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Abstract

Immunosensors with highly sensitive and rapid detection capabilities of various biomolecules are of a great
demand in the field of biomedicine and environmental control. The two mostly employed transducer principles
are either optical surface plasmon resonance (SPR) and mass sensitive quartz crystal microbalance (QCM).
The first task encountered in the immunosensor development is the preparation of a coating matrix suitable
for the immobilization of antibody on the golden layer of SPR or QCM. The most popular approaches are based
on wet chemical treatments such as self-assembled monolayers (SAMs) of alkanethiols, disulfides, or
polyethylenimine (PEI). However, these approaches suffer from several drawbacks such as a poor stability,
long time preparation, unstable baseline or a high level of noise. As an alternative to SAMs, the deposition of
thin functional coatings by plasma polymerization can be employed. The plasma polymerization has already
been successfully applied to the deposition of thin films containing carboxyl, amine, anhydride groups. In this
work, pulsed plasma polymerization of cyclopropylamine is employed to deposit stable amine-rich thin films
on the surfaces of QCM and SPR chips. The AL-01 antibody, specific to human serum albumin (HSA), was
attached to the QCM and SPR chips surfaces via glutaraldehyde activation. For the developed immunosensors
the stable baseline was recorded. Selective and high response was achieved during the reaction with the
solution of antigen. The results confirmed that the introduced methodology have a great potential for
biosensing applications.

Keywords: Plasma polymerization, cyclopropylamine, stable amine-rich films, quartz crystal microbalance,
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1. INTRODUCTION

Immunosensors with highly sensitive and rapid detection capabilities of various biomolecules are of a great
demand in the field of biomedicine and environmental control [1],[2]. The two mostly employed transducer
principles in label-free immunosensors are the mass sensitive quartz crystal microbalance (QCM) and the
optical surface plasmon resonance (SPR). The most popular approaches for the preparation of a coating matrix
onto the gold surfaces of QCM crystals and SPR chips are based on wet chemical treatments such as
formation of polyethylenimine (PEI) or the self-assembled monolayers (SAMs) of alkanethiols and disulfides
[3],[4]. However, these approaches suffer from several drawbacks such as a poor stability, long time
preparation, unstable baseline or a high level of noise [5].

As an alternative to the above mentioned chemical methods, the plasma enhanced chemical vapor deposition
(PECVD) of thin functional coatings can be employed. It has already been successfully applied to the
preparation of plasma polymers (PPs) containing carboxyl [6], amine [7] or anhydride groups [8]. The essential
chemical and thickness stability of the plasma layers can be achieved by tuning the plasma parameters [9].

Amine PPs are well known for the successful bioapplications [10]. The most studied PP processes used
allylamine monomer. The PPs from allylamine exhibit high level of cell adhesion and proliferation [11], high
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hemocompatibility [12]. In our work we use the cyclopropylamine (CPA) as a monomer, which is the non-toxic
isomer of allylamine and performs slightly higher retention of the functional groups in the obtained PPs [13].

Previously, the optimum conditions for the preparation of stable CPA PPs were found [14]. In our recent
studies, the two optimized films with a similar chemical composition deposited in two reactors with different
geometrical parameters were studied and compared [15]. QCM-based immunosensors were developed using
CPA PPs as matrix layers for immobilization of biomolecules via glutaraldehyde (GA) approach. The CPA PP
prepared in tubular reactor performed high level of activity and three different immobilization approaches were
tested. Stable baseline, selective and high response were recorded for the GA and sulfo-SMCC methods. With
the aim to prove an efficiency of the developed sensors, the comparison between CPA PPs and cysteamine
SAMs for QCM immunosensing was carried out [16]. It was shown that the CPA PPs are more stable in PBS
than cysteamine SAMs and provided high level of response during measurements [17].

In this study the AL-01 antibody against human serum albumin (HSA) was attached to the gold surfaces of
QCM crystals and SPR chips through GA activation. In case of QCM immunosensing the regeneration using
0.1 M solution of HCI was successfully tested and allowed 3 measurements with a single crystal (5, 10 and 20
ug/mL solutions of HSA antigen). In case of SPR chips two different AL-01 antibody immobilization procedures,
online and offline, were utilized. The obtained sensograms during immunotests with 10 pg/mL solution of HSA
were studied and compared.

