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Abstract

We report on the successful application of carboxyl-rich plasma polymerized (PP) films as a matrix layer for bioreceptor
immobilization in surface plasmon resonance (SPR) immunosensing. Composition and chemical properties of the carboxyl-
rich PP films deposited from a mixture of maleic anhydride and acetylene were investigated. Changes in the films stored in air,
water, and buffer were studied and the involved chemical changes were described. Performance in SPR immunosensing was
evaluated on interactions of human serum albumin (HSA) with a specific monoclonal antibody. The comparison with the mixed
self-assembled monolayer of mercaptoundecanoic acid and mercaptohexanol (MUA/MCH) and one of the most widely used
surfaces for SPR, the 2D and 3D carboxymethylated dextran (CMD), was presented to show the efficacy of plasma polymerized
matrix layers for biosensing. The PP film-based SPR immunosensor provided a similar detection limit of HSA (100 ng/mL) as
MUA/MCH- (100 ng/mL) and 3D CMD (50 ng/mL)-based sensors. However, the response levels were about twice higher in
case of the PP film-based immunosensor than in case of MUA/MCH-based alternative. The PP film surfaces had similar binding
capacity towards antibody as the 3D CMD layers. The response of PP film-based sensor towards HSA was comparable to 3D
CMD-based sensor up to 2.5 pg/mL. For the higher concentrations (> 10 pg/mL), the response of PP film-based immunosensor
was lower due to inaccessibility of active sites of the immobilized antibody inside the flat PP film surface. We have demonstrated
that due to its high stability and cost-effective straightforward preparation, the carboxyl-rich PP films represent an efficient
alternative to self-assembled monolayers (SAM) and dextran-based layers in label-free immunosensing.
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Introduction

Published in the topical collection New Developments in Biosensors with
guest editors Francesco Baldini and Maria Minunni. Biosensors are being extensively developed and applied for
Electronic supplementary material The online version of this article biomedical and environmental studies. Quartz crystal micro-
(https;//doi.o.rg/ 140.100.7/500216—019—(?1979—9) contains supplementary balance (QCM) [1] and surface plasmon resonance (SPR) [2]
material, which is available to authorized users. biosensors proved to be very promising tools for sensitive
label-free determination of various analytes including proteins
and bacteria [3]. Efficient immobilization of the
biorecognition molecules onto the sensor surface is always
required for the biosensor development. Coatings containing
chemical groups capable of the formation of covalent linkages
between biomolecules and the surface are of high interest for
biological applications [4—6]. A sufficiently high surface con-
centration of functional groups as well as the layer stability
under various pH is required.

Plasma polymerized (PP) films are extensively used in the
field of biomedical applications. The amine-rich PP films are
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the most widely used and known to be convenient for immo-
bilization of biomolecules and binding of cells [7-11]. There
were plenty of reports describing the use of amine-rich PP
films in biosensing, cell proliferation, and other biological
applications [12—15]. Compared to the conventionally used
layers, such as carboxymethylated dextran (CMD), the plasma
polymerization can provide faster and cost-effective layer
preparation. Furthermore, PP surfaces provide good adhesion
to common substrates, which results in stable signal and good
regeneration capabilities. Carboxyl-rich PP films are typically
generated by plasma polymerization of various acrylates [16,
17]. Examples of using gas mixtures of CO, and ethylene
were also presented [18, 19]. Another approach relied on the
use of PP films deposited from maleic anhydride (MA), which
provided highly reactive coatings, but the process required
fine tuning, because the level of stability was initially not
sufficient [20]. There were several impressive results for bio-
logical applications using the grafting of MA onto hydrocar-
bon surfaces [21, 22]; however, these PP layers were not yet
employed as a matrix layer for biomolecule immobilization.

