimization of the bioreceptor immobilization, e.g.,
oriented vs. random antibody conjugation, a similar
performance can be achieved utilizing the same transducer.
Immobilization of the antibodies in an oriented configuration
increases the active portion of the antibodies 7678, resulting in a
similar biosensing performance to that of the aptasensor, in
which the aptamers are immobilized in a naturally orientated
configuration at a much higher density.

Selectivity and Performance in Complex Samples.

PSiO, biosensors modified with 6H7-aptamer have previously
demonstrated high selectivity towards their target his-tagged
protein and robustness against unspecific adsorption even in
complex media with an abundancy of non-target proteins (i.e.
bacteria lysates) 2% 31, In the present study, we compare the
behaviour of the different biosensors upon exposure to non-
target proteins (i.e., trypsin and bacteria lysate) and to complex
media (bacteria lysate with a typical protein content of 1.8
mg mL1) spiked with the target tyrosinase. The optical response
of the biosensors is summarized in Figure 4.

67 Antibody unoriented el
M Antibody oriented _ n.s
% 4| m Aptamer :
- :
o
[
O 24
u
|.-
&
<9
Spiked :
Trypsin Lysate Lysate :Tyrosinase
-2

Fig. 4 The biosensor response, expressed as the relative EOT change, collected after 1 h
exposure to different samples: trypsin as a non-target protein (concentration 16.5 uM),
bacterial lysates (with a protein concentration of 1.8 mg mL?) and lysates spiked with
16.5 pM tyrosinase. The response of the biosensors to a pure tyrosinase (concentration
16.5 uM) solution is presented for comparison. (n.s) or (*) Indicate non-significant or
statistically significant difference, respectively, between the oriented antibody and
aptamer-based biosensors (t test, n 2 3, p < 0.05).

Biosensors functionalized with aptamers and oriented
antibodies show high affinity towards their target with
reproducible results. The biosensors selectively detect their
target protein in a complex solution of bacteria lysate and the
obtained EOT values are in good agreement with the values
collected for tyrosinase in a buffer (see also Figure 3 and Figure
S4 for the real-time optical response). Notably, both biosensors
exhibit low nonspecific adsorption of non-target proteins. We

note that the negative response of the aptasensor to trypsin
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and lysate solutions may be ascribed to conformational changes
of the immobilized aptamers. The latter are often utilized as the
sensing mechanism in various aptasensors 8% 82,

Contrary, biosensors in which the antibody is conjugated in a
random orientation exhibit similar response to all studied
solutions and poor reproducibility, as can be seen by the large
deviations obtained upon exposure to trypsin or bacteria
lysates. Thus, the signals obtained for samples containing the
pure target protein are indiscernible from those collected for
non-target proteins. The inconsistent behaviour of antibody-
regions other than the antigen binding sites is ascribed to the
undirected immobilization, which may promote nonspecific
adsorption onto the biosensor.

Biosensor Regeneration

One of the main advantages of DNA or RNA aptamers in
comparison to antibodies is their ability to undergo reversible
folding and unfolding, leading to a greater stability and a simpler
elution of the bound target from the aptamer 23. Thus,
rendering aptamer-based biosensors as potentially recyclable %
6,84 For the 6H7 aptamers, exposure to imidazole enables the
release of the bound target protein, by a competitive
interaction between the imidazole, his-tagged target and the
aptamer, similarly to the purification procedure of his-tagged
proteins by immobilized metal ion affinity chromatography
(IMAC) 28 8, Our previous report demonstrated the reusability
of the 6H7 aptamer-functionalized PSiO, surface for up to 12
consecutive cycles by regenerating the biosensor surface in
between these cycles by a short exposure to imidazole solution
28 Contrary, the regeneration of immunosensors for repetitive
usage is more complicated since antibodies are prone to
irreversible denaturation 3. While for aptamers regeneration
conditions can be predefined during their selection in the SELEX
process 8, for antibodies, regeneration must be investigated by
a trial and error process for each antibody-antigen couple and
biosensor platform %51, owing to the different attractive forces
defining each interaction and the stability of the transducer and
signal to environmental changes °!. Regeneration of
immunosensors has been commonly achieved using acidic pH
52,53 glycine/HCI 505254 addition of detergents such as sodium
dodecyl sulphate (SDS) >> or addition of dimethyl sulfoxide
(DMSO) 54, Table 1 summarizes the different regeneration
protocols which were employed for the oriented-antibody
functionalized PSiO,. All regeneration attempts were carried
out at a high tyrosinase concentration (56 uM) which poses the
greatest challenge for regeneration. The relative EOT changes
upon exposure of the immunosensor to the different
regeneration conditions, following a biosensing experiment of
56 UM target protein, are presented in Figure S5. None of these
conditions was found to result in full restoration of the initial
baseline; however, incubation in solutions of 1 M imidazole, 10
mM glycine/HCl pH 2.5 or 100 mM HClI (at pH 2.0) had the best
effect. Next, we studied the reusability of the immunosensor in
three consecutive cycles, where the biosensor was regenerated
for 30 min in between the cycles utilizing these three
regeneration solutions, see Figure S6. It should be noted that