2. EXPERIMENTAL

2.1. Chemicals and Materials

Cyclopropylamine (CPA) (98% purity, used without any further purification), glutaraldehyde (GA) (25%
aqueous solution), human serum albumin (HSA) were purchased from Sigma Aldrich (USA). Sodium hydrogen
phosphate, sodium dihydrogen phosphate and sodium chloride for the preparation of phosphate buffered
saline (PBS) with pH 7.4, were supplied from Penta (Czech Republic). Anti-HSA monoclonal antibody (clone
AL-01) was obtained from Exbio (Czech Republic). Argon with purity of 99.998 % was supplied by Messer.
Double-side polished single crystal silicon (c-Si) wafers from ON-SEMI (Czech Republic) were cut into 10x15
mm substrates. Round shape QCMs (AT-cut, resonant frequency of 10 MHz) coated by Au were purchased
from Krystaly Hradec Krélové (Czech Republic). MP-SPR (Multi-Parametric Surface Plasmon Resonance)
Navi gold sensors, SPR102 Au were purchased from BioNavis (Finland). All the substrates were cleaned by
sonication in isopropanol (Penta, 99.8%) for 10 min.

2.2. Plasma polymerization in tubular glass reactor

The plasma polymerization from CPA/Ar gas mixture was performed in capacitively coupled RF discharge
(13.56 MHz). The discharge was ignited in a tubular glass reactor enclosed by aluminium flanges serving as
the grounded and RF electrodes. The diameter of the electrodes and their distance were 80 and 185 mm,
respectively. The substrates (c-Si, QCM crystals and SPR chips) were placed on the glass holder positioned
in the middle of the tube at the floating potential. The substrate surfaces were cleaned in the Ar discharge for
10 min prior to the deposition. Both the Ar plasma cleaning and the polymerization, were carried out with the
on-time power of 20 W and at pressure of 120 Pa. The flow rate of Ar was set to 28 sccm whereas the flow
rate of CPA vapors was 0.3 sccm. A detailed study of the relation between plasma conditions and film
properties in this polymerization set-up was reported previously [[14]]. All plasma processes, the surface
cleaning and CPA/Ar plasma polymerization, were carried out in square-pulsed mode with the pulse repetition
frequency of 500 Hz and 33 % duty cycle. It corresponded to 660 ps plasma on-time and 1340 ps off-time.
The deposition time was tuned to achieve the film thicknesses of 40 nm - SPR, QCM substrates and 120 nm
on Si wafers.

396



2016
NANO(:()N® Oct 19" - 2112016, Brno, Czech Republic, EU

2.3. QCM Immunosensing

The surface of QCM electrodes with the deposited 40 nm thick CPA PP was activated by the reaction with GA
(droplet of 3 % solution in PBS, 1 h, r.t.). Then the AL-01 antibody was covalently bonded (droplet of 100
pg/mL solution in PBS, 18 h, 4 °C). Free reactive groups were deactivated using bovine serum albumin (BSA)
(droplet of 200 pg/mL solution in PBS, 20 min, r.t.). After the immobilization procedure, the QCM crystals were
placed in a flow-through cell. The measurements were performed using the QCM analyzer (KEVA, Czech
Republic) that served as both, the oscillator and the frequency counter. The flow of solutions was driven by
the milliGAT pump (Global FIA, USA) and a selection valve (Valco Instruments, USA). PBS was used as a
running buffer with a flow rate of 40 pug/mL. After baseline stabilization the samples of HSA solutions (5, 10,
20 pg/mL) were injected for 10 min. Regeneration was done by the 0.1 M solution of HCI, injected for 2 min.

2.4. SPR Immunosensing

SPR studies were carried out using the MP-SPR Navi gold sensors SPR102 Au and SPR Navi 210A system
from BioNavis (Finland). PBS was used as a running buffer with the flow rate of 20 pL/min. The injections of
different solutions were programmed using SPR-Navi software. The injection volume was 200 pL. The flow
cell consists of two channels: binding and reference. The changes of resonance angle due to the interactions
on the sensor surface were measured at two wavelengths: 670 and 785 nm. For the data evaluation the 670
nm wavelength results were used due to the higher sensitivity. The position (angle) of surface plasmon
resonance peak was determined using build-in centroid fitting function.

