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a  b  s  t  r  a  c  t

To  provide  complete  characterization  of immunoassay  on  silicon  biosensor  surfaces,  atomic  force
microscopy,  (angle-resolved)  X-ray  photoelectron  spectroscopy  and time-of-flight  secondary  ion mass
spectrometry  were  applied  to examine  Si3N4 surfaces  modified  with  (3-aminopropyl)triethoxysilane,
coated  with  gamma  globulins  (IgG),  blocked  with  bovine  serum  albumin  and  then  reacted  with  anti-IgG
antibody  for  two  complementary  pairs  (rabbit  and  mouse  IgG)  at  various  concentrations  (from  0.3  nM
to 330  nM).  Protein  coverage,  as  reflected  in (amine  to  total  N1s)  XPS  signal  ratio  and  determined  from
ARXPS,  decreases  slightly  due  to blocking  and  then  increases  monotonically  for  anti-IgG  antibody  concen-
trations  higher  than  1  nM.  AFM  images  reveal  hardly  any  change  of  lateral  nanostructure  due  to blocking
but  response  to  antibody  solutions,  based  on both  the  mean  size  (from  autocorrelation)  and  dominant
spacing  (from  Fourier  analysis)  of  surface  features,  similar  to  that  given  by  ARXPS.  AFM  height  histograms
pectroscopy
tomic force microscopy
ime-of-flight secondary ion mass
pectrometry

provided  information  about  the  vertical  nanostructure  and  the  parameters  of height  distribution  (average
height,  spread  – roughness  and skewness)  were  distinctly  influenced  by  coating,  blocking  and  immunore-
action.  Average  protein  layer  thickness  values  determined  based  on protein  structure  (molecular  weight,
dimensions)  and surface  coverage  provided  from  ARXPS  were  in accord  with  average  height  of  protein
layer  determined  from  AFM.  TOF-SIMS  analysis  indicated  that  BSA  blocks  free  surface  sites  and  in addition
replaces  some  already  adsorbed  IgGs.
. Introduction

Due to the specificity and selectivity of recognition between
ntigen and antibody, immunoassays are exploited routinely in
iagnostic laboratories. Recently, silicon-based micro- and nano-
abrication technology has enabled construction of immunosen-
ors, where the antigen–antibody binding takes place at the surface
f silicon transducers [1–4]. To provide a suitable interface for
he biomolecules, the silicon surface is frequently modified with
mino-organosilanes [1,3]. After the immobilization of the specific
ecognition biomolecules, free surface sites are blocked, usually
ith non-functional proteins, to limit non-specific binding of tar-

eted analytes [3,5–7].
Model antigen–antibody binding reactions between immobi-
ized gamma  globulins (IgG) and secondary anti-species specific
ntibody (anti-IgG) have been examined with atomic force
icroscopy [6,8–12].  Even a single specific recognition event has

∗ Corresponding author. Tel.: +48 12 66 35 550; fax: +48 12 63 37 086.
E-mail address: ufbudkow@cyf-kr.edu.pl (A. Budkowski).

927-7765/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2012.10.047
© 2012 Elsevier B.V. All rights reserved.

been discriminated from non-specific binding in situ by acquiring
AFM images at the same spot before and after analyte injection
[8].  In most of the AFM studies, however, the examined surfaces
are covered with a large number of biomolecules, a situation more
relevant to operative biosensors. Nevertheless, in all cases, the
antigen–antibody complexes were characterized only fragmentally
by the determined changes in either the average size [9,11] or the
average height [6,10] of surface features manifested in AFM images
(recorded in liquid [8,9] or air [6,10–12]).

