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The arrangement, composition and orientation ofimmunoreagents employed in an indirectimmunoassay
for determination of mycotoxin OchraToxin A (OTA) are specified for Si3N,4 substrate, aiming to imitate
biosensor transducers made of the same material. SizN4 surfaces are examined after modification with
(3-aminopropyl)triethoxysilane, spotting with OTA-ovalbumin conjugate (probe), blocking with bovine
serum albumin, reaction with a mouse monoclonal antibody against OTA and, finally, reaction with a goat
anti-mouse secondary antibody. Atomic force micrographs, their autocorrelation and height histogram
parameters, show the stepwise development of a multi-component monolayer covered by groups of
secondary antibody molecules. Time-Of-Flight Secondary lon Mass Spectrometry reveals the composition
of probe and blocking protein, as well as their partial desorption during the primary immunoreaction.
Ellipsometry provides surface amount of all proteins, increasing step-by-step from 0.7 to 6.9 mg/m?. In
addition, ellipsometry combined with TOF-SIMS reveals the mass loadings of different molecules in the
intermediate and the final overlayer. Based on this, some orientations of the immobilized molecules are
proposed and a molar ratio of ~2.5 for secondary to primary antibody is calculated. The orientations of
the primary and secondary antibody are further clarified by Principal Component Analysis of TOF-SIMS
data, through which a side-on and a head-on orientation is deduced for the primary and the secondary
antibody, respectively. These findings demonstrate how the combination of multiple surface analysis
techniques can provide insight on the arrangement, composition and orientation of biomolecules in the
course of multi-step procedures employed in biosensors.
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1. Introduction

Since their discovery over 50 year ago, immunochemical meth-
ods have become one of the most powerful analytical tools [1],
further exploited by the massive development of immunosensors
which have found application in areas ranging from biomedical
diagnostics to food safety and drug screening [2].
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For silicon-based immunosensors, the surface should be appro-
priately functionalized prior to the immobilization of the specific
immunoreagents, whereas a blocking step should be performed
prior to immunoreaction to eliminate non-specific binding of
reagents during the immunoreaction. The immunosensor ana-
lytical performance depends on the arrangement/orientation of
immunoreagents on its surface as well as the amount of immo-
bilized molecules. Commonly, molecular arrangement is concluded
from spectroscopic [3-6], quartz crystal microbalance [ 7] or Atomic
Force Microscopy data [4,6,8,9]. Nevertheless, all these approaches
seem not sufficient to provide insight of what is happening onto
the surface, when different molecules are involved which are
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not only introduced but also partly removed from the surface
during the successive modification/immunoreaction steps [10].
Therefore, surface examination with a method that could provide
discrimination between immobilized onto surface molecules, such as
Time-of-Flight Secondary Ion Mass Spectrometry, is expected to
provide valuable information and help to improve immunosensors
performance. In addition, such a surface examination after each
functionalization and assay steps is rarely provided by the usually
applied surface characterization methods [11].

Here, such a step-by-step surface characterization is applied in
order to define molecular arrangement and composition during the
course of an indirect immunoassay for the detection of mycotoxin,
OchraToxin A (OTA). The assay is accomplished by immobilization
of an OTA conjugate with ovalbumin on the surface, followed by
immunoreaction with a monoclonal anti-OTA antibody (primary
antibody) and a secondary antibody as a mean to increase the spe-
cific signal. It should be noted that although several investigations
have been performed to define the orientation of immobilized anti-
bodies (e.g. [5-7,9,12-14]), this is the first time the research is
extended to cover molecular orientation of both the primary and sec-
ondary antibody, observed directly on functionalized surface in the
course of an indirect immunoassay, and compared with the situa-
tion on reference surfaces spotted with these antibodies. Thus, in
the present study, direct determination of antibody orientation is
provided by Principal Component Analysis of TOF-SIMS data [4,12],
performed for multi-component protein overlayers.

2. Experimental section
2.1. Materials

Silicon wafers were purchased from Si-Mat (Kaufering,
Germany). 3-aminopropyltriethoxysilane (APTES), bovine serum
albumin (BSA), and ovalbumin (OVA) were purchased form
Sigma-Aldrich (Darmstadt, Germany). The synthesis of OTA-OVA
conjugate was performed as described in a previous publication
[15]. The mouse monoclonal anti-OTA antibody (anti-OTA Mab;
isotype IgG1, k) was purchased from Soft Flow Hungary Ltd.
(Hungary). Affinity purified polyclonal goat anti-mouse IgG anti-
body (secondary antibody) was from Merck Millipore (Darmstadt,
Germany). The water used throughout the study was double dis-
tilled.

