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ABSTRACT: Recent evidence suggests that proinflammatory
cytokines, such as tumor necrosis factor a (TNF-a), play a pivotal
role in the development of inflammatory-related pathologies
(covid-19, depressive disorders, sepsis, cancer, etc.,). More
importantly, the development of TNF-a biosensors applied to
biological fluids (e.g. sweat) could offer non-invasive solutions for
the continuous monitoring of these disorders, in particular,
polydimethylsiloxane (PDMS)-based biosensors. We have there-
fore investigated the biofunctionalization of PDMS surfaces using a
silanization reaction with 3-aminopropyltriethoxysilane, for the
development of a human TNF-a biosensor. The silanization
conditions for SO ym PDMS surfaces were extensively studied by
using water contact angle measurements, electron dispersive X-ray
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and Fourier transform infrared spectroscopies, and fluorescamine detection. Evaluation of the wettability of the silanized surfaces and
the Si/C ratio pointed out to the optimal silanization conditions supporting the formation of a stable and reproducible aminosilane
layer, necessary for further bioconjugation. An ELISA-type immunoassay was then successfully performed for the detection and
quantification of human TNF-«a through fluorescent microscopy, reaching a limit of detection of 0.5S ug/mL (31.6 nM). Finally, this
study reports for the first time a promising method for the development of PDMS-based biosensors for the detection of TNF-a,

using a quick, stable, and simple biofunctionalization process.
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1. INTRODUCTION

Inflammatory-related diseases are among the leading causes of
disease burden in the world."” For instance, patients suffering
from major depressive disorders demonstrate an inflammatory
response with increased levels of cytokines and chemokines in
the blood and the brain.>* Studies have shown that tumor
necrosis factor @ (TNF-a), interleukin 6 (IL-6), interleukin 1-
B (IL-18), and C-reactive protein are the most reliable
biomarkers of inflammation.”~” In particular, TNF-a is
involved in many inflammatory diseases such as arthritis,
Crohn’s disease, psoriasis, sepsis, pulmonary disorders, heart
failures, covid-19, etc.,°”® Therefore, being able to capture and
quantify it in various biological fluids (blood, sweat, saliva,
etc.,) could greatly benefit the monitoring of many pathologies.
Very few sensors have been targeting cytokines for health
applications,'°™"* focusing on interleukin-6'>'* and TNE-
a'®7'5 71 with electrochemical sensing on inorganic
materials.

For improved analysis quality, biosensors can be integrated
into a lab-on-chip or microchip for analyte collection,
transport, and low-volume reactions.”” >> To this day,
polydimethylsiloxane (PDMS) remains one of the most used
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materials for microfluidics, thanks to its biocompatibility,
flexibility, low cost, and ease-of-use.”> However, using PDMS
comes with trade-offs as pristine PDMS is known for its
hydrophobicity causing a strong adsorption of biomolecules. A
variety of processes has been developed™* 7 either for surface
property modifications (hydrophobicity change and molecule
absorption prevention) or molecular grafting.

Only a minority of devices include a biosensitive surface
inside a microfluidic channel as it requires a reproducible and
stable surface chemistry for biomolecule conjugations.
Silanization reactions have been shown to be a convincing
method for PDMS bonding,zg_30 surface modification for
molecular grafting,””*'~>* or even for preventing biofouling.**
Silanization of PDMS relies on readily producible silanol
groups for covalent bonding of silane molecules. Among the
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available silanes, 3-aminopropyltriethoxysilane (APTES) is a
well-known and commercially available reagent with a terminal
amine allowing conjugation with biomolecules. A proper
grafting of APTES on the PDMS surface offers stable free
amine functions that could be used for bioconjugation with
various molecules such as antibodies, enzymes, and DNA and
RNA-based molecules.”> The versatility of the developed
platform can therefore benefit multiple lab-on-chip applica-
tions.

Several studies have used APTES for PDMS functionaliza-
tion in its pure form’>*® or by diluting in different
solvents.***>*"~*! However, the silanization reaction is rarely
controlled and only used as a surface preparation step.
Developing a sensitive and reproducible detection surface is
of paramount importance for human TNF-a detection
considering its very low level in biological samples (~0.5 pM
for sweat). Silanization reactions are highly sensitive reactions
as APTES and silanes, in general, react very easily with water
through a polymerization reaction, which is, most of the time,
undesirable to obtain a clean and homogenous silane layer with
readily accessible amine groups.*” Therefore, conditions have
rarely been optimized to reach a quality silane layer necessary
for further bioreactions. Previous works, including ours, have
followed a similar approach but were focused on silicon
silanization and detection of different biological targets.”™*”**

While some studies have been using APTES on PDMS
without prior activation of the surface,””** it has been shown
that activating the PDMS surface right before silanization
would increase the grafting efficiency.”*® To the best of our
knowledge, no comprehensive study related to controllable and
stable direct PDMS silanization by APTES has been proposed.

In this study, the PDMS functionalization process by APTES
has been deeply investigated for the first time. An extensive
characterization of the surface properties has been performed
to ensure reproducibility and quality of the modified surface.
This paper reports an investigation of the biofunctionalization
of a PDMS surface through an amino—silanization reaction
with APTES toward a highly controlled integration process on
biosensors. We have also investigated the correlation between
controllable silanization and surface biofunctionalization. This
study has been applied to human TNF-a detection. The
following work aims to provide a quick, simple, and efficient
approach for PDMS functionalization with nondestructive
characterization techniques for promising applications in TNF-
a detection and quantification.

