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The surface functionalization of a noble metal is crucial in a surface plasmon resonance-based biomolecular detection system
because the interfacial coating must retain the activity of immobilized biomolecules while enhancing the optimal loading. We present
here a one-step, room-temperature, high-speed, gas-phase plasma polymerization process for functionalizing gold substrates using
siloxane as an adhesion layer and acrylic acid as a functional layer. Siloxane- and thiol-based coatings were compared for their
performance as adhesion and the interfacial layer for subsequent functionalization. An in situ sequential deposition of siloxane and
acrylic acid resulted in a 7-fold increase in carboxylic functionality surfacial content compared to films deposited with thiol-
containing precursors. Grading of the layer composition achieved as a consequence of ion-induced mixing on the surface coating
under the application of the plasma is confirmed through secondary ion mass spectroscopic studies. DNA hybridization assays were
demonstrated on gold/glass substrates using surface plasmon enhanced ellipsometry and the applicability of this coating for protein
immunoassays were demonstrated with plasma functionalized gold/plastic substrates in Biacore 3000 SPR instrument.

KEYWORDS: PECVD, surface functionalization, SPR, biomolecule immobilization, ellipsometry

B INTRODUCTION

The use of surface-based immunoassays for biomolecular
detection rapidly increased in the recent past by employing
techniques enabling high-sensitivity detection transducers. Much
research has been focused on improving both the detection
surfaces and techniques. Particularly, surface plasmon resonance
(SPR) and related techniques represent a unique category of real-
time and label-free analytical tools that allow the users to study
specific biological and chemical interactions between receptors
and analytes in solution, and to perform sensitive and specific
assays.' > High-sensitivity detection by SPR is carried out by
exciting plasmon surface polaritons at the interface between a
metal film and a dielectric medium. An evanescent field propa-
gates along the metal/dielectric interface and the optical reflec-
tivity is sensitively controlled by changes in the refractive index of
the medium within the penetration depth of the evanescent field.

By using the resultant evanescent waves that propagate along the
metal/dielectric interface, the optical properties of the ultrathin
films deposited at the metal surface can be studied. By knowing
the sequential change in optical properties upon introduction of
chemical or biological samples, specific chemical or biomolecular
species present in the sample can be qualitatively but also
quantitatively detected. A critical step in any SPR-based assay
is to immobilize a biomolecule onto a noble metal surface while
retaining its biological activity and an accessibility of active sites
toward analytes to be detected.* In this context, chemisorption is
the most commonly used strategy for biomolecules immobiliza-
tion.”® Covalent binding, which makes use of interfacial layers, is




preferable in order to gain ogtimum protein loading along with
maximum biological activity.” For example, covalent immobliza-
tion of biomolecules onto gold substrates is routinely performed
through wet chemical methods including thiol-coupling chem-
istry, functionalized dextran or the use of gamma-amino-
propylethoxysilane, as reported by several research groups.” *
To achieve good batch-to-batch reproducibility, factors such as
reaction temperature, concentration of the reagents, stirring rate,
and humidity must be precisely controlled. Moreover, the
formation of alkanethiol self-assembled monolayers, for example,
onto gold substrate is a time-consuming process that requires
immersion of the substrate in thiol solutions for longer duration
ranging from 18 to 48 h.'%'! The large amount of solvents, with a
resulting increase in solvent wastes, makes the wet chemistry
techniques less attractive if bulk quantities of coated substrates
with high quality are required. Alternatively, the use of gas-phase
processes such as plasma-enhanced chemical vapor deposition
(PECVD) could overcome such drawbacks and represent a class
of relatively straightforward, quick method capable to functio-
nalize different substrates with a large range of surface chemis-
tries presenting tailored surface characteristics.'>~'* Particularly,
plasma-enhanced chemical vapor deposition (PECVD), a high-
speed, dry, highly controllable, routine industrial manufacturing
process, would evidently be preferable if the correct chemistry is
available.

In this context, Szunerits et al.,, reported room-temperature
deposition of organosilicon film on gold at room temperature by
PECVD of tetramethyldisiloxane'® and deposition of silicon oxide
on gold by PECVD at an elevated temperature of 300 °C."® They
also reported on the sputter de7posited ITO protective layer on
gold for SPR measurements.'” More recently, Touahir et al.
reported PECVD deposition of amorphous silicon—carbon
alloys at 250 °C."® However, further functionalization to facilitate
biomolecule immobilization was carried out by liquid-phase
deposition. A recent review on surface functionalization strate-
gies of SPR chips has been presented by Wijaya et al.'® Point-of-
care diagnostics using microfluidics for sample handling and
SPR-based detection are mainly made of gold coated plastics,**~**
that normally have low glass transition temperature, especially
polycarbonates and cyclo olefin copolymers and hence low
temperature deposition is critical. To the best of our knowledge,
plasma polymerization of reactive functionalities onto gold
surfaces has not been reported either at high- or low-tempera-
ture. Particularly, in this paper, deposition of mercaptopropyl-
trimethoxysilane (MPTMS) by plasma polymerization was
explored. Indeed, the mercapto functionality can serve as an
adhesion layer while the siloxane network can be used as a
building layer for further modification. Sequential deposition of
MPTMS and acrylic acid (AA) is proposed to create carboxyl
functionalization of gold. Another alternate and inexpensive
functionalization process was also explored using another silox-
ane layer (based on tetraethylorthosilicate, TEOS) and acrylic
acid. The effect of siloxane intermediate layer on the plasma poly-
merization and in reducing the nonspecific binding of biomole-
cules through formation of silanols is discussed elsewhere.”®
Surface characteristics of acrylic acid coatings deposited on cyclo
olefin polymers, with and without underlying siloxane inter-
mediate layer showed that the amount of carboxy functionalities
is 2.5 times higher when an intermediate layer is present. More-
over, the nonspecific binding is lower with the presence of an
intermediate layer. Indeed, plasma polymerization of TEOS is a
well-established process in semiconductor industry. Moreover, it