2.2. Surface functionalization and assay protocol

The biofunctionalization and immunoassay steps are shown
schematically in Fig. 1. Firstly, SisN4 surfaces (1), cleaned and
hydrophilized with oxygen plasma, were immersed in a 0.5% (v/v)
aqueous APTES solution for 2 min, followed by gentle washing with
distilled water, drying under N, stream and curing for 20 min at
120°C. Then, a 200 pg/mL OTA-OVA solution in 50mM carbon-
ate buffer, pH 9.2 was spotted (2) (over 7mm x 7 mm areas) on
the surfaces using the BioOdyssey Calligrapher Mini Arrayer (Bio-
Rad Laboratories, Inc.) [10]. The spotted samples were incubated
in a humidity chamber for 18 h and washed with a 10 mM Tris-HCl
buffer, pH 8.25, and distilled water. Blocking (3) was performed
by immersing the samples in a 10 mg/mL BSA solution in 0.1 M
NaHCOs3, pH 8.5, for 2 h followed by washing and drying as pre-
viously. Reaction with the primary antibody (4) was performed
through incubation of the samples for 1 h with a4 pg/mL solution of
anti-OTA Mab in 50 nM Tris-HCl buffer, pH 7.8, containing 9 g/L NaCl
and 5 g/L BSA (assay buffer). After that, the samples were washed
and dried as previously, and then incubated with a 10 pg/mL sec-
ondary antibody solution in assay buffer (5) for 1 h. Additionally,
reference samples were prepared by spotting directly solutions of

4 g/mL of anti-OTA Mab (r4) or 10 p.g/mL of secondary antibody
in 50 mM carbonate buffer, pH 9.2 (r5). The reference samples were
washed with buffer and distilled water and dried under N, stream.

2.3. AFEM surface examinations

Agilent 5500 microscope working in a non-contact mode (reso-
nant frequency ~70 kHz, tip radius ~7 nm, spring constant ~2 N/m)
under ambient conditions was used to acquire AFM images from
different areas of each sample. The WSXM software was used
(downloadable at http://www.nanotec.es) for processing of the
images.

2.4. TOF-SIMS surface characterization

A TOF.SIMS 5 (ION-TOF GmbH) instrument equipped with Biz*
ion clusters (30 keV liquid metal ion gun) was used. lon dose den-
sity was lower than 102 ion/cm? (static mode). A low energy
electron flood gun was used for charge compensation. High mass
resolution positive ion static TOF-SIMS spectra were acquired from
six non-overlapping 100 pwm x 100 wm areas of each sample. Mass
calibration was performed with H*, Hy*, CH*, CoHy* and C4Hs*
peaks. A minimal mass resolution (m/Am)>5300 at C4Hs* was
obtained. To investigate differences in molecular coverage rather
than changes in relative composition, TOF-SIMS data that have
been obtained with dose density and primary beam current iden-
tical for all measurements are used without normalization. Surface
sensitivity of TOF-SIMS experiments using Biz* primary ions was
described [ 16] by exponential decay of signal intensity as a function
of organic overlayer thickness, and characterized by escape depth
of secondary ions of ~4 nm [16]. This value corresponds to uniform
protein layer [11] with surface density of ~5.5 mg/m?.

2.5. Multivariate TOF-SIMS analysis with PCA

Principal Component Analysis was performed for the positive
TOF-SIMS spectra using the PLS Toolbox (Eigenvector Research,
Manson, WA) for MATLAB (MathWorks, Inc., Natick, MA). The inten-
sities of selected peaks from each spectrum were normalized to the
sum of selected peaks and mean-centred prior to running PCA.

2.6. Ellipsometry measurements

The Sentech SE800 (Sentech Instruments GmBH) Spectroscopic
Ellipsometer (wavelength range of 320-700nm, fixed angle of
incidence ~70°) along with the SpectraRay 3 software was used.
Average thickness was estimated by fitting model predictions to
W and A relations, assuming the Cauchy dispersion formula. The
three-layer model consisted of silicon substrate/Si3N4/mixed SiO,
and APTES layer/protein overlayer. Fixed refractive index values
n=3.87 for Si, 2.01 for SizN4 [17], 1.46 for both SiO, and APTES [18],
and 1.53 for proteins [19] were used. The thickness of SizN4 layer
(122.5nm), as well that of mixed SiO, and APTES layer (6.3 nm),
both obtained from measurements performed on a bare silanized
surface, were taken into account to fit the thickness of protein layer.