2. MATERIALS AND METHODS

2.1. Materials. PDMS elastomer kit Sylgard 184 was obtained
from Dow Corning. Ethanol 99%, acetone, and isopropyl alcohol of
VLSI grade were obtained from Technic France. APTES, bovine
serum albumin (BSA), fluorescamine (>98% TLC), phosphate buffer
saline, Tween 20, animal-free recombinant human TNF-a, mouse
monoclonal antihuman-TNF-a, FITC-tagged antimouse IgG, and
FITC-conjugated antigoat IgG Fc specific and goat polyclonal
antiporcine TNF-a were all obtained from Sigma-Aldrich Co. 2 in.
silicon wafers were obtained from BT Electronics.

2.2. Silanization of PDMS. 2.2.1. Thin Film Preparation and
Silanization. PDMS samples and silanization were prepared as
described previously®” (see Figure 1). Samples were split in four equal
pieces using a diamond cutter before silanization for characterization
studies and in eight equal pieces for antibody grafting and
immunocapture.

2.3. Wettability Measurements. The wettability measurements
were done using the apparatus and procedure described previously."’
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a.

Figure 1. (a) Picture of a 2 in. Si wafer, (b) picture of a 2 in. Si wafer
with a spin-coated 50 ym PDMS layer, (c) SEM picture of a 2 in. Si
wafer, (d) SEM picture of a 2 in. Si wafer with a spin-coated SO ym
PDMS layer.

2.4. Energy Dispersive X-ray Spectroscopy Analysis. Energy
dispersive X-ray spectroscopy (EDX) measurements were carried out
using the same apparatus described previously.*’

2.4.1. Silanization Condition Studly. Sam})les were analyzed using
the same conditions as in previous work.”” The EDX values were
averaged from five measurements at different locations on the sample
with an analysis window of 1 mm X 500 gm. Noran System Six
software was used for data collection and analysis. Net counts of X-
rays were used for comparing samples and conditions instead of the
atomic percentage given by the software as theoretical attribution
models traditionally used for the identification are based on inorganic
reference samples which would have a very different structure than a
polymer.

2.4.2. Investigation of the Silane Layer on Selected Silanization
Conditions. For a specific study of the silane layer on PDMS samples,
different observation conditions were used to enhance the silane
signal by grazing the surface. Samples were analyzed at S kV (107°
mbar, Low Acceleration Bias) at 3.2 nA as probe current. Peak counts
were averaged from five measurements distributed along the surface.
Three tilt positions were tested: 0, 30, and 45° tilt. Noran System Six
software was used for data collection and analysis. Net counts of X-
rays were used for comparing samples and conditions instead of the
atomic percentage given by the software, as explained in the previous
section.

2.5. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared spectroscopy (FTIR) measurements were
performed on a the same apparatus as in ref 39. All analysis areas
were defined with the microscope prior to FTIR measurements.
Results were then treated with the Varian Resolutions Pro software.
The sample with a 50 ym PDMS layer treated with oxygen plasma
was used as the background and subtracted from the silanized samples
spectra.

2.6. Fluorescamine Detection and Fluorescence Micros-
copy. Free amine identification on silanized PDMS samples was done
using a fluorescamine solution at 2 mg/mL in acetone. 250 uL of that
solution were mixed with 2.25 mL of PBS (1X). Silanized samples
were then immersed in the solution for 1 min. Samples were then
washed three times with PBS (1X) and dried before being observed.
Fluorescence microscopy was carried out on a large-field-inversed
fluorescence microscope (Axio Observer, Zeiss) with a 10X
magnification and acquisition time of 160 ms at 385 nm excitation
and 475 nm emission. Quantification of fluorescent signals on PDMS
samples was done using Icy software . Three pictures were collected
per sample. The mean fluorescence intensity was calculated for each
picture. Two intensity thresholds were then defined: a low-end filter
to cut the background noise that could be attributed to potential
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shadows or light aberration occurring in the microscope; a high-end
threshold to cut out the most intense points of the picture that could
be attributed to aggregation of silanes or fluorophores. Based on this
procedure, most of the information was conserved; only the most
aberrant pixels are taken out. Fluorescence intensities were averaged
on three pictures per sample, and standard deviation (SD) was
calculated to assess the repeatability of the fluorescence detection.
The mean square error (MSE) was also calculated to assess the
homogeneity of the fluorescence intensity on the surface for each
picture.

2.7. Antibody Grafting on Silanized PDMS Surfaces and
Concentration Studies for Immunocapture. 2.7.1. Concentra-
tion Study for Primary Antibody Grafting. All experiments have
been carried out in a clean room environment on the 1 cm? surfaces
previously silanized and using triplicates. Plasma-treated PDMS
without exposure to silane were used as control samples. Diluted
mouse monoclonal antihuman TNF-a antibody solutions were mixed
with 100 L of EDC (S mg/mL) and 100 uL of S-NHS (8 mg/mL).
200 uL of antibody solutions was deposited on the silanized PDMS
surfaces and left at 4 °C overnight in a glass container on an orbital
shaker under medium stirring. The samples were rinsed five times
with PBS containing 0.05% Tween 20. Surfaces were then blocked
with a solution of PBS, 2% BSA solution for 2 h at room temperature
(20 °C), then washed five times with PBS containing 0.05% Tween
20, and carefully dried under nitrogen. 200 uL of a solution of FITC-
conjugated antimouse IgG (1:100) was added on the surface and left
to react for 2 h at room temperature. Samples were then washed five
times with PBS and Tween 20 (0.05%), one time with PBS, and one
time with deionized water. Samples were then dried with nitrogen
before observation with a fluorescent microscope.