is easy to handle compared to mercaptosilane and film char-
acteristics are more easily tailored through precise control of
plasma process parameters.

In this work, a low-temperature deposition of carboxylic func-
tionalities on gold by PECVD using sequential deposition of a
suitable adhesion layer and acrylic acid is reported. The use of
both thiol-based and non thiol-based coatings is explored and
their surface characterization is carried out using both qualitative
and quantitative analysis. The plasma polymerization was carried
out on both gold on glass and gold on plastic substrates and their
performance in SPR based bioassays has been demonstrated
using surface plasmon enhanced ellipsometry for DNA hybridi-
zation and Biacore 3000 for IgG-based bioassays.

B EXPERIMENTAL SECTION

Materials and Reagents. Gold-coated standard glass slides (Ti/
Au=2nm/48 nm, 26 mm X 76 mm, 1 mm thick) were purchased from
Phasis Sarl (Geneva, Switzerland). Tetraethylorthosilicate (TEOS)
Si(OC,Hs),, acrylic acid (AA) CH,=CHCOOH, 3-mercaptopropyl-
trimethoxysilane (MPTMS) HS(CH,)3Si(OCHj3)3, N-(3-dimethyl-
aminopropyl)-N'-ethylcarbondiimide hydrochloride (EDC), and N-hy-
droxysuccinimide (NHS) were purchased from Sigma-Aldrich (Dublin,
Ireland). All chemicals were used as received without further purifica-
tion. Amino-modified single-stranded DNAs ($'-CGC-CAA-TAT-TTA-
CGT-GCT-GCT-A —3') (miR-16 probe, 22-mer), complementary
single-stranded DNAs or microRNA (§'-U-AGC-AGC-ACG-UAA-
AUA-UUG-GCG-3') (miR-16 target, 22-mer) and noncomplementary
single-strand DNAs or microRNA (5'-UAG-CAG-CAC-AGA-AAU-
AUU-GGC-3') (miR-195 target, 21-mer) were purchased from Eurofins
MWG Operon (Ebersberg, Germany). Goat antimouse IgG and mouse
IgG were purchased from Sigma Aldrich (Dublin, Ireland). CMS Biacore
chips were purchased from GE Lifesciences, UK.

PECVD System. The deposition of multilayered carboxy functional
coatings was carried out in a computer controlled PECVD reactor
Europlasma, model CD300 (Oudenaarde, Ghent, Belgium). An alumi-
num vacuum chamber, connected to a Dressler CESAR 136 RF power
source (Munsterau, Stolberg, Germany) with an operating frequency of
13.56 MHz, with an automated impedance-matching box, was used. The
details of the deposition system are provided elsewhere.>* The bare gold
slides were cleaned with dry air and then loaded in the chamber. The
chamber was pumped to a base pressure of 20 mTorr. The liquid
precursors (TEOS, MPTMS, Acrylic acid) were stored in stainless steel
containers connected to the chamber through quarter-inch steel tubes
and needle valve. The liquids were stored in three individual containers
and each controlled separately through needle valve.

Magnetron Sputtering of Gold on Polycarbonate. The gold
deposition was carried out in a homemade magnetron sputtering system.
A2 in.-diameter gold target from Kurt ] Lesker was used as a target. The
polycarbonate substrates were loaded in the chamber and the system was
pumped down to 1 x 10~ ° mbar. A S sccm argon flow was then
introduced and the plasma was ignited using a pulsed DC power supply
source at 75 W. The operating pressure was 2 X 10 > mbar and the
deposition time was S min. The resultant gold thickness was about 40 nm.

Deposition. The samples were loaded in the plasma chamber and
pumped down to a base pressure of 20 mTorr. For nonthiol based,
TEOS + acrylic acid (so-called TA coating) film deposition, SO sccm of
argon and 50 sccm of oxygen were introduced. The plasma was then
ignited with an RF power of 30 W. The plasma pretreatment was carried
out for 40 s. It is a known phenomenon that the plasma pretreatment at
low pressure removes the contaminants and also improves adhesion of
the coating. The oxygen flow was stopped and the RF power was
reduced to 14 W. TEOS was then introduced and siloxane deposition



was carried out for 3 min in argon and TEOS plasma. TEOS flow was
then stopped and acrylic acid was introduced in the chamber. The
carboxylic deposition was carried out in argon and acrylic acid plasma for
30sat 14 W. In the case of MPTMS+Acrylic acid (so-called MA coating)
deposition, a plain argon plasma pretreatment was carried out at 30 W
for 40 s. Oxygen flow was avoided during pretreatment in order to favor
thiol-gold interaction. The RF power was then reduced to 14 W.
MPTMS was introduced and mercapto silane deposition was carried
out for 30 s in argon and MPTMS plasma. MPTMS flow was then
stopped and acrylic acid was introduced in the chamber. The carboxylic
deposition was carried out in argon and acrylic acid plasma for 30 s at
14 W. The need for plasma process control to retain the functionality has
been reported elsewhere.”® The plasma power is kept to a minimum in
order to retain the monomer functionality.