3. Results and discussion

3.1. Multi-step procedure for silicon surface modification leading
to indirect assay

The reagents and assay procedure employed in the present study
have been previously applied for the determination of OTA in beer
samples employing an array of integrated on silicon Mach-Zehnder
Interferometric sensors based on Si3N4 waveguides [10,15]. Thus,
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Fig. 1. Schematic of the procedure employed for biofunctionalization of Si3N,4 surfaces (1-3) and indirect immunoassay for detection of mycotoxin OTA (4-5). Si3N,4 surfaces
were modified with APTES (1), spotted with OTA-OVA conjugate (2), blocked with BSA (3), and reacted first with the anti-OTA Mab (4), and then with a secondary antibody
(anti-mlIgG) (5). Reference samples were directly spotted with primary (r4) and secondary antibody (r5).

in the present work Siz N4 surfaces prepared in a similar way to inte-
grated waveguides were employed in order to mimic the molecular
arrangements in the particular sensor. In the aforementioned sen-
sor, a competitive immunoassay format, schematically depicted in
Fig. 1,is applied to determine traces of mycotoxin OTA in beer sam-
ples through incubation of calibrators or samples with the anti-OTA
Mab prior to reaction with the immobilized onto the sensors sur-
face OTA-OVA probe. Thus, all the surfaces examined in the present
study correspond to zero calibrator.

The procedure of Si3N4 surface modification (Fig. 1) consists of:
(1) chemical activation with amino-silane (APTES); (2) immobiliza-
tion of the probe OTA-OVA (spotted from solution); (3) blocking of
non-specific binding with bovine serum albumin (BSA); (4) spe-
cific binding of primary mouse monoclonal antibody against OTA
(anti-OTA Mab); (5) binding of secondary goat anti-mouse IgG
antibody (anti-mlIgG). Amino-silanized Si3N4 surfaces spotted with
primary (r4) and secondary antibody (r5) are used as references.
The specificity of anti-OTA Mab binding to the silicon surfaces after
functionalization with OTA-OVA conjugate [steps (1)-(3)] was con-
firmed by the negligible response of Mach-Zehnder Interferometric
sensors spotted [in step (2)] with OVA instead of the OTA-OVA con-
jugate, as well as by the fact that the response of OTA-OVA spotted
sensors increased as the concentration of OTA-OVA conjugate in
the spotting solution was increased, as shown in our relevant pub-
lication [15]. Moreover, it should be noted that the sensor blocking
procedure (and hence of plain SizN4 surfaces) and composition of
assay buffer has been optimized in order to eliminate non-specific
binding of both the anti-OVA Mab and secondary antibody.

3.2. Molecular arrangement and composition after
functionalization and assay steps

3.2.1. Overlayer nanostructure visualized with AFM

AFM topographic images recorded after each one of the suc-
cessive functionalization and immunoassay steps (Fig. 2a) reveal
laterally uniform nanostructured molecular overlayers. Lateral
nanostructure is described by the mean size of surface features
2whm (Fig. 2b) provided by a radial averaged autocorrelation func-
tion computed for each AFM micrograph [11]. In turn, vertical
nanostructure in an AFM image is characterized by the parame-
ters of height distribution [11], such as average height <h> (Fig. 2c)
and the root-mean-square surface roughness RMS (Fig. 2d).

Chemical activation of SizN4 surface with APTES (1) yields
self-assembled amino-silane monolayers (see Fig. 2) character-
ized by nanostructure parameters values of <h>=0.85 (+0.10) nm
and RMS=0.21 (+0.01) nm, identical to those reported in pre-
vious publications [11]. Subsequent spotting with the OTA-OVA
probe (2) leads to partial surface coverage with proteins with
distinct increments of A<h>~1.0nm and ARMS ~0.4nm. Well
marked surface features with mean size 2whm ~19nm, corre-
spond to OVA molecules which have a predicted apparent size of
19 and 23 nm for half-spherical and spherical shapes of immo-
bilized molecules, respectively, as calculated taking into account
the molecule nominal dimensions 9.4 x 3.6 x 3.6 nm3 [20] and the
broadening caused by the AFM tip (with 7 nm radius) [11]. The sub-
sequent treatment of the surface with BSA (3) increases the surface
coverage with proteins, resulting in increments of A<h> ~2.2 nm
and ARMS ~0.3 nm. Nevertheless, the mean size of surface features
is hardly altered (A2whm ~1 nm), since the nominal dimensions
(9.0 x 5.5 x 5.5nm?3 [21]) and apparent size of BSA (18-22 nm pro-
vided by the relevant models [11]) are similar to those of OVA.