Because the carboxyl-based layers are otherwise the gold
standard within matrices for label-free biosensing [23, 24], our
work was dedicated to the development of effective carboxyl-
rich PP films. The preliminary tests were carried out to show
the potential of PP films in SPR immunosensing [25]. Two
different types of carboxyl-rich PP films were prepared at
different plasma conditions by polymerization from MA/
C,H,/Ar gas mixture and from CO,/C,H4/Ar gas mixture.
Their binding capacity towards monoclonal anti-human serum
albumin (HSA) antibody was evaluated and the potential to
bind antigen was demonstrated by applying HSA solution
(single concentration of 5 pug/mL). However, the CO,/C,H,
PP film-based immunosensor provided lower stability and
smaller binding capacity towards the antibody, which resulted
in constant drift of the baseline and a low level of response
towards HSA. On the other hand, the MA/C,H, PP film was
able to efficiently bind the antibody, provided a stable baseline
during the measurements, and the response towards HSA was
selective and much larger compared to the CO,/C,H, PP film-
based immunosensor.

Based on the obtained results, we continued the studies of
the MA/C,H, PP film and its properties with the aim of de-
veloping a robust immunosensing layer. Here, we present a
detailed study on the characterization of chemical properties
of the MA/C,H, PP film, its stability and use as a matrix
suitable for bioreceptor immobilization in SPR
immunosensing. Chemical composition of the obtained PP
films was analyzed by Fourier transform infrared spectrosco-
py (FTIR) and the chemical changes were followed right after
the deposition, after storage in air, water, and buffer. The
changes of surface topography and stiffness were evaluated
by atomic force microscopy (AFM). The performance of the
developed PP film-based immunosensor was characterized
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and compared with sensors based on mixed self-assembled
monolayer (SAM) of mercaptoundecanoic acid and
mercaptohexanol (MUA/MCH) and on the widely used
CMD.

Materials and methods
Chemicals and materials

Maleic anhydride (MA) (98%), l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), bovine serum albumin
(BSA), and human serum albumin (HSA) were purchased
from Sigma-Aldrich (Germany). Sodium hydrogen phos-
phate, sodium dihydrogen phosphate, and sodium chloride
for preparation of the phosphate-buffered saline (PBS;
50 mM phosphate, 150 mM NaCl, pH 7.4) were supplied
from Penta (Czech Republic). Anti-HSA monoclonal anti-
body (clone AL-01, purified immunoglobulin G) was obtain-
ed from Exbio (Czech Republic). Argon (99.998%) was sup-
plied by Messer (Czech Republic). Double-side polished sin-
gle crystalline silicon (c-Si) wafers ((111), N-type phosphorus
doped, resistance 0.5 2 cm) from ON-SEMI (USA) were cut
into 10 x 15 mm? substrates. MP-SPR (multi-parametric
surface plasmon resonance) Navi gold sensors, SPR102 Au
were purchased from BioNavis (Finland). All substrates were
cleaned by sonication in isopropanol (Penta, 99.8%) for
10 min. All buffers were filtered using vacuum filtration sys-
tem Stericup with 0.22-pum polyethersulfone (PES) membrane
(Merck Millipore, USA).

Plasma polymerization in atmospheric pressure
dielectric barrier discharge

The mixture of MA/C,H,/Ar was plasma polymerized in an
atmospheric pressure dielectric barrier discharge (AP-DBD)
reactor. The reactor was powered by 4 kHz AC voltage with
peak-to-peak voltage of 4 kV. The reactor geometry and a
detailed study of the correlation of plasma parameters with
the PP film properties was reported before [26]. The polymer-
ization time was adjusted to obtain the PP films with a thick-
ness of 20 nm (0.5 min) for the SPR tests and AFM measure-
ments, and 120 nm (3 min) for the FTIR studies [25].

FTIR analysis

Vertex 80v spectrometer (Bruker Optik, Germany) was used
to obtain the FTIR spectra of the PP films. The measurements
were carried out in the transmission mode on the IR-
transparent Si substrates using parallel beam transmittance
accessory in the spectral range from 400 to 4500 cm . The
reference spectra were recorded from a bare double-side
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polished Si wafer. Absorbance was calculated based on the
measured transmittance and data were normalized by thick-
ness. The FTIR spectra are plotted in the range of 1000—
4000 cm ', and there were no significant absorption peaks
of the PP films identified outside the given range [25]. The
spectrum assignments were done according to [27].