X-ray Photoelectron Spectroscopy (XPS). The XPS data were
collected on a Kratos Axis UltraDLD equipped with a hemispherical
electron energy analyzer. Spectra were excited using monochromatic Al
Ka X-rays (1486.69 eV) with the X-ray source operating at 100 W. This
instrument illuminates a large area on the surface and then using hybrid
magnetic and electrostatic lenses collects photoelectrons from a desired
location on the surface. In this case the analysis area was a 220 X 220 um
spot. The measurements were carried out in a normal emission
geometry. A charge neutralization system was used to alleviate sample
charge buildup, resulting in a shift of approximately 3 eV to lower
binding energy. Survey scans were collected with a 160 eV pass energy,
while core level scans were collected with a pass energy of 20 eV. The
analysis chamber was at pressures in the 1 x 10° Torr range
throughout the data collection. Data analysis was performed using
CasaXPS version 2.3.15 (www.casaXPS.com). Shirley backgrounds were
used in the peak fitting. Quantification of survey scans utilized relative
sensitivity factors supplied with the instrument. Core level data were
fitted using Gaussian—Lorentzian peaks (30% Lorentzian). The binding
energy scale was corrected for the neutralizer shift by using the C 1s
signal from saturated hydrocarbon at 285.0 eV as an internal standard.
The elements present in the coating C, N, O, Si, S were detected using
the XPS survey scan (see the Supporting Information, Figure S1). High-
resolution scans of individual core levels show the various bonding states
of each elements.

Polarization-Modulation Infrared Reflection Absorption
Spectroscopy (PMIRRAS). PMIRRAS spectra were recorded on a
Bruker Equinox 55-PMA37 spectra equipped with liquid nitrogen
cooled mercury cadmium-telluride (MCT) detector and a zinc-selenide
photoelastic modulator. The infrared light was modulated between
s- and p-polarization at a frequency of 50 kHz. The incident angle upon
the sample surface was around 85°. Signals generated from each polari-
zation (Rs and Rp) were detected simultaneously by a lock-in amplifier
and used to calculate the differential surface reflectivity (AR/R) =
(Ry — R,)/(R, + R,). The spectra were an average of 640 scans and were
taken at a spectral resolution of 2 cm ™.

Contact Angle. The film wettability was analyzed by measuring the
water contact angle of the film surface (First Ten Angstroms FTA200
contact angle analyzer). High-purity HPLC grade water (Sigma Aldrich)
was used for the measurement.

Atomic Force Microscopy (AFM). Atomic force microscopy
(AFM) was used to compare the topographical surface of TA and MA
with bare Au-coated glass substrates. A Digital Instruments (DI)
BioScopeTM 11 (Veeco Instruments Inc., Plainview, NY, USA) operat-
ing in tapping mode under ambient conditions was used. Images were
acquired with silicon cantilevers with integrated tips (TESP, Veeco
Probes, Camarillo, CA, USA) and with resonant frequencies between
327 and 349 kHz, and with ~30 N/m spring constant. Samples were
analyzed over a 1 #m X 1 um sample area at a resolution of 512 x 512
pixels and at a scan rate of 0.5 Hz. Images were produced from raw data
using Research NanoScope 7.30 software (Veeco Instruments Inc.,

Plainview, NY, USA). Zero-order plane fitting was used to remove the
image bow that can result from the scanner moving out-of-plane with the
sample. The root-mean-square roughness (Ry,,) was defined as the
average of height deviations taken from the mean plane.*

Spectroscopic Ellipsometry. The thickness of the films depos-
ited on the sensing substrate was measured by a spectroscopic ellipso-
meter (UVISEL, Jobin Yvon Horiba, France) in external mode. PsiDelta
2 software was used for fitting the data from the measured W and A
spectra.

Surface Plasmon Enhanced Ellipsometry. Total internal
reflection ellipsometry (TIRE) or surface plasmon enhanced ellipso-
metry (SPEE) is a spectroscopic ellipsometry measurement method
operated under total internal reflection (TIR) condition.”” Similar to
conventional spectroscopic method, SPEE also measure two ellipso-
metric angles W and A versus wavelengths. These W and A values are
defined by the ratio p of the reflection coefficients R, and Ry for
components of light polarized parallel (p) and perpendicular (s) to
the plane of incidence following the ellipsometry equation

p= a = tan Wexp(iA)
Rs
where Rp and Rs are the electric field reflection coefficients for p and s
polarized lights. It is obvious that W and A also depend on angle of
incidence ® and wavelengths A. The refractive indices and thicknesses of
each layer of the reflecting surfaces can be found by fitting the measured
W and A data to a defined model. The SPEE measurements were
conducted at an angle of incidence of approximately 68.3° with
wavelengths ranging from 350 to 1000 nm. The integration time was
200 ms and the spectral resolution was 3 nm. PsiDelta 2 software (Jobin
Yvon Horiba, France) was used for fitting the data from the measured ¥
and A spectra from SPEE. First, we tested the stability of the TA or MA
films on the Au-coated glass substrate inside one of the microwells by
replacing new PBS buffer every 60 min in a 360 min period during which
four sets of W and A were recorded separated by 60 min. These sets of ¥
and A spectra were used in the ellipsometric fitting with 4-layer model to
obtain the film thicknesses.