The first immunoassay step (4), that involves exposure of the
functionalized surface to primary antibody, induces hardly any
change in both average height A<h> ~0.2nm and mean size of
surface features A2whm ~1 nm, accompanied by minor increment
in surface roughness ARMS ~0.2 nm (Fig. 2). These parameters, as
well as the original AFM images that are similar to those of step
(3), suggest that the primary antibody is incorporated into a multi-
component monolayer. In addition, the primary immunoreaction is
accompanied by partial desorption of blocking protein (BSA) and
probe (OTA-OVA) (discussed in the Section 3.2.2). This accords with
the minimal change in 2whm observed, especially if one considers
the fact that apparent size of IgG molecule, 25-28 nm (predicted
according to [11] for a nominal size of 14.5 x 8.5 x 4.5nm? [22]) is
not much larger compared to that of the two albumins (e.g. up to
23 nm for OVA).

Finally, the second immunoreaction (5) results in a significant
increase of vertical nanostructure parameters, A<h> ~1.8 nm and
ARMS ~0.5 nm, accompanied by a huge expansion of lateral nano-
structure, reflected by nearly two-fold increase in the mean size
of surface features 2whm ~40 nm (see Fig. 2b). The 2whm value is
the same with the apparent size predicted for a group of two IgG
molecules [11]. These striking changes in biomolecular overlayer
reflect efficient affinity binding between primary and secondary
antibodies, resulting in coverage of the multi-component protein
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Fig. 2. (a) Representative topographic AFM micrographs (with identical height-range of 10 nm) and (b-d) nanostructure parameters obtained from the SizN4 surfaces (1-5)
after each one of the successive functionalization/immunoassay steps. The respective data for reference samples (r4, r5) are also provided. The nanostructure parameters
calculated were: (b) the mean size of surface features, 2whm, (c) the mean value of average height <h>, and (d) the root mean square roughness RMS. Error bars are standard
deviations determined from 4 to 6 AFM images or height histograms of the same surface.

monolayer formed after the primary immunoreaction by grouped
anti-mIgG molecules. The coverage of this additional protein layer
must be relatively high, since it is not well penetrated by the AFM
tip resulting in a somewhat limited height increment, A<h>, when
compared to IgG dimensions.

Furthermore, the nanostructures formed on the reference sur-
faces directly spotted with anti-OTA Mab (r4) or anti-mlIgG (r5) are
comparable (see Fig. 2) to those determined for protein monolayers
formed on the surface prior to (3) and after the first immunoreac-
tion (4). However, the average height of anti-OTA Mab overlayer
(r4) is smaller by about one-quarter of that of anti-mlIgG (r5),
reflecting lower surface coverage, possibly due to the lower con-
centration of the first in the spotting solution. Moreover, the mean
size of surface features 2whm for sample (r4) is distinctively smaller
(~18nm), than that determined for sample (r5) (~23 nm). The
former result accords with the size determined by AFM for Fc
(7.0 x 6.3 x 3.1nm?3 [23]) or Fab (8.2 x 5.0 x 3.8 nm? [23]) antibody
fragments, while the latter with the apparent size of whole IgG
molecule (25-28 nm). Recent AFM experiments show that the dif-
ferent IgG fragments can be resolved as separate surface features in
layers of IgG molecules with specific orientations [8]. Thus, these
different 2whm values (Fig. 2b) could point to different molecular
orientation of anti-OTA Mab (r4) and anti-mIgG molecules (r5), a
suggestion confirmed by the results presented in Sections 3.2.3 and
3.3.

3.2.2. Overlayer composition of probe and blocking protein
examined with TOF-SIMS

TOF-SIMS can distinguish between ion fragments of different
amino acids. When the concentration and arrangement of amino

acids in different protein molecules are not the same, characteristic
TOF-SIMS signals can be ascribed to different proteins. The compo-
sition of OVA, BSA and model antibody provided in Table 1 [4,24]
indicates amino acids with distinguishably high concentration in
some of these proteins, such as methionine (4.4% in OVA, 0.7% in
BSA, 2.0% in antibody) and glutamic acid (8.8% in OVA, 10.1% in BSA,
5.1%in antibody). Thus, the respective ion fragments are suggested
as characteristic TOF-SIMS signals for OVA (Fig. 3a) and OVA and
BSA (Fig. 3b), respectively. Comparison of the experimental results
(Fig. 3) obtained for the surfaces functionalized with OTA-OVA (2)
and BSA (3) and the reference surfaces (1 or APTES, r4, r5) show
that indeed the methionine TOF-SIMS signal is specific for OVA;
while the glutamic acid signal is characteristic for both albumins
(OVA and BSA), with small contributions from antibodies (anti-OTA
Mab, anti-mlgG). Similar analysis has failed to provide a mass signal
specific for the two antibodies.