2.7.2. Concentration Study for Human TNF-a Immunocapture.
All experiments have been carried out in a clean room environment
on the previously silanized 1 cm? surfaces and in triplicates. Samples
were grafted with mouse monoclonal antthuman TNF-a following the
previous process at a concentration of 1.0 sg/mL. The samples were
rinsed five times with PBS containing 0.05% Tween 20. Surfaces were
then blocked with a solution of PBS, 2% BSA solution for 2 h at room
temperature (20 °C), then washed five times with PBS containing
0.05% Tween 20, and carefully dried under nitrogen. 150 uL of
diluted human TNF-a solutions in PBS was added to the surface for
immunocapture for 2 h at room temperature. The samples were
rinsed five times with PBS containing 0.05% Tween 20. 150 uL of
diluted goat polyclonal antiporcine TNF-a antibodies at 10 pg/mL in
PBS and Tween 20 (0.05%) was added to the surface as detection
antibody™® and left to react for 2 h at room temperature. The samples
were rinsed five times with PBS containing 0.05% Tween 20. 150 uL
of diluted FITC-conjugated antigoat IgG (100 yg/mL) was added to
the surface and left to react for 2 h at room temperature. Samples
were then washed five times with PBS and Tween 20 (0.05%), one
time with PBS, and one time with deionized water. Samples were then
dried with nitrogen before observation with a fluorescent microscope.

2.7.3. Control Experiments on Bare PDMS, Blank Sample, and
Control Sample without Primary Antibodies. For the comparison of
bare PDMS and APTES-modified PDMS, samples followed the same
protocol as previously described using a primary antibody
concentration of 1 ug/mL. TNF-a was added at a concentration of
1 pg/mL. Detection antibodies and FITC-conjugated antibodies were
used at 1 yg/mL and 10 pug/mL, respectively.

For the study of the APTES-modified samples without primary
antibodies, samples followed the same protocol. Two sets of samples
were studied with a TNF-a concentration of 1 and § pug/mlL,
respectively. Detection antibodies were used at 1 and 10 pg/mL.
FITC-conjugated antibodies were used at 10 and 100 pg/mL.

A blank sample with 0 sg/mL of human TNF-a followed the same
protocol with detection antibodies and fluorescent antibodies at 1 and
10 pug/mL, respectively.

2.8. Fluorescence Microscopy on Functionalized PDMS
Surfaces with FITC-Tagged Antibodies. Microscope observations
were realized with the same microscope setup as in Section 2.6 but
with an acquisition time of 1500 ms at 475 nm exc. Five pictures per
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sample were taken for the different experiments. Mean fluorescence
intensities and mean square error were calculated for each picture. SD
was calculated between the replicates’ fluorescence response.

Quantification of fluorescent signals on functionalized PDMS
samples with FITC-tagged antibodies was done using Icy software.
See Supporting Information for more details about the image
treatment.

2.9. Statistical Analysis. All data were expressed as mean + SD.
A Mann—Whitney test was used to determine statistical significance
between groups. A p-value of less than 0.05 was taken as meaningful
difference.

For the silanization condition screening study, mean values and SD
were calculated based on 10 points per sample for WCA and S points
per sample for EDX analysis.

For the EDX tilt study, mean values and SD were calculated based
on S points per sample.

For antibody grafting and immunoassay, experiments were carried
out using triplicates. Mean fluorescent intensities and SD were
calculated based on $ pictures per sample.

3. RESULTS AND DISCUSSION

3.1. Silanization and Characterization of the Modi-
fied PDMS Surface. 3.1.1. Screening Study of the
Silanization Conditions. 50 ym-PDMS surfaces were prepared
in a clean room environment according to a highly controlled
process. Thin-film preparation control is critical for obtaining
flat and homogeneous surfaces. Wafers were spin-coated with a
10:1 PDMS mix at 1000 rpm during 90 s on a spin-coater and
then cured at 75 °C during 1 h in an oven. A targeted thickness
of 50 ym was obtained with a +1 pm accuracy, as verified by a
mechanical profilometer.

To prepare PDMS films for silanization, substrates were
treated with oxygen plasma (160 W, 0.4 mbar) for 1 min to
create silanol groups on the surface. Silanization with APTES
was performed at a constant humidity rate (1—5%), temper-
ature (22 + 1 °C), and pH (pH 7 to 8) at various
concentration in ethanol and various reaction times from 15
min up to 1 h. Samples were then rinsed and dried.

Characterization of surface modification on PDMS is usually
done using the water contact angle (WCA), X-ray photo-
electron spectroscopy (XPS), and Fourier transform infrared
(FTIR) spectroscopy.””** WCA and FTIR analyses do not
require any sample preparation, being quick and easy to carry
out and giving important information about the surface
properties and chemical composition of the surface. XPS
analysis allows a precise investigation of the surface elements
and their respective oxidation state for the first few
nanometers. However, the very strict vacuum conditions and
surface state (<1075 Pa)’**" are not always compatible with
silicon polymers that outgas inside the chamber”” and require a
very rigorous sample preparation procedure. On the other
hand, EDX gives information about the elements in the first
few microns of the surface, giving atomic distribution of the
sample (without oxidation states), under milder vacuum
conditions (~1072 Pa). Finally, it can be done easily and
quickly (~15 min per sample) within a standard SEM
installation without sample pretreatment, which is an
important aspect to consider for screening different prepara-
tion conditions of APTES-modified PDMS samples. Very few
studies have used EDX analysis for PDMS and silanes but it
allowed discrimination of APTES within PDMS-coated
nanoparticles for functionalization,”' cell membrane analysis
from a PDMS-base microfluidic cell culture,”* and APTES-
modified PDMS surface analysis before metal deposition.”®
Finally, EDX is an easy-to-use and fast technique, allowing for
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a semi-quantitative analysis of surface modification. In this
study, we used a combination of WCA, EDX, FTIR, and
fluorescent microscopy to characterize the silanized surfaces.