For the purpose of estimating the thickness changes of the TA or MA
film upon contact with buffer solution and upon binding with DNA, a
four-layer model similar to the model used in*® was used in the fitting of
measured TIRE spectra. In this model, the refractive indices of the TA,
MA films and the DNA film are assumed to follow the same Cauchy
dispersion formula (A + B/A* + C/A* A = 1.415, B = 0.01 nm?, C = 0)
obtained from ref 29, because the refractive indices of tetraethyl
orthosilicate, mercaptosilane, acrylic acid, and DNA are relatively close.
This assumption inevitably compromised the determination of the exact
refractive index of each film but it helped to uncouple the refractive
indices and film thicknesses in ellipsometric fitting. Furthermore, it also
helps to minimize the difficulty in fitting for the thicknesses of several of
films of very close refractive indices.* >

The DNA hybridization assay was conducted in a fresh microwell
after the baseline W and A spectra of the TA or MA surface in PBS buffer
were recorded. Eighty microliters of aminated miR-16 probe at a
concentration of 1 M in 100 mM EDC in 2-(N-morpholino)-
ethanesulfonic acid (MES, pH 8.0) buffer was pumped into the micro-
well and allowed to react for 60 min with continuous pumping at a flow-
rate of approximately 1.3 uL/min. A second set of W and A spectra,
which correspond to the registration of the binding of the capture miR-
16 probe, were measured after the microwell was rinsed with 50 uL of
PBS buffer. Next, 80 uL of complementary miR-16 target at concentra-
tion of 1 uM in hybridization buffer (2 x concentrate buffer with SSC,
Sigma H7140) was pumped into the microwell at the same flow-rate and
also allowed to react for 60 min before rinsing with 50 uL PBS. A third
set of W and A spectra were then recorded corresponding to the
hybridization of the complementary miR-16 target to the capture
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Figure 1. Atomic force microscopic image of TA (left) and MA (right)
on gold.

miR-16 probe. We also conducted two negative control experiments in
two different microwells. The negative control experiment was con-
ducted with mismatched miR-195 target at concentration of 1 4M to
confirm the specificity of the captured miR-16 probes. The film thickness
changes after binding of the miR-16 probes and then the hybridization
with the complementary miR-16 target or noncomplementary miR-195
target was measured by using the SPEE.

Surface Plasmon Resonance (SPR). The chip functionality was
demonstrated with Biacore 3000 (GE Healthcare) using mouse IgG.
The developed chip was docked and primed on the Biacore 3000
instrument. EDC (20 #L of 4 mg/mL) and NHS (20 4L of 8 mg/mL)
were mixed in the mentioned volumes and 20 uL of the mixture was
injected over the chip surface. Sixty microliter of goat antimouse IgG at a
concentration of 20 #g/mL was injected in the designated flow-cell. A
3% (w/v) solution of bovine serum albumin (BSA) in 0.1 M PBS, pH 7.2
was injected to block the surface in order to minimize nonspecific
interaction of analytes with the EDC-activated surface. IgG was injected
at three different dilutions, i.e.,, 15, 35, and 70 ng/mL. The baseline was
allowed to settle prior and after each sample injection. The blank control,
which was performed by injecting goat IgG over the antimouse IgG-
immobilized surface, was deducted from the response units (RU)
obtained for captured mouse IgG. The plasma-deposited samples for
both SPEE and SPR measurements were stored at room temperature in
ambient atmosphere and no further treatments were carried out prior to
measurements.

B RESULTS AND DISCUSSION

Carboxylic acid functionalities are plasma deposited through
two different interfacial layers based on TEOS or MPTMS
precursors, each one followed by a subsequent deposition of
acrylic acid. The sequentially deposited TEOS + acrylic acid
coatings and MPTMS + acrylic acid coatings are hereafter called
as TA and MA coatings, respectively. The film thickness of TA is
8 nm and that of MA is 16 nm, as measured using ellipsometry.

1. Surface and Bulk Composition. Film topography, mea-
sured using atomic force microscopy (AFM), reveals that the
surface roughness of TA and MA films are 0.7 and 0.5 nm,
respectively (Figure 1). Also, as the contact angle of TA is less
than 10°, the surface is extremely hydrophilic. Oppositely, water
contact angle of MA being 45°, the surface is less hyrophilic. Even
though the film wettability ranges from extremely hydrophilic to
less hydrophilic, the surface reactivity of the carboxylic function-
ality is retained in both the cases as shown below. The surface
roughness and water contact angle of plain gold is 0.4 nm and
83°, respectively.