The TOF-SIMS signals presented in Fig. 3 enable an insight into
composition of OVA and cumulative albumin (OVA and BSA) in the
protein overlayer after the different biofunctionalization and assay
steps. Thus, the blocking procedure (3) introduces BSA molecules at
the surface while preserving the existing coverage with OTA-OVA
probe. Subsequently, both probe (OTA-OVA) and blocking protein
(BSA) are partly desorbed during the primary immunoreaction step
creating a multi-component monolayer (4). Then, the secondary
antibody molecules cover the multi-component monolayer with-
out affecting the pre-existing composition (5). Taking it overall, the
picture provided by TOF-SIMS (Fig. 3) is consistent with that formed
by the AFM analysis of the respective surfaces (Fig. 2). A more pre-
cise analysis of the surface composition and structure is attempted
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Table 1

Comparison of amino acid composition (%) of OVA [24], BSA [24] and model antibody [4] (see Supplementary data for similar analysis made for the composition of model
antibody reported in other publications [31,32]). The last column marks the amino acids with a composition ratio in Fc to F(ab’), fragments larger than 1.5 (based on Ref. [4]).

amino acids OVA BSA Antibody Fc>>Fab
(%) (%) (%) (Fc/F(ab")z > 1.5)

alanine/ala 9.1 8.0 5.1

arginine/arg 39 4.0 2.8

(Asparagine)/(Asn) 39 24 4.6

aspartic acid/asp 4.4 6.9 4.8

cysteine/cys 0.3 6.0 2.0

(Glutamine)/(Gln) 39 34 43

glutamic acid/glu 8.8 10.1 5.1

(Glycine)/(Gly) 49 2.7 54

histidine/his 1.8 29 1.9 +

isoleucine/ile 6.5 24 34 +

leucine/leu 8.3 10.5 5.9

lysine/lys 5.2 10.1 6.2 +

methionine/met 44 0.7 2.0

phenylalanine/phe 52 4.6 39 +

PROLINE/PRO 3.6 4.8 6.3

SERINE/SER 9.8 4.8 125

THREONINE/THR 39 5.7 8.8

TRYPTOPHAN/TRP 0.8 0.3 2.0

TYROSINE/TYR 2.6 34 4.6

(Valine)/(Val) 8.0 6.2 8.3

Notation: all-caps for both antibody/BSA and antibody/OVA >1.25; lowercase for either BSA/antibody or OVA/antibody > 1.25; underlined for Fc/(Fab’); >1.5; names and

abbreviations in brackets for other amino acids.
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Fig. 3. TOF-SIMS analysis of multi-molecular layers formed on SisN,4 surfaces after
each one of biofunctionalization/immunoassay steps (1-5) as well as for the ref-
erence samples (r4, r5). The signal intensities of secondary ions: (a) C;HsS* (from
methionine) - specific for OVA, and (b) C4HgNO,* (from glutamic acid) - charac-
teristic for both albumins (OVA, BSA; with small contributions from antibodies) are
provided. Error bars are standard deviations determined from 6 spectra acquired for
each sample.

in the Section 3.2.3, where the TOF-SIMS data are combined with
ellipsometry results.

3.2.3. Determination of proteins amount on the silanized surfaces
by ellipsometry

The thickness D of protein overlayer was determined by ellip-
sometry using the multi-layer model described in Section 2.6. Then,

8 T T T e .
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Fig. 4. Total protein surface density I" (heights of stacked columns) and component
mass loadings of different biomolecules (gray, white, hatched and black columns
for OTA-OVA, BSA, primary and secondary antibody, respectively) determined with
ellipsometry and evaluated with TOF-SIMS (Fig. 3) after each one of the individual
biofunctionalization/immunoassay steps taking place on the SisN4 surfaces. Error
bars are standard deviations determined from 3 ellipsometric measurements of the
same surface.

the protein surface density I" was estimated after each one of
the surface modification steps (Fig. 4) following the Cuypers one-
component approach [25]:

' = Dxp = d=*(M/A)*(np? —1)/(np? +2) (1)

Avalue of refractive index, np = 1.53[19], and a ratio of molecular
weight to molar refractivity M/A=4.14 g/mL [25] are assumed for
all the proteins [19,25].