Bioconjugation between immobilized APTES molecules and
antibodies is done by creating an amide bond using EDC (N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlor-
ide) and S-NHS (N-hydroxysulfosuccinimide sodium salt)
coupling with the aspartate and glutamate amino acids inside
the antibody structure (see Figure 2). S-NHS is used to
improve the solubility and stability of the active ester
intermediate in aqueous solutions, increasing the conjugation
reaction yield.”

Wettability measurements were performed to follow the
modification of the surface after plasma oxidation and
silanization. PDMS is a hydrophobic polymer once it is
cured (116.6 = 0.7°, see Table S1 in Supporting Information).
Through O, plasma treatment, the surface becomes tempora-
rily hydrophilic with a very low contact angle (<5°), below the
software measurement limit (see Table S1), due to the creation
of silanol groups. Plasma treatment is needed for surface
activation, and several studies have reported the modifications
induced by plasma treatment on PDMS samples.”* > The
silanol groups created on the surface allow for a condensation
reaction to occur with silane molecules, improving the grafting
of APTES on the polymer. Without plasma activation, very few
hydroxyl groups would be available and APTES molecules
would be weakly bonded to the surface.

Following silanization, contact angles were measured 24 h
after reaction to allow the surface to stabilize as significant
changes occur in the silane density during the first hours after
reaction. The presence of the amine groups and the carbon
chains of APTES resulted in a more hydrophobic surface with
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higher contact angles varying from 70 to 90° (see Figure S1),
in agreement with the value range from the literature for the
APTES-modified PDMS surface.””***”® These values support
the modification of a hydrophobic surface (WCA > 90°)
toward a more hydrophilic one (WCA < 90°), whose behavior
would vary depending on silane molecule orientation and
reorganization as APTES molecules have both hydrophilic
(=NH,) and hydrophobic (carbon chain) parts. Reference
measurements on the plasma-treated sample immersed in
ethanol without APTES were carried out. WCAs tend to be
lower than silanized surfaces (72.7 + 16.6°, see Table S1) but
higher than plasma-treated PDMS. Due to hydrophobicity
recovery of PDMS, the surface of the control sample is covered
with —=SiO,— (x = 3—4), —Si(O,CH;)—0, and Si(OH),—O
groups which tends to both decrease and increase hydro-
phobicity.”” High SDs observed in Figure S1 can be explained
by the plasticity of the polymer materials. Native PDMS
samples tend to have a random surface structure that would
affect the chemistry of the following functionalization treat-
ment. In our case, PDMS sample preparation was highly
controlled in order to minimize the heterogeneity of the
surface on each sample as well as the variability among the
different prepared samples. The entire process was carried out
inside a clean room facility, with an industrial spin-coater, after
carefully mixing and degassing the PDMS mix. The cured
PDMS samples were characterized with WCA and AFM. Very
little variations were observed along the surface of the sample
(surface roughness less than 2 + 0.1 nm, see Figure S2 in
Supporting Information), offering a stabilized starting material
before chemical modifications.

Several studies have reported the mechanisms involved in
the hydrophobic recovery of the polymer after plasma
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treatment.”*~>° This behavior would affect the surface state of

the sample, possibly degrading the first chemical modifications
brought by the silanization reaction. APTES molecules would
suffer from the surface reorganization at first but would
stabilize with time as silane layers start to build. Reaction times
of less than 45 min induced significant shifts in hydrophobicity.
Contact angles were less affected by variations in APTES
concentration but nonetheless surfaces became significantly
more hydrophilic at low concentrations (10—20%) and short
reaction times. As supported by the first WCA screening study,
favorable silanization conditions could be obtained with a
reaction time of 30 min and APTES concentrations of 10—
20%.

Further investigation of silanization was made using EDX
analysis, as a semi-quantitative method for investigating
polymer surfaces. EDX allows the determination of atomic
distribution in the first few microns of the surface. Regarding
our analysis, three atoms were detected in various amounts: C,
O, and Si (see Figure 3). A low voltage of 3 kV was used for

30004 c — 50% APTES
— 30% APTES
— 20% APTES
« 2000+ — 10% APTES
€ o
=] —— Plasma-treated PDMS
8 --- Native PDMS
T 10004 s
o] A
T T T 1
0.0 0.5 1.0 1.5 2.0

Electron energy (keV)

Figure 3. EDX spectrum of native, plasma-treated, and silanized
PDMS samples: silanization has been performed for 30 min at
different concentrations of APTES in ethanol.

analysis in order to prevent overcharging the surface, resulting
in a more reliable analysis. Nitrogen was expected at first to be
detected, but its low relative abundance within the sample
(<3%) and its low energy of the K shell (0.392 keV) make it
hard to detect with a standard electron detector as energy
resolution between C, N, and O remains an issue.*’ Nitrogen
atoms could be expected only in the very first nanometers of
the surface with a very superficial analysis, although these first
molecular layers would have highly variable molecular
conformations, making it hard to confirm element detection
and exclude contamination. The investigation of nitrogen to
support the presence of amine functions on the surface is more
accurately done and validated with the fluorescamine and
FTIR analysis in part 3.1.2. Therefore, only carbon, oxygen,
and silicon amounts were studied by EDX measurements.

