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Abstract. Quality of bioactive surface is crucial for achieving the required sensitivity and selectivity of biosensing systems. Numerous
methods are available for the characterization of metal-coated surfaces, but only a few to test the efficacy of biomaterial immobilization
and the level of non-specific binding. Herewith we propose to use total internal reflection fluorescence (TIRF) microscopy for the
characterization of the surface analyte recognition capacity. Biomolecules were bound onto titanium/gold covered glass using three
different self-assembled monolayers (SAM). The surfaces with attached antibodies were evaluated using the specific binding of fluo-
rophore-labeled secondary antibodies and visualized with TIRF. Among studied SAMs, aminothiol layers with glutaraldehyde coupling
demonstrated high binding capacity along with excellent homogeneity indicating their suitability for applications in biosensors.
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1. INTRODUCTION

Biosensors are analytical tools, where biorecognition is
used to detect analytes and convert obtained signals into
measurable physical parameters. The ability of the bio-
logical element for specific interaction with the analyte of
interest secures the selectivity of the determination. So,
one of the main challenges in bioanalytical applications
is to quantify and increase the capacity of the functional
biorecognition components and avoid nonspecific inter-
actions on the surface of electrodes.

Self-assembled monolayers (SAMs) can be used for the
biofunctionalization and immobilization of bioactive
materials onto electrodes. In addition to their binding prop-
erties, their hydrophobic nature minimizes non-specific
binding. The quality of SAM layers and efficacy of surface
immobilization has been studied extensively in different
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systems as the level of selectivity, sensitivity, and assay
robustness are crucial factors in biosensor applications.
Atomic force microscopy (AFM) [1-4], cyclic voltammetry
(CV) [5,6], electrochemical impedance spectroscopy (EIS)
[7], quartz crystal microbalance (QCM) [8], surface
plasmon resonance (SPR) [9—11], ellipsometry [12,13], X-
ray photoelectron spectroscopy (XPS) [13,14], scanning
electron microscope (SEM) [15,16], Raman microscopy
[1], and scanning tunneling microscope (STM) [17] have
been used for the characterization of SAM layers. Still,
these methods do not provide direct information about the
efficacy and quality of the immobilization of specific
biological capturing elements and analyte recognition
capacity of the surface.

In recent years several novel methods of fluorescence
microscopy offer higher sensitivity and resolution to
visualize different objects. Among them, total internal
reflection fluorescence (TIRF) microscopy allows selec-
tive illumination of fluorophores in the very close
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proximity to the surface without illuminating fluorophores
further in the solution, resulting in high contrast with single
molecule detection capabilities [18]. For the detection of
surface-bound fluorophores at the glass-water interface,
the beam has to be excited at an oblique angle to generate
the evanescence field and total internal reflection to allow
the beam to propagate inside the coverslip [19]. TIRF
microscopy can be used for the detection of binding
capacity and homogeneity of surface-immobilized
fluorophore-labeled biomolecules, e.g. antibodies [20] or
enzymes [21]. TIRF microscopy can also be performed in
combination with the metal enhanced surface plasmon-
coupled emission (SPCE) to improve the contrast between
the emission of the fluorophore and the background
without quenching the fluorophore [22—24]. This means
that it allows characterizing immobilized surfaces of thin
metal layers as well. Herewith we propose to use SPCE
enhanced TIRF microscopy as an optical method for the
characterization of surfaces of biofunctionalized gold thin
films electrodes. This approach enables direct access to
surface-bound biomolecules with enhanced contrast to
improve the quality of biofunctionalized electrodes utilized
in the fields of SPR, QCM, CV, and EIS.

2. MATERIALS AND METHODS
2.1. Chemicals, solutions, and reagents

16-mercaptohexadecanoic acid (16-MHA, 90%), 6-amino-
1-hexanethiol hydrochloride (6-AH), N-hydroxysuccinimide
(NHS) were obtained from Sigma-Aldrich, 11-amino-1-
undecanethiol hydrochloride (11-AU, > 90.0%) was
purchased from Dojindo, 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide (EDC, > 98%) from Alfa Aesar, glutaraldehyde
(GA, 50% solution in water) from AppliChem, ethanolamine
from Fisher Chemicals and goat polyclonal anti-rabbit IgG
labelled with Alexa Fluor® 488 from Abcam (ab150077).
Rabbit IgG antibodies were purified in the University of
Tartu, Institute of Chemistry from rabbit antisera using
protein A column (HiTrapTM Protein A HP, 5 mL, GE
Healthcare) and stored in 10 mM phosphate buffer saline
(PBS with 0.15 M NaCl, pH 7.2) [25]. 16-MHA, 6-AH, and
11-AU were dissolved in ethanol (96%). Milli-Q water
(18 M<Y/cm) was used for the preparation of solutions. All
chemicals were of analytical grade and were used as received
without further purification. The Schott glasses D 263® bio
(No. 1.5 H and 22 x 22 mm) were purchased from Paul
Marienfeld GmbH.