The surface of SPR slides with deposited 40 nm thick CPA PP was activated by the reaction with GA (droplet
of 3% solution in PBS, 1 h at room temperature) forming aldehyde groups. The activation was carried out
offline to prevent binding of GA to the tubing of SPR system. Then, the chip was washed in PBS, sterile water,
dried and inserted into BioNavis.

Two procedures were used for the antibody (Ab) immobilization. In the first approach the Ab immobilization
was performed online. At first, every chip was exposed to the PBS flow (flow rate 20 uL/min) for approximately
40 min to reach stable baseline. Afterwards, the solution of antibody (anti-HSA, AL-01) in concentration of 100
png/ml was injected to the binding channel at the flow rate of 4 uL/min during 54 min. In the reference channel
only PBS was flowing at the same flow rate. Free reactive groups were deactivated applying 2 mg/ml solution
of BSA at the flow rate of 10 uL/min for 20 min to both channels.

In the second procedure, the overnight offline Ab immobilization and BSA blocking was performed as follows.
The surface of the SPR chip activated by the reaction with GA was washed and the Ab solution was applied
overnight (droplet of 100 pg/mL solution in PBS, 18 h, 4 °C). After this step the SPR chip was again washed
in PBS and sterile water and then the BSA solution was applied (droplet of 2 mg/mL solution in PBS, 20 min,
r.t.). The chip was then washed in PBS, sterile water, dried and inserted into BioNavis.

After the immobilization of Ab and blocking non-specific sites with BSA the immunosensing was carried out
using 10 pg/mL solution of HSA at the flow rate of 20 pL/min for 10 min.

2.5. FT-IR analysis

Fourier transformed infrared (FT-IR) spectra were obtained on the films deposited on the IR transparent c-Si
substrates in the transmission mode using the Bruker Vertex 80v spectrophotometer. The measurements were
performed with a parallel beam transmittance accessory in the spectral range from 370 to 7500 cm-'. The data
were collected at a pressure of 2.5 mbar with the resolution of 4 cm™ and 500 scans. The transmittance of the
films on Si substrate was divided by the transmittance of bare Si substrate for the thin film analysis. The FT-
IR spectra are shown only in the range from 1400 to 3700 cm™' because no significant absorption peaks
belonging to the films were identified outside this range and the identification of weak absorption peaks below
1400 cm" was difficult due to the strong absorption peaks in ¢c-Si that could not be reliably subtracted.
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3. RESULTS AND DISCUSSION

3.1. Chemical composition and properties of CPA PPs.

In our recent studies it was shown that pulsed plasma polymerization of CPA, deposited at the floating
potential, is an effective method for the preparation of amine-containing films that are proposed as a
replacement of SAMs on the gold electrode of QCM sensors. The atomic composition of the 40 nm thick films
was determined previously by XPS, the C:N:O ratios was 77:20:3 [15]. The amount of primary amine groups
in the CPA PP was 1,3 %, which was determined by chemical derivatization with TFBA [18].

The structural fragments of the film were analyzed from the FTIR spectra of the as-deposited CPA PP film
(Figure 1). Signal at 3350 cm-! corresponds to the N-H stretching, which can be equally referred to the primary
and secondary amines, imines or even amides. In the 2970 - 2870 cm-' region the C-H stretching signals are
observed, which correspond to methyl, methylene and methine groups presented in the polymer chain. The
triple bonds signals are observed at around 2200 cm-', which were assigned to the nitriles and isonitriles, but
these signals could correspond to other highly unsaturated structures, such as

-N=C=N-, -C=C=N- or -C=C-. At around 1680 cm' there is the C=0 stretching signal, but due to the low
concentration of O in the film, this signal is hidden in the relatively high signal of C=N and C=C. C=0 starts to
be recognizable only after long times of immersion in water or buffer [14].

e

»

©

S

@

O

=

é {|=NH KNH C-Hyg, 1650 1630

0 - C=N.. (=

= 0 —CH; =CH, a. (=C

m 0924 = >

= )L \CH bCH \CH >=N_>=N >=< _>=< >=(
0,90 L— . : : : : | . | .