Figure 3 shows the EDX spectrum of several PDMS samples
with corresponding peaks for C, O, and Si K shells. Heights of
peaks allow for quantification of atom relative abundance
within the samples. Native PDMS shows a very low level of
silicon, whereas plasma-treated PDMS shows the highest
amount of Si. Silanized samples shows a variation of these
components as the APTES concentration varies.

Zhang et al.”® used a similar approach for characterizing
PDMS surfaces silanized with APTES before metal deposition.
They also used WCA analysis but obtained unexpected results
with a 55 + 10° angle on pristine PDMS. PDMS is known for
being highly hydrophobic, and WCAs should be measured
above 100° as previously explained. Concerning EDX
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measurements, they analyzed the amount of C, O, and Si on
PDMS and APTES-modified PDMS but obtained very
different results from the two samples. Silicon and carbon
contents differ from our analysis which could be explained by
different analysis conditions, considering that the paper is not
mentioning the conditions used for EDX measurements, as
well as the use of the theoretical model for atomic
quantification. We used direct hit counts instead of the atomic
percentage from the software as the structure of reference
samples in the software model is usually an inorganic sample
while our analysis refers to an organic polymer. Our study
offers a more comprehensive approach for the understanding
of the mechanism involved in the formation of the clean silane
layer.

To characterize the quality of the silanization reaction,
regarding the surface state and successful silanes grafting on
PDMS, we evaluated the quality of the silane layer by following
the variation of the ratio between Si and C (Si/C). A good
quality silanization is characterized by a high amount of silane
on the surface, organized as a single layer of molecules, with a
good homogeneity in the repartition of molecules on the
surface. Pristine PDMS (—[O-Si(CH;),],—) is mostly
composed of carbon. In methyl groups (—CH,) having a
high steric hindrance, incoming electrons would hit carbon in
majority. Through EDX analysis, pristine PDMS would
therefore show an increased carbon amount with a drop signal
from silicon as few electrons would hit silicon, and a lower Si/
C ratio could be expected. After plasma treatment, the methyl
groups are replaced by silanol groups with relatively lower
steric hindrance and therefore allow silicon to be detected,
while diminishing the carbon amount on the surface. The Si/C
ratio is then expected to rise as Si increases and C decreases.
However, APTES (CoH,;NO,Si) has also a high amount of
carbon due to the carbon backbone and some silicon.
Successful grafting of APTES with vertical silane orientation
would therefore reach an equilibrium state before surface
overloading with more APTES molecules. The Si/C ratio is
expected not to vary significantly, but with more APTES
molecules, electrons would be prevented from hitting silicon
and Si contribution would decrease while increasing C. The
Si/C ratio is expected to decrease slightly but variations of the
silane arrangements on the surface would yield varying Si/C
ratios, represented by high SDs on Figure 4.

Figure 4 shows a graphic evolution of the Si/C ratio
according to different reaction conditions. No X-ray from
silicon was observed for pristine PDMS, yielding a very low Si
level. The highest ratios are obtained with short times (<45
min) and moderate concentrations of APTES (10—20%). High
reaction time (>45 min) and concentrations over 30% yield to
a Si/C ratio decrease probably due to surface overloading with
APTES molecules. A high amount of APTES molecules in
solution yields a higher steric hindrance close to the surface,
therefore preventing more molecules to react with silanol
groups. This could be explained by the first silane layer covered
with other APTES molecules linked with weaker bonds
through electrostatic interactions from the amine and hydroxyl
functions as well as van der Waals interactions from the carbon
backbone. The higher amount of carbon and lower amount of
silicon demonstrate that the signal from silicon is screened by
the carbon signal from the carbon backbone of APTES. High
amounts of APTES are detrimental to the homogenous
silanization of the surface with amine groups available for
further conjugation. It is probable that short reaction times
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Figure 4. Evaluation of Si/C ratio as a function of APTES concentration (0, 10, 20, 30, and 50% in ethanol) for different reaction times with EDX
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Figure 5. WCA measurements on various PDMS samples at different ageing times after plasma-treatment (left) and silanization reaction with 20%
APTES for 30 min (right). Points plotted do not necessarily belong to the same aged PDMS sample; several measurements at various times were

pooled.

(<15 min) did not allow the grafting of enough amine groups
on the surface and most silane molecules would be weakly
linked to the surface through noncovalent interactions. On the
other hand, long reaction times (>45 min) probably cause
surface overloading which tend to decrease the silane layer
quality.

From Figure 4, favorable silanization conditions can be
selected (see red boxes), allowing enough time and silane
molecules to react with the silanol groups on the PDMS
surface without showing signs of degradation through a
decrease of the Si/C ratio or an increase in its SD. No
significant differences (p > 0.0S) could be noted for reactions
shorter than 30 min and concentrations below 30%. We
concluded that low APTES concentrations (<30%) and short
reaction times (between 15 and 30 min) are more suitable to
prevent surface overloading with APTES molecules, diminish-

1312

ing amine function availability for further reaction with
proteins. Finally, the EDX study needs to be considered
within the whole strategy including the WCA analysis. WCA
and EDX screening studies pointed out that a significant
degradation of the silanization quality occurs after 45 min of
reaction and a silane concentration higher than 30%.

From the region corresponding to the favorable conditions
for the PDMS silanization, we selected our reaction time to be
30 min with 20% APTES, offering enough time and available
silane molecules for the reaction to reach an equilibrium state
without risking silane aggregation.