Ellipsometric measurements

The Jobin Yvon UVISEL ellipsometer (Horiba, Japan) was
used to determine the thickness of PP films. The data were
collected in the spectral range from 0.6 to 6.5 eV at the inci-
dence angle of 65°. The model of one homogeneous non-
uniform film using a PJDOS dispersion model assuming a
wedge-shaped non-uniformity was used to fit the optical data
obtained for the as-deposited PP films and dried PP films after
immersion in PBS [11]. In all cases, the thickness determina-
tion was possible with a sufficient level of precision.

Atomic force microscopy

The surface topography and stiffness were studied using
AFM. Dimension FastScan Bio (Bruker, USA) with
FastScan-A probe was used to scan the surface of bare gold
SPR chips, chips with freshly deposited MA/C,H, PP film
and chips with PP film after overnight immersion in PBS.
The data were evaluated in software Gwyddion (Czech
Metrology Institute, Czech Republic).

SPR immunosensing

For the SPR studies, system MP-SPR Navi 210A (BioNavis,
Finland) was used; the injection of samples was controlled
using the SPR-Navi software. The sensor response was eval-
uated as the surface plasmon resonance angle determined in
angular scan mode by a centroid fitting function. Prior to
insertion into BioNavis system, the PP-modified SPR chips
were washed using PBS, followed by washing with water and
drying by nitrogen. First, the baseline signal was established
with the degassed PBS as a running buffer with a flow rate of
20 pL/min. Afterwards, the freshly prepared mixture of EDC
(200 mM) and NHS (50 mM) in water was injected for 7 min
to activate the sensor surface. The anti-HSA antibody was
diluted in acetate buffer (pH 4.5) to the concentration of
50 pug/mL and injected to the binding channel for 20 min
using the flow rate of 10 uL/min. The reference channel was
modified by a solution of BSA under the same experimental
conditions using a parallel injection mode. The blocking of
reactive surface was performed in both channels using 2 mg/
mL solution of BSA in PBS (10 min, 10 uL/min). For the
immunosensing experiments, the samples of HSA were
injected for 10 min (20 puL/min) with another 10 min as a
dissociation time [25].

The performance of PP film-based layer was compared
with the surface based on SAM and with commercial CMD
chips. For the SAM formation, the gold SPR chip was first
washed in acetone (10 min) and isopropanol (10 min) under
ultrasonication. The chip was then immersed overnight in a
mixture of 3 mM 11-mercaptoundecanoic acid (MUA) and
7 mM 6-mercapto-1-hexanol (MCH). The commercial 2D
(CMDP) and 3D (CMD50) CMD-based chips (XanTec
bioanalytics, Germany) were used without prior pre-treat-
ment. The conditions of activation using EDC/NHS, antibody
binding and surface blocking remained the same as in case of
the PP-based sensor.

The binding kinetics was fitted in software TraceDrawer
(Ridgeview Instruments AB, Sweden). The one-to-one bind-
ing model was employed, and the &, and k4 values were fitted
globally from binding curves shown in graphs.

Results and discussion

Chemical composition and properties of MA/C,H,
plasma copolymers

The primary challenge for the development of effective bio-
sensors using plasma polymerization is the creation of thin
polymer layers stable in an aqueous environment, which
would at the same time be suitable for the immobilization of
biomolecules. In this paper, copolymerization of maleic anhy-
dride with acetylene was employed to create stable carboxyl-
rich PP films suitable for antibody immobilization. Acetylene
is known as one of the most reactive hydrocarbons in terms of
plasma polymerization [28]. The use of maleic anhydride and
acetylene mixture allowed obtaining plasma copolymers
consisting of anhydride groups incorporated along unsaturat-
ed hydrocarbon chains. Such copolymerization approach
allowed obtaining coatings with desired properties.

To study the chemical changes in the MA/C,H, PP films,
FTIR analysis was employed (Fig. 1), which showed that
anhydrides, «,3-unsaturated esters, and carboxylic acids were
present in the as-deposited films. When the films were im-
mersed in water or PBS right after the deposition, the stability
was very poor and the films disappeared from the substrate
due to the rapid hydrolysis of the anhydride groups. Due to
this fact, the as-deposited films were stored in air and the slow
hydrolysis of the anhydride groups was observed by an in-
crease of carboxylic acid signals (at 1725 and 1690 cm ') and
a decrease of anhydride group signals (at 1865 and
1780 cm 1), which completely disappeared after approximate-
ly 5 days (120 h) of storage in air. No changes in FTIR spectra
were observed during further storage in air. The FTIR spectra
of MA/C,H, PP films after various times of storage in air are
shown in Fig. S1 in the Electronic Supplementary Material
(ESM). After stabilization in air (196 h), the films were
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Fig. 1 FTIR spectra of MA/C,H, PP films: a full range spectra, b double bonds region