PM-IRRAS spectra of both TA and MA coatings contain
several vibrational features that can be assigned to the deposited
siloxane (1300— 1000 cm ™" region), silanol (900—970 cm ™" region)
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Figure 2. (Top) PMIRRAS spectra of bare gold-coated substrate
(black), TEOS-coated (red), and TA-coated (green) gold surfaces.
(Bottom) PMIRRAS spectra of bare gold-coated substrate (black),
MPTMS-coated (red),and MA-coated (green) gold surfaces. The pre-
sence of carboxyl group is highlighted in TA and MA coatings.

Table 1. Surface Elemental Composition of TA and MA
Coatings Calculated from XPS Survey Spectra (in at %)

element TA coating % MA coating %
Cls 35.7 483
Ols 40.9 27.1
S2p 7.9
Si2p 7.7 11.5
Ag3d 1.5 12
Auv4f 14.2 4.0

and carboxyl/carbonyl (1720—1730 cm ™' region) species
(Figure 2).">%*3* These infrared features are missing on the
gold substrate spectrum.

The bands in the 1300—1000 cm ™" siloxane region can be
decomposed into several peaks associated to the ,(Si-CHj)
deformation, Si-CH,-R deformation and Si—O—C, Si—O—Si
vibrations.*>*° It also appears as evident from Figure 2 that the
presence of carboxyl/carbonyl functionality (at 1720 cm ™) is
due to the acrylic acid deposition as the corresponding peak
intensity is insignificant on the underlying TEOS and MPTMS
coatings spectra on its own. The peak at 1447 cm ™' corresponds
to CH; deformation mode and the 1313 cm ™" in MPTMS is due
to deformation modes of the CH, of the propylic chain.>’



Table 2. Various Bonding Environment of Carbon in High-
Resolution C 1s XPS Spectrum

bonds TA coating MA coating
c-C % 60.8 6.8
BE(eV) 285.0 285.0
C-S§ % 50.4
BE(eV) 285.6
C-0 % 20.2 40.1
BE(eV) 286.5 286.5
0-C=0 % 19.0 2.7
BE(eV) 289.1 289.0

XPS was carried out for a quantitative elemental analysis of the
plasma deposited coatings. The relative elemental composition
of both films is identified and quantified (Table 1) from XPS
survey spectra (see the Supporting Information). Further, to
study the various bonding environments, high-resolution scans
of the core level photoemission spectra of C 1s, Si 2p, and S 2p
were carried out. Si 2p doublet in both films corresponds to SiO,
and Si—OH (see the Supporting Information, Figure $2).*° As
the atomic percentage of Si in MA and TA coatings are,
respectively, 11.5 and 7.7%, the coating growth rate appears
higher for MPTMS coatings than for TEOS at the same deposi-
tion time (Table 1). Itis also observed that the atomic percentage
of oxygen in TA is 40.9% and that in MA is 27.1% (Table 1).

The relative composition of carbon peak after deconvolution is
detailed in Table 2. The Polymer database®' gives the C 1s for
C—S bonding in poly(hexamethylene Sulphone) at 285.64 eV,
and lower for S adjacent to aromatic groups.The presence of
carboxyl related peak at 289.1 eV (+ 4.1 eV) in Figure 3 (Top and
Middle)*""** confirms previous water contact angle and PMIR-
RAS data. However, the carboxy content (COO/C) in TA
coating (19%) is three times higher compared to the carboxy
content of plain acrylic acid films reported in the literature
(Table 2).>* Moreover, a drastic reduction in carboxy content
is observed in MA coating (2.7%).

Although the exact origin of this observation is not demon-
strated, some hypothesis can be postulated while comparing
results obtained using TEOS and MPTMS precursors. We
assume it is due to a combination of two factors: the chemical
composition of the precursor and the surface pretreatment
applied before precursor deposition. Indeed, we can assume
the difference in O—C=0 content in the layer is partly due to
difference in the chemical composition of the precursor. The
pretraetment applied to gold surface before deposition also
certainly influence results. Precisely, MPTMS contains a sulfur
atom (which is not present in TEOS), as well as three oxygen
atoms (compared to TEOS molecules which contains 4 oxygen
atoms). Moreover, an argon+oxygen plasma pretreatment is
applied before TEOS deposition, whereas it is composed only
of an argon plasma before MPTMS deposition.

The postulated deposition mechanism is the following: the
deposition of TEOS and AA being sequential, the oxidation and
deposition of TEOS is carried out before the deposition of
carboxylic functionalities from AA molecules. As an argon+oxy-
gen plasma pretreatment was carried out, some residual oxygen
would also be involved in the oxidation of TEOS molecules.
Oppositely, in the MA coating, two factors are assumed to
induce a depletion in oxygen content of the MPTMS coating:
(1) in the case of MPTMS and MA coatings, only an argon
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Figure 3. High-resolution core level photo electron spectroscopy of
(top) C 1s of TA coating, (middle) C 1s of MA coating, (bottom) high-
resolution core level photo electron spectroscopy of S 2p of MA coating.

plasma pretreatment was used (since gold—sulfur affinity is
stronger than oxidized gold—siloxane affinity) and therefore no
residual oxygen is available in the chamber for further precursor
oxidation process; (2) MPTMS has only 3 oxygen atoms in the
MPTMS precursor (4 for TEOS precursor). As there is an
oxygen deficit at film MPTMS surface before performing the
AA plasma (compared to TEOS film surface), it is speculated that
some oxygen atoms from the AA plasma is involved in the
oxidation of the interfacial components. The mass spectroscopy
analysis of the AA plasma (Unpublished data) show the break up
of acrylic acid molecules into highly reactive oxygen, CO and OH
species. Hence the quantity of carboxy content in the resultant
film is significantly lower for MA compared to that of TA.