3.1.2. Study of the Silane Layer Quality in the Selected
Silanization Conditions. After screening the different
silanization conditions of PDMS surfaces, the selected
conditions were more thoroughly characterized to better
qualify the silane layer and amine function availability.

https://dx.doi.org/10.1021/acsabm.0c01188
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Figure 6. Left: Impact of tilting during EDX analysis of various PDMS samples: native PDMS, plasma-treated PDMS and silanized PDMS (20%
APTES, 30 min). Right: Schematic of the tilted positions of the sample inside the SEM chamber with respect to the electron beam and EDX probe.

Setting the APTES concentration and reaction time to 20%
and 30 min, a more thorough and extensive investigation of the
surface was done using WCA and EDX. Stability of different
samples was evaluated over a period of 45 days with WCA (see
Figure S). After silanization, WCAs on silanized surfaces
reached 68.7 + 6.6°, compared to 70.2 + 15.0° for plasma-
treated samples, demonstrating a more hydrophilic behavior of
the surfaces due the amine functions of the silane. Over the
days, this behavior declined as the silanized samples recovered
some hydrophobicity but seemed to stabilize at an 85° WCA
while plasma-treated-only samples behave more randomly,
recovering most of their hydrophobicity over seemingly
random times. This highlights that plasma-treated and
APTES-modified PDMS surfaces may undergo significant
surface reorientation after a few days, but silanized samples
remain globally stable, thanks to silane molecules. A similar
behavior has been reported by Séguin et al. on PDMS modified
with APTMS.* The initial WCA values over the first few days
(~70°) characterize a more hydrophilic behavior of the
surface, offering a good starting point for further biochemical
reactions in the process.

Additionally, EDX measurements were performed with
varying tilt positions of the characterized samples. By tilting
the sample, we used a grazing angle condition to reach a more
surface sensitive analysis and collect more information about
the silane layer.”” Native, plasma-treated and silanized PDMS
samples were compared along three tilt positions: 0, 30, and
45°. Figure 6 shows the impact of the tilt on the Si/C ratio for
the different PDMS samples.

From Figure 6, we can conclude that tilted EDX analysis
allowed to bring out the differences between the different
PDMS treatments. A grazing angle of analysis changes the
diffusion cone of the electron in the sample, enabling more
electrons from the upper layers to be excited and detected.”
Electron-rich atoms like Si are then more visible while carbon
contribution drop. Therefore, silanized PDMS showed a
significantly (p < 0.05) higher Si/C ratio, especially at tilt
45°. Compared to the previous study on silanization
conditions in Section 3.1.1, EDX analysis conditions were
changed and optimized to enhance these differences. Here, a
significant (p < 0.05) change occurred on the Si/C ratio after
plasma-treatment and more importantly following silanization.
At tilt 0, these differences are less striking and the Si/C ratio of
plasma-treated and silanized PDMS is close but still
significatively different (p < 0.05). However, by tilting the
sample from 0 to 45° it increased the contribution of the
surface, allowing a better discrimination between the samples
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and a more accurate characterization of the silanization
process. We could therefore highlight significant differences
(p < 0.05) between native PDMS, plasma-treated PDMS and
silanized PDMS at tilt 45°, supporting an adequate PDMS
modification after silanization, and confirm the presence of a
silane layer on the PDMS surface after silanization of the
sample following the selected conditions from part 3.1.1.

Investigation of free amine availability and reactivity after
silanization of the PDMS was done with fluorescamine.
Fluorescamine reacts easily with free amines with a high
specificity and gives qualitative and semi-quantitative informa-
tion about the silane layer quality. In this experiment, freshly
silanized PDMS samples (in the selected conditions from part
3.1.2) and control samples reacted with fluorescamine for 1
min. Figure S3 (see Supporting Information) displays images
acquired with a fluorescent microscope. Quantification of the
fluorescence intensity was performed after image processing. A
mean fluorescence intensity of 144.41 au (MSE of 49.01) was
obtained for silanized samples, whereas plasma-treated PDMS
displays a fluorescence of 124.4 au [mean squared error (MSE)
of 60.78]. This demonstrates that enough amine functions
were created on the PDMS surfaces through silanization,
allowing further conjugation with biomolecules, in comparison
to control samples. The mean squared error (MSE) gives
information about the homogeneity of the fluorescent signal
on the surface. Fluorescence intensity variations on silanized
samples could be attributed to variation in the silane
conformation on the surface, affecting the primary amine
availability for further reaction with fluorescamine. Several
studies®*"** have reported that different parameters could
affect the organization of the silane molecules on the surface
after silanization. Substrate topology, solvents, silane concen-
tration, and processing could promote the formation of SAMs
or multilayers with covalently bonded and weakly bonded
molecules. The selected silanization conditions (APTES
concentration, ethanol as solvent, and 30 min reaction time)
would most likely result in a multilayer of interlaced molecules
with free and bounded amines, causing a variable distribution
of available primary amines along the PDMS surface.
Moreover, as we previously explained in Section 3.1.1,
PDMS plasticity could also affect the surface behavior and
fluorescent response. Our main objective is to stabilize the
contribution of the PDMS chemical structure to our
functionalization process and render it as reproducible as
possible. Control sample fluorescence values are mostly due to
intrinsic fluorescence of PDMS.** This is illustrated by the
higher MSE.
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As previously explained, amine functions are key for further
bioconjugation on the surface. We used FTIR spectroscopy to
validate the presence of the chemical environment of amine
groups on the PDMS surface and confirm the appropriate
functionalization with APTES.