3.2.3.1. Mass loadings of different biomolecules. Based on AFM and
TOF-SIMS results, it has been concluded that the addition of new
molecules upon blocking (3) and secondary immunoreaction (5) is
not accompanied by any distinct change of the pre-existing sur-
face protein coverage. On the other hand, the surface coverage by
the two albumins, OTA-OVA and BSA, is reduced during the primary
immunoreaction (4). To evaluate the mass loadings of different pro-
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teins on the formed multi-component layer, the ellipsometric data
are considered in combination with the TOF-SIMS signal intensities
(Fig. 3),I'(n)=I(n) —I(1), determined always with reference to bare
silanized surface (1). Also, the assumption is made that the ratio of
component contribution to TOF-SIMS signal and component mass
loading, I’component(pyy/T"component( ) for sample (4) is the same with
those of samples with pure components, i.e., sample (2) for the sig-
nal CoHsS* from OTA-OVA, and samples (3) and (r4) for the signal
C4HgNO,* corresponding to the two albumins and primary anti-
body, respectively. This is equivalent to assuming that TOF-SIMS
spectra show linear correlation with organic surface composition
[26,27].

The ellipsometric data provide by subtraction for the steps (2)
and (3)asurface density of 0.7 and 1.3 mg/m?2 for OTA-OVA and BSA,
respectively (see gray and white columns in Fig. 4). Both these mass
loadings, when calculated as described above, are reduced upon the
firstimmunoreaction (4) to 0.4 for OTA-OVA and 0.2 mg/m? for BSA.
This leads to a value of 1.8 mg/m? for the primary antibody (hatched
column in Fig. 4) in order to match a total protein amount I" of
2.4 mg/m?. Taking into account that these molecular mass loadings
are preserved upon the second immunoreaction (5) and that the
total amount of protein determined equals 6.9 mg/m?2, a surface
density of 4.5mg/m? is calculated for the secondary antibody. In
turn, mass loading of 1.4mg/m? and 2.0 mg/m2, are determined
for the primary and the secondary antibody, respectively, from
the analysis of amino-silanized reference surfaces where the two
molecules have been directly spotted.

3.2.3.2. Evaluation of immunoactivity. The determined surface
amounts of secondary (anti-mIgG) and primary (anti-OTA Mab)
antibody yield a binding molar ratio of ~2.5. This confirms the
AFM observations, that grouped secondary antibodies (with appar-
ent group size equal to that of two IgG molecules) cover the
multi-component monolayer containing the primary antibodies.
We also note, that the binding molar ratio determined in this
study is similar to the value of ~2.4, calculated in a previous study
for secondary anti-rabbit IgG antibody binding on rabbit gamma-
globulins adsorbed to silicon surfaces [11a].

3.2.3.3. Preselection of molecular orientation of immobilized pro-
teins. Asymmetric proteins could adapt specific orientations upon
their immobilization onto solid surfaces. These orientations define
which protein part is exposed to the surrounding medium, thus
regulating the biological activity of the immobilized molecules
[28]. The surface density I" data can shed some light on dominant
molecular orientation, as the latter specifies cross-sectional area
and mass loading I'j,4 of individual biomolecules [6,7,9,11,21,23].
In particular, the molecular architecture of albumins indicates
two orientations [20,21]: side-on (I'j,q=2.3 and 2.2 mg/m? for
OVA and BSA, respectively) and end-on (5.7 mg/m? for OVA and
3.65mg/m? for BSA). In turn, four distinct orientations are pre-
dicted for the antibody molecule taking into account the three
lobe-shaped fragments (the two Fab and the one Fc fragment) [23]:
flat-on (all three lobes attached to surface; 2.0 mg/m?), side-on (Fc
and one Fab at substrate; ~2.9 mg/m?), end-on (Fab-up, Fc at sur-
face; 2.6-5.5 mg/m?) and head-on (Fc-up, both Fabs attached to the
substrate; 2.6-5.5 mg/m?).

To maximize fractional surface coverage, immobilized proteins
prefer to adopt the molecular orientation that leads to a I[';,4 value
near to surface density value I" [28,29]. However, molecular mass
loading I'j,q4 must be reasonably larger than I, since close pack-
ing of adsorbed molecules cannot be achieved [28,29]. Accordingly,
side-on alignment is advocated for the directly adsorbed OTA-
OVA molecules (2) with surface density value, I'=0.7 mg/m?2 (cf.
['jhq values), whereas for the subsequently added BSA, that leads
to a cumulative mass loading of 2.0 mg/m? (3), an end-on rather