10 | J. Name., 2012, 00, 1-3

we performed a 30 min exposure of the immunosgnsar.te,the
regeneration solution for a proper Debritp¥¥i86PARE01TAe
aptasensor. Nevertheless, a shorter regeneration of 5 min
results in a similar regeneration performance, see Figure S7,
indicating that the exposure time (in this solution) has a
negligible effect. Baseline drift in successive experiments, i.e.,
incomplete return to the original EOT value following exposure
to the regeneration solution, was observed for all studied
conditions, as shown in Figure S6. It should be pointed out that
despite the harsh regeneration conditions (combination of low
pH and relatively long exposure of 30 min to the regeneration
solution), a maximal EOT decrease of only ~56% is achieved (for
the use of 1M imidazole), indicating that the protein target was
only partially eluted. Moreover, this moderate decrease in the
EOT values also suggests that possible elution of the antibody
molecules, due to possible disruption of the IgG binding to the
immobilized protein A %7, is minor (the antibody molecular
weight is ~5 times higher than that of the target protein and
thus its elution should induce a pronounced decrease in the EOT
value ©%). Based on the results presented in Figure S6, the
combination of 10 mM glycine/HCI pH 2.5 (see Figure S6-111) was
used for our subsequent studies as the achieved biosensing
performance, in terms of the attained new signal in comparison
to that achieved during the first biosensing cycle, was found to
be better. For example, 80% compared to 55% for 10 mM
glycine/HCl pH 2.5 and 1M imidazole, respectively, for the
second biosensing cycle compared to the first.

Figure 5 summarizes the results of the biosensors’ regeneration
experiments. Figure 5b presents the attained EOT signals
(expressed as percent of the first biosensing cycle signal) of the
oriented-antibody and the aptamer-immobilized PSiO, upon
three consecutive biosensing experiments. The biosensors were
exposed to a high concentration of the target protein (56 uM)
followed by a regeneration step (using 10 mM glycine/HCI
pH 2.5 for the immunosensor and 1 M imidazole for the
aptasensor). The characteristic real-time biosensing curves for
these experiments are depicted in Figures 5c and 5d. Following
the first regeneration step, the aptasensor performance has
decreased by ~10%, see Figure 5b. Yet, after this initial
decrease, the biosensor response was highly reproducible upon
subsequent cycles, demonstrating a fair recyclability. It should
be noted that a full baseline restoration after each biosensing
cycle is not achieved (see Figure 5c). This is in contrast to our
previous report for the 6H7 aptasensor 28 and may be attributed
to the high target concentration used here, as well as to the
different protein targets (tyrosinase vs. lipase). It is well
established that the high structural complexity of proteins
allows aptamer binding in different modes through a variety of
attractive forces, which in turn significantly affects the binding
strength >% ¢¢_ For the immunosensor, a greater activity loss of
~20% is observed in the second biosensing cycle, and by the
third cycle, the collected signal is further decreased to 58+9%.
Thus, regeneration of the immunosensor is not achieved using
the common regeneration conditions studied here. This can be
ascribed to the poor structural stability of the antibody
following its denaturation, compared to the aptamers ®, and
may require a further tedious probing of different regeneration

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Schematic illustration of the biosensor regeneration concept. (b) Relative signal (presented as % of the EOT signal collected in the first biosensing cycle) collected from the