Figure 7 shows a typical IR vibrational spectrum for PDMS
pretreated with plasma and after APTES silanization using the
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Figure 7. IR vibrational features of the amino-silanized PDMS using
optimal conditions of treatment (20% of [APTES] and 30 min of
reaction). Plasma-treated PDMS sample was used as the background
and subtracted from silanized sample spectra.

optimal conditions (20% of [APTES] and 30 min of reaction).
As expected, the hydroxyl group and hydrogen-bonded water
molecule give a large band in the 3600 cm™' region. In
addition, the most relevant band is from 1100 to 1250 cm™
which is relative to the Si—O—Si vibrational modes, certainly
due the presence of the continuous silica layer as a background
layer for silanes. The vibrational band at 1140 cm™" should be
assigned to the stretching mode in the growing layer created by
APTES condensation reactions as confirmed in the literature.®*
Moreover, the NH, scissor vibration detected at 1580 cm™
highlights significantly the amine functions from APTES. On
the other hand, the features at 1640 cm™! could be attributed
to the symmetric and asymmetric —NH;" deformation mode
representatives of the protonated amine function occurring
when silanes get in contact with air.**° In the range of 3100—
3300 cm ™', a very weak vibrational band of asymmetric and
symmetric —NH stretching modes of the amine groups is
clearly identified, as mentioned in the literature.”® CH,
asymmetric and symmetric stretching modes are also observed

1

at 2860 and 2930 cm ™. Their presence could be related to the
propyl chains from the carbon backbone of APTES, although
the organic contamination of the native PDMS sample cannot
be excluded.

Finally, the various analysis made with WCA, EDX, FTIR,
and fluorescamine reaction gives a thorough validation for the
creation of a stable amine-layer on the PDMS surface.
Moreover, all the results point out to optimal silanization
reaction conditions to reach a stable and reproducible amine-
based molecular anchoring. The use of a variety of character-
ization techniques resulted in the better understanding of the
modification induced on the sample’s surface and helped
clarify encouraging outcomes when such surfaces are used as
biosensing platforms. The method presented here represents a
rapid way of modifying and characterizing PDMS surfaces
prior to bioconjugation. The following study uses the selected
silanization conditions (20% APTES concentration in ethanol
and 30 min reaction time) to functionalize PDMS surfaces
with anti-TNF-a antibodies for immunocapture of the
biomarker in solution relative to inflammatory-related
pathologies.

3.2. Antibody Grafting on Functionalized PDMS
Surfaces and Application to a Human TNF-a Immuno-
assay. To demonstrate the performance of the silanized
PDMS surfaces, mouse monoclonal antihuman-TNF-¢ anti-
bodies were grafted on the surface. Performance of bare PDMS
and APTES-modified PDMS was compared. Then, the samples
were tested for immunocapture of TNF-a following an
immuno-sandwich strategy, as depicted in Figure 2.

3.2.1. Comparison of Bare PDMS with APTES-Modified
PDMS and Assessment of the Immunocomplex Specificity.
Before assessing the surface for its capture efficiency of various
amounts of TNF-a, bare PDMS and APTES-modified PDMS
were compared in the same conditions (with TNF-a at 1 pug/
mL) following the grafting procedure described in 2.7.3. A low
concentration of antigen was chosen for this experiment in
order to assess the sensitivity of both surfaces, avoiding antigen
saturation of the surface. Fluorescent intensities of 19.36 +
0.24 and 17.88 + 1.02 au were obtained for silanized and bare
PDMS, respectively. SD of the fluorescent response along the
bare PDMS was four times greater than silanized PDMS,
meaning that silanization brings significant benefits to the
immunosensing process. Indeed, it confers a more consistent
and reproducible anchor for the grafting of the immunocom-
plexes, improving the biosensing performance and homoge-
neity of the response.

Additionally, a second and separate control experiment was
performed to evaluate the signal of APTES-modified samples
when no primary antibodies are immobilized on the surface.

Table 1. Fluorescent Microscopy Analysis of: (A) Control Samples Depending on Antigen and Detection/Fluorescent

Antibodies Concentrations (B) Blank Sample

TNF-a detection Ab FITC Ab
sample primary anti-TNF-a concentration concentration concentration mean fluorescent
line # type surface type antibody (ug/mL) (ug/mL) (ug/mL) (ug/mL) intensity & SD (au)
(A) Without a Primary Antibody Layer
1 control silanized PDMS with no 0 1 1 10 17.31 + 0.22
sample primary antibody
2 control silanized PDMS with no 0 N 10 100 16.42 + 0.14
sample primary antibody
(B) Without Antigen
3 blank silanized PDMS with 1 0 1 10 18.86 + 0.38
sample primary antibody
1314 https://dx.doi.org/10.1021/acsabm.0c01188
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Without a primary antibody layer, a fluorescence response of
17.31 + 0.22 au was obtained (see Table 1A below) in the
same conditions than the previous experiment, which can be
imputed to the background noise measured on bare PDMS
samples. Therefore, it was concluded that without a primary
antibody layer, no antigen and no detection/fluorescent
antibodies can be immobilized on the surface. The remaining
fluorescent signal was attributable to absorption of one of these
molecules in limited amounts. Moreover, antibody solution
concentrations did not affect the resulting signal as shown by
lines #1 and #2 of the table. These two control experiments
support a good specificity of the immunocomplex between its
components and a poor affinity for the bare PDMS surface.

Finally, these two experiments demonstrated that primary
antibody affinity for amine functions will most definitely drive
the complex to build on the silane molecules on the APTES-
modified surface, whose presence has been validated in the
previous study from part 3.1.