immersed in PBS, and after 18 h of immersion, they exhibited
approximately 28% thickness loss. During the immersion in
PBS, the formation of carboxylate ions was observed, which
was indicated by the appearance of a signal at 1580 cm .
The 20-nm-thick (as determined by ellipsometry) MA/
C,H, PP layers deposited on gold SPR chips were studied
using AFM (Fig. 2). Compared to the bare gold, surface
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roughness increased after the PP film deposition, followed
by flattening after the overnight immersion in PBS. Particles
observed at the surface of MA/C,H, PP layers were formed
due to the production of dust particles in the plasma gas phase
that, after reaching a critical size, fell down and stuck to the
surface. Acetylene-containing plasmas are well-known for
their high production of dust particles and the formation of
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Fig.2 AFM images of a bare gold surface of SPR chip, b as-deposited MA/C,H, PP film, and ¢ MA/C,H, PP film after overnight immersion in PBS. d

Surface stiffness evaluated using the AFM

@ Springer



Maleic anhydride and acetylene plasma copolymer surfaces for SPR immunosensing

rough films during MA/C,H, plasma polymerization was
studied in detail previously [29]. The PP surface flattening
after overnight immersion in PBS was caused by the thickness
losses of the PP layers, which resulted in partial removal of the
loosely bound particles from the surface. After the PP film
deposition, the stiffness of the surface decreased, which is
connected with covering of the rather rigid gold surface with
soft polymer layer. Further decrease of stiffness was observed
after the overnight immersion in PBS, which indicates loos-
ening of the PP film structure. Such change was generally
beneficial as it provided higher flexibility during the interac-
tions with soft biomolecules.

Performance of MA/C,H, PP films in SPR
immunosensing

Performance of the PP layers in SPR immunosensing was
evaluated by probing the interactions of immobilized AL-01
antibody and HSA antigen as a model pair. It is known that
this pair provides a reliable immunocomplex formation under
different conditions and assay formats [30, 31]. SPR chips
with the deposited 20-nm-thick MA/C,H, PP films were sta-
bilized in air and by overnight immersion in PBS and inserted
into the system. Before antibody immobilization, the PBS was
flown to establish a stable baseline signal. After this step, the
sensor surface was activated by the reaction with EDC/NHS,
which transformed the carboxyl groups into esters reactive
towards amino groups of the antibody (Fig. 3).

After the antibody immobilization (Fig. 4a), reactions with
HSA solutions of different concentrations were carried out
(Fig. 4b). After the individual HSA injections, 10 mM HCI
solution was applied for 2 min to regenerate the chip surface.
The immunocomplex was dissociated during the regeneration,

(o] (o]
lasma P P
zolymerization o Z 0 Z stabilization
93833933333933853833833¢
substrate substrate

H/A

the antigen molecules were washed away revealing the active
sites of antibodies, and the sensor surface was fully active
again. Regeneration allowed to carry out multiple measure-
ments with a single SPR chip, the sensorgram of sensor sur-
face regeneration is shown in Fig. S2 in the ESM.

Limit of detection (LOD; evaluated as S/N> 3) of 100 ng/
mL of HSA was achieved with the MA/C,H, PP film-based
chips, which is comparable to the conventionally used SAM-
based sensors [32, 33]. For HSA concentrations above 10 pg/
mL, saturation of the sensor surface was observed. The raw
signals from the measuring and reference channels are shown
in Fig. S3 A-B in the ESM. The negligible signal changes in
the reference channel confirm the high efficiency of the used
blocking conditions and the low level of non-specific interac-
tions. Overall, the developed sensor provided excellent level
of stability and selective response towards analyte.