than side-on dominant orientation is expected. Since the surface
coverage by both albumins is reduced considerably during the
immunoreaction with the primary antibody (4), all orientations
of anti-OTA Mab (I"=1.8 mg/m?2) seem plausible except for flat-
on orientation. Also, end-on alignment is excluded for geometrical
reasons, since primary antibodies are incorporated into the multi-
molecular monolayer. Thus it seems that most of the anti-OTA Mab
molecules have a side-on or head-on orientation indicating bind-
ing of one or both binding sites located on the Fab fragments to
the immobilized onto the surface OTA moieties. Finally, the protein
monolayer created during the first immunoreaction is enveloped
during the second one (5) by a huge amount of attached secondary
antibody, 4.5 mg/m?, that can be accommodated in a new mono-
layer only if the end-on or head-on orientations are adopted [7]. In
turn, for the reference surfaces, a flat-on orientation is defined for
the spotted primary antibody with a surface density of 1.4 mg/m?
(r4), but more vertical, side-on or end-on (or head-on), orienta-
tions are indicated [7,9] for the spotted secondary antibody (r5)
with higher mass loading of 2.0 mg/m?. This difference could be
due to the fact that the concentration of secondary antibody in the
spotting solution was 2.5-times higher than the concentration of
the primary antibody.

3.3. Orientation of the primary and secondary antibody and
molecular arrangement from multivariate TOF-SIMS analysis

To determine subtle differences in amino acids composition
between the outermost regions of the functionalized Si3N4 surfaces
after the immunoreaction with primary (4) and secondary anti-
body (5), as compared to the situation on the reference surfaces
spotted directly with these antibodies (r4 and r5), multiple TOF-
SIMS signals are examined simultaneously with multivariate PCA
analysis (Fig. 5). The examined TOF-SIMS data set, consisting of the
relative intensities of 38 amino acids fragments (listed in Fig. 6)
from 24 spectra, can be visualized as 24 points in a 38-dimensional
space. PCA reduces dimensionality of the data set while retaining
its essential information by transforming the original signals into
two principal components (PCs) that account for uncorrelated major
variations within the data set. Thus, the PCA scores plot provided in
Fig. 5a describes the surface compositions (24 points with different
symbols for various surfaces) in terms of the principal components
PC1 and PC2.

The first PC (PC1), that captures 86.28% of the total variance, is
defined by the loadings plot presented in Fig. 6a. PC1 is loaded pos-
itively by the fragments of amino acids (marked with all-caps) that
have higher abundance in the antibody than the albumin molecules
(BSA and OVA, see Table 1). On the other hand, the amino acids (dis-
tinguished by lowercase) with higher abundance in the albumin
(BSA or OVA) than the antibody molecule (see Table 1) contribute
to the mass signals that loads PC1 negatively. While PC1 resolves
antibody from albumin, the second PC (PC2) captures the largest
residual variance in the data set, uncorrelated to that described by
the PC1. Indeed, the loadings plot (Fig. 6b) shows that PC2 can be
related to antibody orientation, as it is loaded negatively only by the
dominant ion fragments of the amino acids (marked by underlined
fonts) that are more abundant in the Fc than the F(ab’), fragments
(see Table 1), indicating an antibody orientation that exposes the
Fc fragment. In turn, the amino acids with higher abundance on
the F(ab’), fragment point to other antibody orientations. It should
be noted, that similar conclusions are drawn from PC1 and PC2
when amino-acid compositions for the IgG molecule from different
literature sources are used [4,31,32] (see Supplementary data).

The interpretation of PC1 and PC2, based on the loadings plots
(Fig. 6), could reveal subtle differences in amino acids composi-
tion between the outermost regions of different surfaces (Fig. 5).
The determined compositions are grouped in four clusters of data
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Fig. 6. Loadings plots for (a) the first and (b) the second Principal Component in
Fig. 5a. Amino acids are attributed to the secondary ions based on Ref. [30] and sup-
plemented by Ref. [4]. (a) PC1 is loaded positively by the signals from amino acids
(marked with all-caps) with higher content in antibody than in albumin molecules
(see Table 1). The amino acids yielding ion fragments loading negatively the PC1
(distinguished by lowercase) originate from albumin (OVA or BSA) rather than anti-
body molecules (Table 1). Other amino acids are marked by abbreviations given
in brackets. (b) PC2 reflects the second major variation in TOF-SIMS data that is
uncorrelated with that of PC1. PC2 is loaded negatively by ion fragments of the
amino acids (underlined, see Table 1) characteristic for Fc fragment - indicating an
antibody orientation that exposes the Fc fragment.

points, centered in different quadrants of the coordinate sys-
tem PC1 vs. PC2. The first PC, resolving albumins from antibody
molecules, have generally negative values for functionalized sur-
faces on which albumins have been immobilized (4 and 5), and
positive values for reference surfaces spotted directly with anti-
bodies (r4 and r5). Additional coverage with secondary antibody
(5) that reduces accessibility of albumins by TOF-SIMS, yields in
negative PC1 values of lower magnitude for the cluster center.