(oriented) antibody- and the aptamer- biofunctionalized PSiO? upon three successive exposure cycles to 56 uM tyrosinase. After each exposure to the protein, the biosensors were

regenerated with solutions of 10 mM glycine/HCl pH 2.5 or 1 M Imidazole supplemented SB, for antibody or aptamer biosensors, respectively. (n.s) or (*) indicate non-significant or
statistically significant difference, respectively, between the oriented antibody and aptamer-based biosensors (t test, n > 3, p < 0.05). Relative EOT changes vs. time upon exposure

of the (c) aptamer and (d) oriented antibody-biofunctionalized PSiO, to 56 uM Tyrosinase in three consecutive biosensing cycles, utilizing a regeneration solution of 1M imidazole

for the aptasensor and 10 mM glycine/HCI pH 2.5 for the immunosensor. A, B and C indicate incubation with SB or PBS buffers, with the target protein or with elution buffer,

respectively.

conditions for the immunosensor. The better performance of
the aptasensor in the successive cycles can be also referred to
the greater number of binding sites available for the target, due
to the higher immobilization density of the aptamers. Thus,
although full restoration of the biosensor is not achieved after
each biosensing cycle, there are still sufficient binding sites for
the target, at this high target concentration (56 uM). This makes
the aptasensor reusable for at least three biosensing
experiments of 56 UM tyrosinase, and could potentially be

This journal is © The Royal Society of Chemistry 20xx

utilized for up to 12 consecutive biosensing cycles, according to
our previous work 28, It should be noted that in this work we
have utilized imidazole as the eluting agent similarly to IMAC
columns; however, aptamers can be also reversibly unfolded to
release their target by a simple heat denaturation 2, which is
not applicable for immunosensors. Thus, for potential practical
application, the PSi-based aptasensors can be easily
regenerated by heat treatment, which will further simplify the
regeneration process.
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Conclusions

This study presents a direct comparison for the specific
detection of a model target protein, his-tagged tyrosinase, with
antibody and aptamer capture probes, utilizing optical PSi-
based biosensors. The 6H7 aptamer is compared to anti-his-tag
antibodies, where the latter are immobilized onto the PSiO,
nanostructure in a random or Fc-oriented configuration. The
aptamer’s smaller size allows surface immobilization at much
higher density, resulting in a larger number of binding sites on a
similar PSiO, surface. However, in practice, both the aptamer
and the oriented antibody-based biosensors present a similar
biosensing performance in terms of the dynamic detection
range, measured detection limit, binding rate and selectivity.
Thus, the oriented conjugation route of the antibodies allows
for similar performance even though the biosensor target
binding capacity is smaller.

In contrast, a simple random immobilization of antibodies onto
the PSiO, biosensors does not allow target detection. Although
their surface density is comparable to that achieved by oriented
immobilization, only ~10% of the randomly oriented antibodies
were active. Thus, the laborious directed immobilization of the
antibodies, even though decreasing the available free porous
volume, and extending the fabrication time and costs, is
required for successful target detection. Our main conclusion
from the study is that by tailoring the immobilization chemistry
and orientation of the bioreceptor, a similar biosensing
performance can be achieved on the same transducer.

The aptasensor advantages are reflected in the practical
fabrication, use and storage of the biosensor. The aptasensor
fabrication is much faster and cost effective, compared to the
immunosensor. Also, the high stability of the DNA aptamers
allows for the aptasensor effective storage in dry conditions at
room temperature before usage. Contrary, the immunosensor
should be stored in a refrigerator in wet conditions, limiting its
long-term storage. Importantly, the aptamer’s ability to
undergo reversible denaturation enables regeneration of the
aptasensor for multiple uses. In contrast, the immunosensor
cannot be regenerated without a significant activity loss after
the first biosensing cycle.

It should be also pointed out that at lower target concentration,
the sensitivity of both biosensors has been mainly limited by the
PSi transducer, leading to a similar detection limit. Thus, the
performance of both bioreceptors at the lower detection range
could not be effectively compared. Our future work focuses on
improving the limited sensitivity, while in the present work our
main attention is directed to the comparison of the capture
probes.
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