2.2. Magnetron sputtering of thin films
AJA International UHV (ultra-high vacuum) magnetron

sputtering system was used to deposit titanium (Ti) and
gold (Au) films at room temperature. The 1.5 nm Ti film

(adhesion layer) was deposited on a glass sample using 3”
Ti (AJA International 99.999% purity) target, 3 mTorr Ar
pressure, 300 W DC (direct current) power, and deposition
time was 13 s. In the following step, 35 nm of Au film was
deposited using 2”” Au (AJA International 99.99% purity)
target, 3 mTorr Ar pressure, 55 W PDC (pulsed direct
current, 100 kHz frequency, 3-microsecond pulse) power
at the sample, and deposition time was 3 min 32 s.
According to ellipsometry measurements (GES-5E from
“Semilab Co”, microspot option, incidence angle 70 deg),
the thickness of the Au film was from 35 to 38 nm.

2.3. Preparation of the bio-functionalized electrodes

Figure 1 illustrates the preparation of biofunctionalized
electrodes, starting with microscope coverslips directly after
the sputtering process. The Ti/Au covered coverslips were
incubated in surface modifying reagent for 24 hours in the
dark at room temperature. The used solutions of modifiers
were the following: 1 mM 6-AH (pH=11) or | mM 11-AU
(pH = 11) or 1| mM 16-MHA (pH = 2), all in ethanol. After
the formation of SAM layers, the electrodes were rinsed
with ethanol and Milli-Q water. Next, the 6-AH and 11-AU
surfaces were incubated in 12.5% glutaraldehyde for 60 min.
The surfaces with 16-MHA layers were incubated in a
solution containing 0.1 M NHS and 0.4 M EDC for 30 min
at room temperature to activate the terminal carboxylic
groups. For the antibody attachment, the surfaces were
incubated with 90 pg/mL rabbit IgG antibody solution in
500 mM carbonate buffer (pH 9.5) (6-AH and 11-AU) or in
10 mM acetate buffer pH 5.0 (16-MHA) at 4 °C overnight
and then rinsed with Milli-Q water. After covalent immo-
bilization of antibodies, the surfaces were incubated with a
solution of 1 M ethanolamine (pH 8.5) in Milli-Q water for
10 min at the room temperature to deactivate the remaining
active functional groups. For the preparation of surfaces
used for the detection of non-specific binding, all active
functional groups of SAM layers were directly deactivated
with ethanolamine. Finally, the surfaces were rinsed with
10 mM PBS buffer (0.15 M NaCl, pH 7.4) and stored in the
same buffer at 4 °C for further usage.

2.4. Total internal reflection fluorescence (TIRF)
set-up and measurements

The iIXON897 (Andor) was mounted to the side port of an
iMIC TIRF inverted digital fluorescence microscope (Till
Photonics GmbH, Grifelfing, Germany) through a TuCam
adapter with 2x magnification (Andor Technology, Belfast,
UK). For the illumination, the laser diode 488 nm from
Omicron laser combiner was fibre-coupled to the Yanus Scan
head and Polytrope for the regulation of the illumination
angle. For the detection, the Olympus 60x APON NA 1.49
TIRF objective was used. The filter cube comprised of a
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Fig. 1. Biofunctionalization of gold surfaces with rabbit IgG antibodies using different hydrophobic spacers: 6-amino-1-hexanethiol
hydrochloride (6-AH) or 11-amino-1-undecanethiol hydrochloride (11-AU) (A) and 16-mercaptohexadecanoic acid (16-MHA) (B).

475/35 nm BrightLine HC exciter (Semrock, New York,
USA), a zt 491 RDCXT dichroic beamsplitter (Chroma,
Bellows Falls, USA), and a 525/45 nm BrightLine HC
emitter (Semrock, New York, USA). Measurements were
conducted on biofunctionalized coverslips mounted into
magnetic CMS chambers (Live Cell Instruments, Korea).
10 nM Alexa 488 labelled anti-rabbit IgG antibody in
Dulbecco’s phosphate buffer saline (DPBS, pH 7.2) without
Ca and Mg (ID 17-512, Lonza, Switzerland) was used for
the detection of immobilized antibodies. The immobilized
surfaces were incubated with the detecting antibody at room
temperature for 20 min before each measurement. For all
experiments, the same illumination power, illumination TIR
angle, and exposure time were applied.

3. RESULTS AND DISCUSSION

The development of biofunctionalized electrodes for
applications in the field of biosensing has common chal-
lenges like the capacity and reproducibility of selective
binding sites and the homogeneity of their planar

distribution on the surface. The TIRF microscope together
with metal enhanced surface plasmon-coupled emission
opens new possibilities in this field.