In our previous work, in order to provide a more direct insight
about biomolecular layers created onto biochips within multi-
step procedures, silicon surfaces have been examined with AFM in
air after silanization, immobilization of IgG, blocking and specific
binding reaction [6,11].  In addition, to allow for a more complete
characterization, the local AFM analysis has been augmented with
spectroscopic inspection [6,11,13]. For instance, lateral nanostruc-
tural features determined from AFM images (such as the mean

size and dominant spacing of surface features) were supplemented
with protein surface coverage, determined rigorously from analy-
sis of the same surfaces with angle-resolved X-ray photoelectron
spectroscopy (ARXPS) [11].

dx.doi.org/10.1016/j.colsurfb.2012.10.047
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:ufbudkow@cyf-kr.edu.pl
dx.doi.org/10.1016/j.colsurfb.2012.10.047
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In this work, we extend the above approach [11] to study
wo model immunoassays,  based on recognition between anti-IgG
ntibody and the respective IgG, as a function of anti-IgG anti-
ody concentration. In particular, rabbit or mouse IgGs have been

mmobilized onto aminosilane-modified silicon nitride surfaces
nd after blocking probed with the respective anti-species spe-
ific antibodies. AFM inspection revealed not only the lateral but
lso the vertical nanostructure of the biomolecule modified sili-
on surfaces. The AFM histograms of height distribution provided
hree measures of imaged surfaces, namely the distribution’s mean
alue (average height), spread (roughness) and asymmetry (skew-
ess). As it was expected, these measures were greatly influenced
y the contributions of biomolecules attached to substrate after the
uccessive immobilization, blocking and immunoreaction steps.
on-specific (e.g. blocking) and specific (effective immunoreac-

ion) bindings were clearly distinguished. Together with the data
bout lateral nanostructure (from AFM) and protein surface density
from ARXPS), the experimental results provided a coherent pic-
ure of the biomolecules attachment and distribution onto silicon
urfaces during the performance of immunoassays. In particular,
t was found that the average thickness of organic overlayer pre-
icted based on protein surface density calculated by analysis of
RXPS data correlates well with the average height of surface fea-

ures determined by AFM, signifying the complementarily of these
wo methods for complex surfaces characterization. In addition, the
ata from time-of-flight secondary ion mass spectrometry (TOF-
IMS) revealed two separate processes taking place during the
locking step, i.e. BSA adsorption on the free surface sites com-
lemented by desorption of IgG from the surface.

. Materials and methods

.1. Biosensor surface preparation for model immunoassay

The silicon substrates used are silicon wafers purchased
rom Montco Silicon Technologies, Inc. (Spring City, PA, USA).
-Aminopropyl(triethoxysilane) (APTES), rabbit (rIgG; globulins
ohn Fraction I, II) and mouse (mIgG; globulins Cohn Fraction I,

I) gamma-globulins, affinity purified polyclonal anti-rabbit IgG
nd anti-mouse IgG antibodies produced in goat against the whole
olecule, and bovine serum albumin (BSA; Cohn Fraction V) were

urchased from Sigma Chemical Co., St. Louis, MO,  USA.
Silicon nitride (Si3N4) surfaces were obtained by deposition of

 1000-nm thick thermally grown silicon dioxide layer followed
y deposition of a 150-nm thick silicon nitride layer. Cleaning and
ydrophilization of the substrates were performed with oxygen
lasma (using a reactive ion etcher) applied for 30 s under pressure
f 10 mTorr and power of 400 W.  The hydrophilized Si3N4 surfaces
ere then modified by immersion in 0.5% (v/v) aqueous APTES solu-

ion for 2 min, gentle washing with distilled water and curing for
0 min  at 120 ◦C.

Model immunosensor surfaces were prepared in successive
teps as follows: (a) coating with rabbit (rIgG) or mouse (mIgG)
amma-globulins through incubation with a 660 nM IgG solution
in addition, a 33 nM rIgG solution was used to complete the TOF-
IMS data) in 0.05 M phosphate buffer, pH 7.4, for 1 h at room
emperature (RT), followed by washing with 0.05 M phosphate
uffer, pH 7.4, and distilled water, and drying under nitrogen
tream; (b) blocking of free-protein binding sites of the surface via
mmersion in a 10 mg/ml  BSA solution in 0.05 M phosphate buffer,
H 7.4 (blocking solution), for 1 h at RT, followed by washing and

rying as previously. The surfaces were then reacted with anti-IgG
pecific antibodies through incubation with anti-rabbit IgG or anti-
ouse IgG antibody solutions (respectively for surfaces coated with

abbit or mouse IgG) in 0.05 M phosphate buffer, pH 7.4, containing
Biointerfaces 103 (2013) 253– 260

10 mg/ml BSA, for 1 h at RT. The surfaces were then washed with
0.05 M phosphate buffer, pH 7.4, containing 0.05% (v/v) Tween 20,
and distilled water and dried under nitrogen stream.