The second PC resolves the different antibody orientations, with
the exposure of Fc fragments indicated by the negative PC2 val-
ues. The sign of PC2 coordinate (see Fig. 5) changes for the data
points corresponding to both the reference (r4, r5) and the indirect
immunoassay surfaces (4, 5). On the surfaces where the antibod-
ies have been immobilized by direct spotting, the orientation of
IgG molecules switches from flat-on alignment at low coverages
(r4) to more end-on orientation for higher antibody surface den-
sity (r5). This is accompanied by reduced exposure of Fc fragments
and increased exposure of Fab fragments, which leads to change
of PC2 values from negative to positive. A less pronounced PC2
values change would be expected when the orientation switches
to head-on or side-on alignment (alternatives suggested by ellip-
sometry) which correspond to more or less exposed Fc fragments,
respectively.

In turn, the negative PC2 values for the cluster center
corresponding to the functionalized surfaces after the second
immunoreaction (see (5) in Fig. 5) reflect dominant head-on, hence
Fc up, orientation of IgG molecules for the secondary antibodies
that are bound to the multi-molecular monolayer containing the
primary antibodies. In contrast, the positive PC2 values describe the
primary antibodies that were embedded to the monolayer during
the first immunoreaction (4), with a side-on orientation of the anti-
body molecules that leads to reduced exposure of Fc fragments. The
embedment of primary antibody molecule between the BSA and
OTA-OVA molecules, and the slight tilt of antibody due to specific
binding of its Fab unit to exposed OTA moieties of the immobilized
OTA-OVA conjugate, result to an additional shielding of the Fc frag-
ments (see Fig. 5b). In contrast to these observations, an alternative
head-on orientation, preselected also by ellipsometry for (4), with
Fab units oriented towards the OTA-OVA conjugate, would result
in negative PC2 values.

Taking it overall, our analysis shows that PCA of TOF-SIMS data
specifies which molecular orientations, preselected by ellipsome-
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try, are in fact acquired by the antibody molecules. In addition, the
PCA shows that the dominant antibody orientation could be defined
by the molar binding ratio for immunoadsorbed onto the surface
antibodies (4, 5) or the surface density in case of directly adsorbed
onto the surface antibodies (r4, r5).

4. Conclusions

A procedure for silicon nitride surface functionalization and
performance of an indirect immunoassay for detection of the
mycotoxin OchraToxin A is examined step-by-step with multiple
surface techniques including AFM, TOF-SIMS and ellipsometry. The
analysis of the data received from the three techniques provides
information not only about the molecular arrangement and com-
position of the protein layer and the changes after each step but
also about the orientation of primary and secondary antibody.

Partial desorption of probe (OTA-OVA conjugate) and block-
ing protein (BSA) molecules is witnessed by TOF-SIMS during
the immunoreaction with the primary (anti-OTA Mab) antibody.
Moreover, AFM, TOF-SIMS and ellipsometry data reveal a complex
multi-component monolayer, which accommodates primary anti-
bodies along with the OTA-OVA and BSA molecules, and is covered
by secondary antibodies after the completion of the immunoas-
say procedure. In addition, the AFM-based analysis resolves specific
surface features, such as grouped secondary antibodies, that corre-
spond to a binding molar ratio of ~2.5.

Analysis by ellipsometry and AFM, further supported by PCA
analysis of TOF-SIMS data, provides also some hints about the ori-
entation of the immunoadsorbed primary and secondary antibody
molecules as compared to the orientations the same antibodies
acquire when are directly immobilized onto the surfaces by spot-
ting. In particular, this comparison revealed that the dominant
antibody orientation is defined in the case of the immunoadsorbed
antibodies by the molar binding ratio (changing from side-on to
head-on as the molar binding ratio increases) or by the surface
density (changing from flat-on to end-on as the surface density
increases).

The concluded dominant IgG orientations result from a compro-
mise between electrostatic and van der Waals forces [4,6,7,33,34| to
which specific immunochemical reactions are ascribed. Thus, the
flat-on orientation, expected for van der Waals interactions with
the positively charged amino-terminated surface [4,7,33], changes
into an end-on alignment as the surface coverage with the IgG
increases due to accumulation of electric dipoles [4,6,33]. In turn,
the combination of electrostatic interactions between the surface
and the antibody Fc unit along with the specific Fab binding to the
immobilized OTA-OVA molecule leads to the side-on orientation
for the primary antibody and its embedment in the multi-molecular
monolayer consisting also of OTA-OVA and BSA molecules. Finally, a
head-on orientation is expected for the secondary antibodies that
are immunoadsorbed onto the primary antibodies of the protein
monolayer.
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