To critically evaluate the suitability of the developed sensor
for immunosensing, a comparison with the standard MUA/
MCH self-assembled monolayer (Fig. 4c) and with the most
widely used CMD-based sensors (Fig. 4d) was carried out
using exactly the same procedure for the sensor preparation
and the same antibody-antigen pair. The raw signals from the
measuring and reference channel are shown in Fig. S3 C-F in
the ESM. The signals obtained during the antibody immobi-
lization are summarized in Table 1.

The MUA/MCH mixed self-assembled monolayer was
formed based on carboxyl bearing mercaptoundecanoic acid
(MUA) and inert mercaptohexanol (MCH). Compared to the
MA/C,H, PP film, the MUA/MCH-based sensor provided
lower capacity towards antibody binding, which resulted in
subsequent lower capacity towards binding of HSA antigen
(lower signals and working range limited to 5 pg/mL).
Compared to PP film- and CMD-based sensor surface
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Fig. 3 Individual steps of the immunosensor surface preparation and
measurement. Anhydride groups deposited during the plasma
polymerization of MA were transformed to carboxyl groups during the
stabilization in air. The carboxyl groups were then activated by the EDC/

substrate substrate

NHS, which allowed to covalently bind the amino groups of the antibody.
After the capture of the antigen, the immunocomplex can be regenerated
by the introduction of acidic pH, which dissociates the antigen and allows
further experiments
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Fig. 4 a SPR sensorgram of the antibody immobilization on MA/C,H,
PP film surface. SPR binding curves of HSA on antibody-modified gold
SPR chip based on b MA/C,H, PP film, ¢ MUA/MCH, and d 3D CMD.

matrices, the highest amount of BSA was adsorbed during the
blocking step to the binding channel of the MUA/MCH sen-
sor, suggesting there was still space for further protein immo-
bilization. Different pH values of the immobilization solution
were tested to enhance the electrostatic interaction and the
efficiency of the antibody immobilization; however, no signif-
icant changes in immobilization were observed. To optimize
the sensor surface blocking, the approaches based on binding
of BSA (2 mg/mL) and ethanolamine (1 M, pH 8.5) were
compared (Fig. S4 in the ESM). Both methods provided low

b
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£ 20| —10
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80-
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T 605
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0. 4%
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Differential signals (AR; calculated as the difference between channel

with immobilized antibody and reference) are shown. The black lines
correspond to the fitted kinetics model

level of non-specific protein adsorption, blocking by BSA was
used for further experiments due the possibility to be per-
formed at neutral pH.

In case of the CMD, the comparison with 2D CMD layer
was done first (since the MA/C,H, PP films are also 2D sur-
faces), followed by the same tests with the 50-nm-thick 3D
CMD layer. PP films and CMD layers performed differently
during the sensor preparation procedure. PP films exhibited a
much larger response to the reaction with EDC/NHS mixture
compared to the CMD layers, whereas the response during the

Table 1 Relative SPR responses

(mdeg) after individual steps of Type of matrix layer Activation Immobilization of antibody Blocking Binding of
antibody immobilization (channel) by (binding channel) and BSA by HSA
procedure EDC/NHS  (reference) BSA (0.5 pg/mL)
MA/C,H; (binding) 501 455 83 13
MA/C,H, (reference) 456 460 11 -1
MUA/MCH (binding) 139 158 162 5
MUA/MCH (reference) 117 252 23 0
2D CMD (binding) 27 30 9 2
2D CMD (reference) 21 260 1
3D CMD (binding) 17 405 2 9
3D CMD (reference) 17 690 -2 0
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antibody immobilization was comparable for the PP films and
3D CMD. The worst performance during the antibody immo-
bilization was observed with the 2D CMD layer; the very low
signal change suggests that only very limited number of anti-
body molecules was immobilized. Due to this fact, no re-
sponse was observed during further tests with HSA solutions
for the 2D CMD-based sensor and no sensorgram was
obtained.