3.2.2. Grafting of Antihuman-TNF-a Antibodies on
Silanized PDMS. To demonstrate the performance of the
silanized PDMS surfaces, mouse monoclonal antihuman-TNF-
a antibodies were grafted on the surface and detected with
antimouse FITC antibodies. In order to determine the optimal
concentration for the grating of a capture antibody layer on the
surface, a calibration curve was plotted for the anti-TNF-a
antibody concentration from 0 to S ug/mL. BSA was used to
block nonspecific bindings of the fluorescent antibodies on the
PDMS surface. Figure 8 shows the calibration curve with a
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Figure 8. Fluorescence microscopy analysis of various capture
antibody concentrations on silanized PDMS samples: eight
concentrations of immobilized mouse monoclonal antihuman TNF-
a were tested: 0 pg/mL (as control), 0.125, 0.250, 0.500, 1.00, 1.50,
2.50, and S5.00 pg/mL. Native (non-silanized) PDMS was tested as
well.

linear range from O to 1.5 pg/mL. Fluorescence intensity
seems to reach a maximum and to decrease slightly at high
concentrations of antibodies as the surface is saturated with
proteins and antibodies start to aggregate. A quenching effect
could explain the slight intensity decrease at high concen-
tration.”” At lower concentrations, fluorescent intensity shows
a linear behavior, with a maximum concentration at 1.5 ug/mL
in the linear range. A working concentration around 1.0 ug/
mL would offer a stable and sufficiently functionalized surface
suitable for immunocapture without risking surface saturation
and antibody aggregation. We demonstrated that the silanized
PDMS samples show a linear response toward the grafting of
anti-TNF-a antibodies which is the first critical step for
immunocapture and detection of human TNF-¢, as depicted in
Figure 2. This must be considered as the first strong and
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reliable argument supporting the bioreactivity of the function-
alized PDMS surface.

3.2.3. Grafting of TNF-a Immunocomplex on Silanized
PDMS. Immunocapture of various amounts of TNF-a was
therefore investigated following the process depicted in Figure
2, with a working concentration of capture antibodies at 1.0
ug/mL according to the previous study. The Figure 9 inset
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Figure 9. Fluorescence microscopy analysis of human TNF-a
immunocapture on silanized PDMS samples. Human TNF-a
concentrations varied between 0 and 50.00 ug/mL. Silanized
PDMS with no antigen was used as the background sample.

shows the calibration curve of human TNF-a with a linear
behavior over a concentration range of 0.5-5 pg/mL
(determination coefficient being at 0.91). The blank sample
was evaluated when no antigen is added to the surface with a
primary antibody layer. A fluorescent response of 18.36 + 0.38
au, similar to control experiment samples from Section 3.2.1,
was obtained (see Table 1B), validating the fact that an
incomplete immunocomplex shows a weak fluorescent
response, identified as background noise. The blank sample
signal was therefore subtracted from the samples in the
following immunocapture study.

The fluctuations observed at high concentrations can be
attributed to the partial saturation of the binding sites on the
surface and a possible quenching effect from the fluorophore.’”
The limit of detection (LOD) was evaluated at 0.55 pug/mL
(ie. 31.6 nM)® showing a satisfactory sensitivity of the
surface. Other studies on TNF-a biosensing devices have
reached a limit of detection between 20 pg/mL and 25 ng/mL
using different detection methods known to be more sensitive
than fluorescent detection (QCM,'” electrochemical sens-
ingls). Few studies have used fluorescent detection of TNF-a
through antibody capture, and detection has been carried out
in solution using microbeads or in microplates, sometimes not
considering nonspecific absorption and washing steps.”’
Although the limit of detection is still high for accurate
detection of TNF-a in sweat or blood samples (working
concentrations are around ~pg/mL’’), using fluorescence
detection offers a limited capacity for signal amplification
compared to electrochemistry or magnetic sensors. Finally, it is
important to note that even after a careful optimization of the
functionalization and detection protocol, some inherent
aspects of surface immunoassays can still hinder sensitivity
and specificity, such as controlling the chemical stability of the
surface and preventing nonspecific response as well as
aggregation of biomolecules on PDMS. Nevertheless, this
work is the first step for the integration of bioactive surfaces
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inside lab-on-chip devices for the development of biosensing
applications.

4. CONCLUSIONS

In the present study, we performed, for the first time, a
controlled and accurate silanization for PDMS surfaces with
aminosilanes. Surfaces have been extensively characterized by
WCA, EDX, FTIR, and fluorescamine detection. All results
support the expected chemical modification of the surface with
the presence of amine functions on the silanized PDMS surface
compared to control samples, therefore providing a stabilized
platform for antibody grafting and application to immuno-
capture. Grafting of anti-TNF-a antibodies on silanized PDMS
was performed, and we evaluated the binding capacity of the
surfaces with fluorescent microscopy. We then used the
functionalized surfaces to capture human TNF-a in solution,
reaching a LOD of 0.55 pg/mL (31.6 nM) which is promising
considering the limited signal amplification provided by the
fluorescent tag. Finally, the above study reports for the first
time a promising method for the fabrication of a PDMS-based
microfluidic sensor for human TNF-¢ using a highly controlled
silanization process. Future work will address the application of
amino-silanized PDMS for the covalent immobilization of anti-
TNF-a antibodies inside microfluidic channels and detect
human TNF-a in solution and artificial sweat. Therefore, we
highlight promising results for the development of a biosensor
for the quantification of TNF-a in human sweat, applied to
inflammatory-related diseases continuous monitoring.
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