Si 2p doublet in both TA and MA corresponds to SiO, and
SiOH (see the Supporting Information). The growth rate being
higher for Mercapto silane as compared to that of TEOS for the
same deposition time, the atomic percentage of Siin MA is 11.5%
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Figure 4. SIMS spectra of TA and MA coating showing the depth
profile measurement. (a, b) Carbon (m/z = 12) of TA and MA coatings,
respectively. (¢, d) Silicon (m/z = 27.97) of TA and MA coatings,
respectively.

and that of Si in TA 7.7% (Table 1). The core level S 2p spectra
(Figure 3, bottom) exhibits three doublet components. The S 2p
doublet at 164.1 eV can be attributed to sulfur bound to gold
(Au—S) at the coating surface. The doublet at 165.3 and 166.5
eV can be attributed to S—H or S—C bonds.** The final doublet
at 169.4 and 170.6 eV can be attributed to sulfonate (—SO,)
bonds.** Tt can therefore be deduced that part of the sulfur is
involved in bonding with gold substrate, part of the sulfur exists
as free thiol (SH, S—C) and the remaining sulfur is in its
sulfonate state (bonded to four oxygen atoms). RA (30 reported
that sulfonate bonds are not observed in freshly prepared self-
assembled monolayers of MPTMS but, for old samples, oxidized
sulfur species emerge.”” This can be explained as follows: the
plasma process results in the formation of highly reactive species,
including atomic oxygen as observed through optical emission
spectroscopy (Unpublished data). This led to the formation of
sulfonate bonds between sulfur atoms from MPTMS precursors
and oxygen from the plasma. Once the plasma is ignited, the
precursor molecules decompose into reactive species which react
together and deposit on the surface. Knowing the chemistry of
introduced precursors (MPTMS and AA), we can assume the
plasma to be composed at least of O—, Si—O—, —CH,, —SH...
So, even though no oxygen plasma pretreatment was done, the
oxygen in MPTMS could have contributed for sulfonate forma-
tion in the bulk. Moreover, oxygen in carboxylic acid could also
have contributed for the oxidation of the top layer of the
mercapto coating, as confirmed by XPS data. Indeed, XPS studies
of mercaptosilane coating on its own (without acrylic acid)
confirms the presence of sulfonate bonds (see the Supporting
Information, Figure S3).

The hydrocarbon chains present in both precursors (TEOS,
MPTMS) are also oxidized by oxygen atoms present in the
precursor and acrylic acid, creating H,O, and/or CO, gaseous
byproducts, which are removed by the pumping system. It is
also observed that the atomic percentage of oxygen in TA is
40.9% and that in MA is 27.1% (Table 1). The plasma deposition
of MPTMS however results in a sulfur mixed atmospheric

environment and the gaseous byproduct of the plasma is highly
reactive and hence severely restricts the use of mercaptosilane for
PECVD in the large scale industrial production. A calorimetric
based quantification of plasma deposited coatings revealed that
the functional groups were present both in the bulk and on the
surface.*® However, the availability of the functional groups for
biomolecule immobilization will depend on the density of
packing, porosity (if any) and swelling. The peaks corresponding
to carboxyl groups in PMIRRAS arises from both the surface and
bulk composition, while the XPS data is only related to surface
composition. For TA coating (Figure 2 top), PMIRRAS indicates
the presence of C=O0, from acrylic acid, in the bulk and/or
surface. In XPS spectra (Figure 3 top), presence of O—C=0 is
also detected. So the carboxy groups are present at both surface
and bulk. For MA coating (Figure 2 top), PMIRRAS indicates
the presence of C=0 in the bulk and/or surface. However, in the
XPS data (Figure 3 middle), the O—C=O0 content is very low at
the surface. So the main contribution for COOH peak in
PMIRRAS is from the bulk in MA coating.

Figure.4 shows the secondary ion mass spectroscopic (SIMS)
depth profile measurement of both TA and MA films. Mass/
charge ratio (m/z) of 12 and 27.97 correspond to carbon and
silicon, respectively in TA (Figure 4a, c) and MA (Figure 4b, d). It is
observed in the SIMS depth profile measurements that both TA and
MA coatings top layers are carbon rich (Figures 4a,b). Deeper in the
film, the carbon content decreases. Oppositely, the surface silicon
content of both coatings is very low and progressively increases
(Figure 4c, d). As both TA and MA films are sequential depositions,
the interface between MPTMS and AA layers is silicon-rich.

This illustrates what is believed to be a key characteristic of the
surface coatings prepared by this method: they are graded in
composition, being silica-rich near the substrate interface, carbon-
rich and highly functionlized near the outer surface. Grading
of the layer composition is achieved as a consequence of ion-
induced mixing of the surface coating, under the application of
the plasma. A higher Si content and lower C content at the
interface could possibly be explained by oxidation of TEOS from
its own oxygen and the residual oxygen from the pretreatment.
Oxidation of the TEOS precursor results in formation of SiO,
that deposits at the surface and CO, and H,O in the bulk plasma
that are pumped out of the chamber. A similar process can be
assumed for MPTMS molecules.