3500 3000 2500 2000 1500

-1
wavelength (cm )
Figure 1 FTIR of CPA PP: the detected signals with the corresponding structural fragments

The GA activation is effective not only due to the reaction with primary amines. The binding should occur
through all of the accessible active sites: primary and secondary amines, imines, amides [19]. Aldehyde,
ketone and acid groups can also participate in the condensations with the GA. These groups appear in the film
due to the oxidation and reactions with water in solutions and under air, but only after long times of immersion.
At the moment of GA application the concentration of these chemical groups was still negligible.
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3.2. QCM immunosensing

The performance of QCM and SPR immunosensors was evaluated by the immunoassay flow test probing the
interaction of immobilized AL-01 Ab and free HSA Ag as a model. It is known that this pair provides a quite
reliable immunocomplex under different conditions and assay formats [16].

In the QCM immunosensing, the GA activation was applied to as-deposited film, the AL-01 antibody was
immobilized overnight and non-specific sites were blocked with BSA. Then, the tests with different solutions of
HSA were carried out. Stable baseline and the selective response were recorded (Figure 2a). Each
concentration was applied after regeneration using 0.1 M HCI (2 min), which allowed analyzing three
concentration probes with a single crystal (Figure 2b).
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Figure 2 a) Immunointeraction between immobilized AL-01 antibody and solutions of HSA antigen,
b) Calibration curve. Each concentration was applied after regeneration with 0.1 M HCI

3.3. SPR immunosensing

In case of the SPR chips, the GA activation was applied to as-deposited film in offline mode (droplet of 3% GA
solution in PBS, 1 h, r.t.). During the first procedure (Figure 3a), after the GA step, the SPR chip was washed
with PBS and water and inserted into system. The measurements were carried out in the angular scan mode.
The AL-01 (binding channel only) and the blocking agent (BSA) (both channels) were successively immobilized
onto the surface of a chip. After that the reaction with the 10 ug/mL solution of HSA was carried out. During
these measurements the drift of the baseline was recorded, but no non-specific interactions were detected in
the reference channel. The signal change due to the reaction can be approximately estimated as 20 mdeg.

During the second procedure (Figure 3b), after the GA step and washing, AL-01 was applied overnight onto
the surface of a binding channel. Then the SPR-chip was washed and the BSA was applied offline to both
channels (the same experimental procedure as in case of QCM). After that the chip was inserted into SPR
system and after the baseline establishing the reaction with 10 pg/mL solution of HSA was carried out. During
these measurements the drift of the baseline was significantly reduced, the non-specific interactions were
detected, but at the low level - approximately 2 mdeg. The signal change due to the reaction can be
approximately estimated as 8 mdeg.

The comparison of the responses leads us to conclusion, that the online immobilization is more effective,
because then the sensor is more sensitive, but the drift problem is needed to be solved.
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Figure 3 SPR immunotests with the 10 pg/mL solution of HSA: a) online AL-01 immobilization, b) overnight
AL-01 immobilization

4, CONCLUSIONS

Pulsed plasma polymerization of CPA is an effective method for the preparation of amine-containing films that
are proposed as a replacement of SAMs on the gold surfaces of SPR and QCM sensors. The GA coupling of
AL-01 was employed for QCM crystals and SPR chips. The performance of immunosensors was evaluated by
the immunoassay flow test probing the interaction of immobilized AL-01 and HSA as a model.

The label-free QCM immunosensor for a rapid detection of HSA was developed. The QCM immunosensors
exhibited high-stability of the signal. Linear response was obtained in the range of the used concentrations.
The regeneration by 0.1 M HCI was successfully applied allowing to carry out three measurements with the
single crystal.

The possibilities in the SPR immunosensing were investigated through the AL-01 - HSA pair interaction, as
well. In case of the online AL-01 immobilization, the response during SPR immunosensing of 10 pg/mL solution
of HSA was approximately 20 mdeg, whereas in case of the overnight immobilization, the response was 8
mdeg. The online immobilization of AL-01 showed to be more effective but, in this case, the drift of the baseline
was observed. The results confirmed that the presented methodologies for the grafting of biomolecules on the
gold surfaces are very promising and have a great potential for biosensing applications.
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