In this study, the thin metal films consist of 1.5 nm Ti
(adhesion layer) and 35 nm Au, which are deposited onto
flat glass coverslips. These slides provide efficient transfer
of light energy through the thin film as well as high
electrical conductivity towards electrochemical biosensor
systems. Comparing gold covered and uncovered slips we
detected the enhancement of the detected TIRF signal and
changing the incident angle of illumination along with the
increase of Michelson contrast index in case of gold
covered slides, which indicates the occurrence of SPCE
component of this detection system.

The bulk properties of the base substrates (borosilicate
microscopy coverslips made of Schott D 263® bio) were
analysed with high-resolution SEM (Fig. 2) and AFM
(Fig. 3) to characterize the flatness and, the non-porous
texture of the microscopy coverslips before and after the
deposition of thin films without biofunctional modifications.

These surface topography studies showed a flat
surface with the RMS (root means square) roughness of
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(A) (B)

Fig. 2. High-resolution SEM microscopy image of the blank coverslip before (A) and after (B) the thin film deposition of 1.5nm Ti
(adhesion layer) and 35nm Au using HR-SEM Zeiss Merlin equipped with an In-Lens SE detector for topographic imaging and In-
Lens energy selective backscattered detector for compositional contrast. Measurements were taken at the operating voltage of 2 kV.
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Fig. 3. The topology of the microscopy coverslip (Schott D 263® bio) surface after the magnetron sputtering to generate Ti/Au film.

The AFM measurements were performed in non-contact mode with the Bruker NEOS 8 equipped with the reflex coating cantilever.
The surface topology in 2D (A) and 3D (B) format is shown by a 20 x 20 um frame with the representative profile of the surface (C).
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2.1-2.3 nm and sparsely distributed peaks with heights
between 14-25 nm. The high-resolution SEM images are
pointing to a non-porous surface texture before and after
the metal thin film deposition process, indicating that the
metal layer partly covers inhomogeneity of the structures
of the glass surface. AFM and high-resolution SEM reveal
that the surface roughness, as well as the non-porous
texture before and after the deposition of the thin metal
films, can be considered for TIRF microscopy as non-
significant. The smooth and non-porous texture is
considered as particularly crucial for biosensor systems’
applications as the topography directly influences the
homogeneity, specific and non-specific binding capacity
as well as the reproducibility of biofunctionalized
electrodes. To bind bioactive components to the sensor
and to avoid non-specific binding to the electrode, the thin
films have to be covered by the SAM layer.

In this study, three commonly used SAM layers [26—
28], all making use of the covalent S-H bridge on freshly
deposited gold surfaces, were applied to bind bioselective
components and avoid non-specific absorption of an analyte

(A) (B)
16MHA

Total binding

D) (E)

Non-specific binding

6-AH

to thin gold films. The bioactive component, rabbit IgG
antibodies were covalently coupled to the SAM layer, and
the quality of the bioactive layer on electrodes was assessed
by specific binding of 10 nM Alexa 488-labeled anti-rabbit
antibody. The detection of non-specific absorption of the
secondary detecting antibody was performed in the absence
of the capturing antibody on the SAM layers.

The first SAM layer investigated, was composed
by the long-chain 16-mercaptohexadecanoic acid (16-
MHA), which was biofunctionalized by immobilizing
rabbit antibodies with the help of NHS and EDC via
the amino groups of the antibody. The other SAM
layers were produced with two different omega-amino-
alkanethiols: 6-amino-1-hexanethiol hydrochloride
(6-AH) and 11-amino-1-undecanethiol hydrochloride
(11-AU) and the antibodies were attached to the amino
groups of these alkanethiols with the help of glutaral-
dehyde (GA).

The results related to the specific and non-specific
binding capacity and planar distribution of specific (and
nonspecific) binding sites were detected in the form of

©
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Fig. 4. TIRF images of Alexa 488-labelled anti-rabbit antibody binding to different electrodes. The biofunctionalized SAM layers were formed
with 16-MHA (A, D), 6-AH (B, E) or 11-AU (C, F) and the spatial distribution of the total binding was measured in the presence of the
capturing rabbit antibody (A-C), while the non-specific binding was detected in the absence of the capturing rabbit antibody (D-F). All TIRF
images were taken in the presence of 10 nM anti-rabbit antibody labelled with Alexa 488 after 20 min incubation at room temperature.
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Table 1. Intensity values and quality factors of different biofunctionalized SAM layers

SAM layer | Mean intensity value, arbitrary number x10%¢ | Level of non-specific binding, % | Z-factor ©
A 16-MHA 72+1.0 7.6 0.57 £0.07
B 6-AH 11.3+0.9 7.7 0.72 £0.02
C 11-AU 12.6 £0.9 5.4 0.76 £0.04

an = 10; measurements from 10 random fields of view of one biofunctionalized coverslip
b n = 30; frames from the coverslips of three independent preparations, where measurements were done at 10 random fields of

view per one coverslip.

intensity values of the TIRF images (Fig. 4 and Table 1).
All SAM layers with attached antibodies provided strong
specific interactions with lower than 10% of non-specific
binding due to their hydrophobicity.