The SIMS depth profile measurement of the silicon content of
TA shows an increasing trend and decreases significantly as we go
deep inside the film. Whereas for the MA coating, the silicon
content is very low at the surface, then increases throughout the
layer This is intrinsic to the deposition method used: a successive
deposition of an intermediate layer (MPTMS or TEOS) and a
reactive layer (AA). This is the reason why carbon content
decreases while penetrating inside the layers (both TA and MA)
in panels a and b in Figure 4. The same observation can be
obsevred for MA coating while analyzing the silicon content.
However, the silicon content of TA coating as measured by SIMS
is very low at the top surface, then increases sharply to reach a
maximum after, then slightly decreases. This decrease in the Si
content can be due to a thickness effect. Indeed, Both layers do
not have the same thickness (as a variation in coating growth
rate): 8 nm for TA and 16 nm for MA coatings. As we approach
the coating/gold interface, we can expect a slight decrease in Si
content, which is observed in TA coating. This is not observed in
MA coating because the coating is thicker and we do not reach
the coating/gold interface.
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Figure S. Stability studies of (top) TA and (bottom) MA coatings on
gold surface tested under surface plasmon enhanced ellipsometry
(SPEE) by exposing the surface to PBS for 3 h.

2. Film Stability. The stability of both TA and MA films on
Au-coated glass substrates under phosphate buffer saline (PBS,
pH 7.4) washing inside a flow-cell were tested usin_ﬁ surface
plasmon enhanced ellipsometry (SPEE) (Figure 5).>” In both
cases, the SPR wavelengths were observed between 700 and
750 nm. The MA coating SPR wavelength is however higher than
that of the TA coating. Obviously, the MA coating is thicker than
TA one for which the SPR wavelength is shifted nearer to the
infrared region.*” The films were then washed with PBS every
hour for up to 3 h and the film thickness changes were measured
by ellipsometric fitting before and after every wash.

As a SPR signal is still observed after washing and does not
highlight any film thickness decrease on washing, it can be
deduced that both films have good adhesion and stability on
exposure to aqueous solutions, which is essential for SPR-based
techniques. However, the film thickness increased to about
0.72 nm and 1.45 nm for TA and MA coatings, indicating that
the films swells under liquid environments (Figure S). The film
swelling upon exposure to the aqueous solution could result in a
local porous structure forming at the surface.

3. Surface Reactivity and Biosensor Application. The
reactivity of the coating was first checked through DNA attach-
ment. Then performances of the created platform as a biosensor
is demonstrated through DNA hybridization. Finally applicabil-
ity to SPR-based detection is perfomed through bioassays using
Biacore 3000 SPR instrument. The following experiments were
only performed on TA coatings as above-mentionned character-
ization results highlighted a poor surface —COOH content of
the MA films. The DNA hybridization was carried out using a
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Figure 6. (Top) W and A spectral shifts after binding of the capture of
miR-16 probe and hybridized with complementary miR-16 target
ssDNA. (Bottom) W and A spectral shifts were only observed for
binding of the capture miR-16 probe but not for the mismatched miR-
195 target. (Black) W and A spectral measurement after 1st PBS wash,
(red) W and A spectral measurement after the miR-16 probe binding
(green, left) W and A spectral measurement after the miR-16 target
(green, right) W and A spectral measurement after the mismatch miR-
195 target.

miR-16 probe and a miR-16 target on TA coating deposited on
gold on glass.

The thickness increase upon binding of the probe was 1.27 nm
corresponding to a spectral shift in Figure 6, left (Spectral shift
black to red). After miR-16 target incubation, the DNA hybridi-
zation resulted in a drastic thickness increase to reach 7.34 nm
(Figure 6, left, spectral shift red to green).A small thickness
increase after probe immobilization suggests that the ssDNA
probes form a layer composed of coiled oligonucleotides, which
are being stretched out during the hybridization to its comple-
mentary strand, resulting in a substantial thickness increase. This
is in good agreement with previously reported results.>">"
Figure 6, right, shows the spectral shift (spectrum black to red)
upon binding of miR-16 probe. Upon addition of mismatch miR-
195 target, there was no spectral shift as seen in Figure 6, right
(overlapping of red and green spectra) demonstrating the fact
that no hybridization took place and that there was no non-
specific binding.

The applicability of the developed platform to other substrate,
as well as their use in SPR based detection system is demon-
strated below. The bioasssay performance obtained on plasma
polymerized TA coatings deposited gold on polycarbonate
was demonstrated using a Biacore 3000 SPR instrument and its



Table 3. Immunoassay on TA/Au/PC and Commercial CMS Dextran Chip Performed on Biacore 3000 SPR System

RL? MD? RU MD RU MD blank NSB of fibrinogen
(antilgG)  (ng/mm®) albumin)  (ng/mm’) (1gG) (ng/mm?) response (1 mg/mL) (in ng/mm?)
PECVD coatings 3874.0 3.9 1200 12 588 (15 ng/mL) 0.6 15 RU (0.015 ng/mm?) 0.14
905 (35 ng/mL) 0.9
1222 (70 ng/mL) 1.2
CMS dextran chips 71490 72 20 002 810 (1Sng/mL) 08 10 RU (0.010 ng/mm?) 0.06