After the successful antibody immobilization onto the 3D
CMD layer, tests with HSA solutions were carried out (Fig.
4d). The 3D CMD-based sensor provided LOD of 50 ng/mL,
which is similar to MA/C,H, PP film-based sensor. The level
of response to relatively small concentrations (up to 0.5 or
2.5 pug/mL of HSA) was also comparable. However, the re-
sponse to the concentration of 10 pg/mL of HSA was about
twice lower in case of the MA/C,H, PP film-based sensor.
Interesting to note that the amount of immobilized antibody
on the surfaces of MA/C,H, PP film-based sensor and 3D
CMD-based sensor was almost the same, which means that
about a half of antibody molecules immobilized on the MA/
C,H, PP film-based sensor were not binding the analyte. This
could be due to the 2D structure of the MA/C,H, PP film with
relatively large—but not selective—binding capacity. A suffi-
cient amount of antibody molecules was capable of binding to
the MA/C,H, PP film surface, but the active sites of the anti-
body were not accessible for the analyte. The 3D CMD layers
have “tree-like” structured brushes, where many of antibody
molecules can be effectively immobilized—active sites of an-
tibody molecules are more accessible for the antigen [34]. The
comparison of the measured signals for all tested sensor types
is shown in Fig. 5. The kinetic parameters of the interaction
between AL-01 antibody and HSA antigen for the different
layers are summarized in Table 2. The MUA/MCH-based chip
provided the fastest association reaction, probably due to the
perfectly plain surface and no re-binding. Also the MA/C,H,

a
120
= MA/C,H,
100{ o MUA/MCH
A 3DCMD
80
>
3
£ 601
1
< 404
20
0 -
0 2 4 6 8 10
¢ (ug/mL)

Table 2 Comparison of the evaluated kinetic parameters for the
interaction between anti-HSA antibody AL-01 and HSA antigen on dif-
ferent surfaces

Type of matrix layer kLM 1sh ks Kp M)

MA/C,H, 7.0 x 10 3.0x107* 43x107°
MUA/MCH 9.5x 10 25x%x107 26x107°
3D CMD 3.9x10* 25x%x107 63x107°

PP film-based immobilization resulted in quite fast associa-
tion, providing significantly higher &, value compared to the
CMD surface. The evaluated K values did not significantly
differ among the layers, confirming the potential of the MA/
C,H, PP film-based surface for kinetic studies.

Conclusions

Plasma copolymerization of MA and acetylene in DBD reac-
tor is an efficient method for the preparation of carboxyl-
containing films that are proposed as an alternative to widely
used SAMs and CMD layers on the gold surfaces of SPR
sensors. The obtained MA/C,H, PP films were highly reactive
surfaces; their chemical properties in air and aqueous environ-
ment were studied by FTIR. After stabilization in air (5 days
of storage), approximately 30% thickness loss was observed
during the immersion in PBS due to the partial hydrolysis of
the MA/C,H, polymer film. Nevertheless, a stable signal was
obtained during the subsequent SPR immunosensing and a
selective response towards analyte was recorded.

The comparison of the performance of MA/C,H, PP films,
MUA/MCH, 2D and 3D CMD layers in SPR immunosensing
of human serum albumin was carried out. The MA/C,H, PP
films showed enhanced performance compared to MUA/

b

= MA/C,H, A

1004 & MuAMCH

A 3DCMD .
=)
[0
E
-~ 10
\g
<

14

0.1 1 10
¢ (ug/mL)

Fig. 5 Comparison of the obtained signals for HSA detection using surfaces based on MA/C,H, PP film, MUA/MCH, and 3D CMD. a Linear scale
fitted by the Langmuir model and b double-logarithmic plot fitted by line (the points in saturation were not included in the fit)
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MCH and 2D CMD layers. The LOD achieved on the MA/
C,H, PP-based sensor (100 ng/mL) was similar to the MUA/
MCH- and 3D CMD-based sensors. The level of response of
the MA/C,H, PP film-based sensors was about twice larger
than in the case of MUA/MCH-based sensors. However, the
level of response of the MA/C,H, PP film-based sensor was
lower compared to the 3D CMD-based sensor, especially in
case of high antigen concentrations. This is due to the random
distribution of functional groups in PP film, smaller surface
area compared to the 3D CMD surface, and random orienta-
tion of the antibody molecules immobilized via amino groups.
The achieved results demonstrate that plasma polymerization
is a one-step eco-friendly procedure (not requiring the use of
aggressive chemicals) for creation of highly reactive surfaces
and prove a great potential of carboxyl-containing PP films as
a matrix for immobilization of bioreagents in the field of
biosensing.
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