For the estimation of assay suitability for biosensing
applications, we used a simple statistical parameter Z-
factor for high throughput screening of the surfaces [29].
The Z-factor takes into account the means and standard
deviations of both the positive and negative controls of
the assay.

In our case, the Z-factor was derived from the standard
deviation and mean intensity values of 16-bit greyscale
TIRF microscopy images with the field of view of 20 x
20 um. The data variability reflects the homogeneity of
total and non-specific binding surfaces and, the magnitude
of the response (mean intensity) that relates to the capacity
of specific and non-specific binding. The obtained Z-
factors (Table 1) indicated a good or excellent assay for all
three SAM layers, although the distinctive differences
between the different activation processes can be pointed
out. The omega-amino-alkane thiols indicated higher
homogeneity and higher binding activities compared to
commonly used 16-mercaptohexadecanoic acid (16-
MHA).

(A)

16-MHA

Non-specific binding

To compare the non-specific binding of the secondary
detecting antibody to the different SAM layers in the
absence of the capturing antibody, we produced TIRF
images within a different range of contrast (Fig. 5). This
allowed identifying apparent differences in the non-
specific binding on different surfaces, which were hidden
during the detection of total binding (Fig. 4D—F). Here we
see that the general nonspecific binding decreases with
the increase of the length of the hydrocarbon chain of the
SAM layer. Even small defects detected do not interfere
with the total low level of non-specific binding achieved.

To conclude, TIRF microscopy provides unique insights
into the capacity of active binding sites, hydrophobic
properties, and the homogeneity of distribution of both
specific and non-specific binding sites in close proximity
of a thin metal film. The results obtained suggest that TIRF
microscopy with metal enhanced SPCE provides a highly
sensitive platform for the investigation of the specific and
non-specific binding capacity of activated SAM layers on
metallic films. The proposed method allows the de-
velopment and study of novel biofunctionalized layers for
metal electrodes of biosensors using glass-based slides,
where the quality of the bioactivated surfaces can be
evaluated with TIRF and SPCE.

©)
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Fig. 5. TIRF images of non-specific binding of Alexa 488-labeled anti-rabbit antibody to electrodes with different SAM layers in the
absence of the capturing antibody. The SAM layers were formed with 16-MHA (A), 6-AH (B) or 11-AU (C). The TIRF images were
taken in the presence of 10 nM anti-rabbit antibody labeled with Alexa 488 and presented with increased contrast in the low-intensity
range. The arbitrary intensity values were (0.5 + 0.1) x 10° (A); (0.8 = 0.2) x 10° (B) and (0.6 + 0.1) x 10? (C).
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Biofunktsionaliseeritud kullapindade iseloomustamine tiieliku sisepeegelduse
fluorestsentsmikroskoopiaga

Robin Ehrminger, Sergei Kopanchuk, Kairi Kivirand, Tavo Romann, Toonika Rinken, Mart Min
ja Ago Rinken

Biosensorsiisteemide arenduses on bioselektiivsete pindade valmistamisel nende reprodutseeritavuse korval véga oluline
ka nende homogeensus. Kuigi metallipindade iseloomustamiseks on olemas mitmeid meetodeid, siis biomaterjali pinnale
immobiliseerimise efektiivsuse ja erinevate ainete mittespetsiifilise seostumise suuruse kohta annavad infot ainult
iiksikud neist. Kdesolevas to0s kasutati tdieliku sisepeegelduse fluorestsentsmikroskoopiat, et iseloomustada analiitidi
dratundmisreaktsioone kuldpinnale kinnitatud biomolekulide poolt. Biomolekulide, milleks kdesolevas t66s olid
antikehad, immobiliseerimiseks kuldpinnale kasutati erinevaid sidumisstrateegiaid ja kinnitunud antikehade aktiivsust
ning selektiivsust hinnati fluorofooriga mérgistatud sekundaarsete antikehade seostumise jargi, mida jélgiti taieliku
sisepeegelduse fluorestsentsmikroskoobi abil. Uuritud pindadest osutusid parimateks w-aminoalkiiiiltioolidega toddeldud
pinnad, millele biomolekulid seoti glutaaraldehiitidiga. Nende pindade homogeensus, madal mittespetsiifiline sidumine
ja suur sidumiskohtade arv teeb need siisteemid perspektiivseks erinevate biosensorsiisteemide arendamiseks.