1369 (35 ng/mL) 1.4
2108 (70 ng/mL) 2.1

“Mass density was calculated using the conversion factor of 1000 RU = 1 ng/mm”. (this corresponds to a 1° change in SPR angle). ® The blank control
was performed by injecting goat IgG over the antimouse IgG-immobilized surface.

performance was compared to the commercially available CM$
Biacore chips (Table 3). The standard EDC/NHS attachment
protocol was used for antibody binding to coating surface. The
high response unit signal measured after antibody attachment
compared to blank signal first confirms once again the reactivity
of the elaborated surface. Then, after incubation with the approp-
riate antigen, a linear relationship between response unit mea-
sured and antigen concentration can be observed. This confirms
that the plasma polymerized carboxylic functionalities on gold on
plastic can also be used in place of the conventional liquid-phase
coated glass slides for SPR bioassays. Moreover, as the analytical
performance of an assay procedure is often determined by non-
specific binding, the binding of nonanalyte constituents of the
sample is critical. Hence we have measured the binding of
fibrinogen, a protein constituent of serum that strongly adsorbs
on surfaces. A signiﬁcantly small amount of fibrinogen bind-
ing (0.14 ng/mm”), even at very high fibrinogen concentration
(1 mg/mL) confirms that protein nonspecific binding on the
plasma polymerized carboxylic chips are very low.

A direct comparison of the performances of plasma-polymer-
ized coatings to that of commercially available, liquid phase
chemistry deposited, carboxy detran coatings of CMS Biacore
chips is performed. Both the reactivity to biomolecular ligand for
covalent coupling and the nonspecific binding properties of the
plasma polymerized chips are in comparison in terms of its
performance to commercially available Biacore CMS chips. The
major difference between both chips is that the density of loading
of primary antibody is very high in the case of BIACORE chips
compared to that of the plasma deposited coatings. This appar-
ently results in higher amount of antigen binding as is evidenced
in Table 3. The reason for the observed low density of primary
antibody loading in plasma deposited coatings is speculated to be
the film thickness. The thickness of BIACORE chips is 100 nm
and that of ours is 8 nm. The CMS is a three-dimensional dextran
matrix where antibody can bind all along the porous dextran
coating whereas in 8 nm thick coating the antibody binding is
restricted to top surface. The analytical performance of an assay
procedure is often determined by nonspecific binding. For label-
free methods such as SPR, the binding of nonanalyte constituents
of the sample is critical. Hence we have measured the binding of
fibrinogen, a protein constituent of serum that is strongly
adsorbed on surfaces. Table 3 (Right) compares the plasma-coated
chip to the CMS chip in respect of the signal induced by a large
excess of fibrinogen: the performance of the two preparations was
again comparable. In both cases, the signal was significantly lower
than the specific analyte signal, though non-negligible.

The room-temperature deposited plasma-based biosensor
platform is advantageous in terms of its applicability on both

gold-coated glass and nonglass surfaces and the quantity of
surface carboxy groups are superior in non-thiol-based plasma-

polymerized chips.

B CONCLUSION

The low-temperature and solventless plasma polymerization
process, with sequential deposition of siloxane and acrylic acid, is
effectively used for functionalizing gold surfaces with a high
retention of carboxylic functionality. Both the thiol-based
(MPTMS) and non-thiol-based (TEOS) precursors were used
as base layer for further functionalization with AA. The compar-
ison of these films composition reveal a higher carboxylic content
in TA films, probably due to a higher oxygen content in TEOs
molecules as well as the presence of residual oxygen in the chamber.
Moreover, the depth profile SIMS measurements highlighted
that the films are graded in composition, being silica-rich near the
substrate interface, being carbon-rich and highly functionlized
near the outer surface. Using ellipsometric measurements, the
coating stability and reactivity were demonstrated. Further, the
biosensor applicability of the created platform through DNA
hybridization experiments was performed based on SPEE detec-
tion system. Finally, the extension of the deposition process to
polymeric substrates was successfully revealed on a SPR Biacore
3000 instrument. Comparison with commercial best-practice
chips (Biacore CMS dextran-coated gold on glass) demonstrated
similar performance in respect of both specific (an IgG assay) and
nonspecific (fibrinogen) adsorption. SPR based detection being
one of the fastest growing techniques that is being explored for
point of care based detections, the applicability of plasma poly-
merization with less than S min of functionalizing time and room-
temperature storage of functionalized chips, for industrial bulk
processing of SPR chips will be of very high importance. This
study has shown that the high-speed, room-temperature, stable,
reliable, and solventless plasma polymerization process with
sequential deposition of organosilane (as adhesion layer) and
acrylic acid (as anchoring layer) can lead to the emergence of new
SPR-based biosensor platforms that can potentially replace the
wet-chemistry-prepared coatings currently used.

B ASSOCIATED CONTENT

© Supporting Information. The XPS survey spectrum,
high-resolution C 1s and Si 2p core level spectra of TA and
MA coatings, as well as SPR kinetic data from Biacore 3000 SPR
instrument are given in the Supporting Informations. “This
material is available free of charge via the Internet at http://
pubs.acs.org.”
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