The stability of gamma globulins adsorption onto APTES-
modified silicon nitride surface, as well as the stability of
immunocomplexes formed through reaction with antibodies
against rabbit or mouse gamma globulins have been tested using
fluorescently labeled reagents and submitting the surfaces to
extensive washing and/or to chaotropic solutions. Our  results indi-
cate that both the immobilization of rabbit or mouse gamma
globulins through adsorption and the subsequent coupling of
species specific antibodies are extremely stable (data not shown).

2.2. AFM surface characterization and image analysis methods

The AFM imaging of silicon nitride surfaces corresponding to
the different steps of model immunoassays has been performed
in air using an Agilent 5500 microscope working in non-contact
mode. AFM cantilevers (probe type PPP-FMR, Nanosensors) with
force constant of 2 N/m, resonant frequency of 75 kHz, and AFM tips
with standard beam shape and small radius (<7 nm)  were used. The
set point and gains were adjusted to obtain minimal noise and clear
images of the analyzed surfaces. For each sample, topography and
phase images were acquired simultaneously at several randomly
chosen locations.

Surface vertical nanostructures were specified using the param-
eters of height distribution in a topographic AFM image, such as the
average height, 〈h〉 (the distribution’s mean), the root-mean square
RMS roughness, Rq (the distribution’s spread), and the skewness,
Rsk (the distribution’s asymmetry). In addition, lateral nanostruc-
tures were also described based on autocorrelation and Fourier
analysis of topographic and phase images. The relevant parameters
of surface features were provided by the doubled width-at-half-
maximum, 2whm,  of radial averaged autocorrelation function (the
feature’s mean size) as well as the reciprocal of wave vector (1/k) at
the maximum of radial averaged 2-dimensional fast Fourier trans-
form (dominant spacing between the features). The vertical and
lateral parameters were determined from AFM micrographs using
the WSxM scanning probe microscopy software provided by Nan-
otec Electronica S.L. [14] (http://www.nanotec.es)

2.3. XPS and ARXPS surface characterization

X-ray photoelectron spectroscopy measurements were per-
formed using a VSW Manchester spectrometer equipped with an
Al K� radiation source (1486.6 eV, 200 W).  Angle-resolved XPS
spectra were collected for three different values (0◦, 60◦ and 70◦)
of photoelectron take-off angle �,  which is defined as a angle
between normal to the surface and the axis of the XPS analyzer
lens. The operating pressure in the analytical chamber was less than
5 × 10−8 mbar. All XPS peaks were charge referenced to the neutral
(C C) carbon C 1s peak at 284.6 eV. Spectrum backgrounds were
subtracted using the Shirley method. The aminosilane-organic
bilayer model used to determine the thickness of APTES film
and the amount (effective XPS thickness) of immobilized pro-
teins has been described in details in our earlier publications
[11,15].

2.4. TOF-SIMS surface characterization

To examine with TOF-SIMS the effect of blocking procedure as a
function of initial surface coverage with rIgG, the samples were ana-

lyzed using the TOF.SIMS 5 (ION-TOF GmbH) instrument, equipped
with a 30 keV bismuth liquid metal ion gun. Bi3 clusters were used
as the primary ions and the ion dose density was kept at levels
lower than 1012 ion/cm2 to ensure static mode conditions. High

http://www.nanotec.es/
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Fig. 1. (a) Protein coverage of silicon nitride surfaces expressed as the ratio of amine
to  total nitrogen concentration derived from the XPS N 1s spectrum (diamonds,
left scale), and determined from ARXPS as protein surface density (circles, right
scale) plotted against the anti-IgG antibody concentration c and compared with
surfaces after IgG adsorption (labeled ‘IgG’) and blocking with BSA (zero antibody
concentration). Solid and open symbols are for the series with rabbit and mouse
IgG, respectively. (b) The ARXPS ratio of normalized intensities of photoelectrons
characteristic for amino-organosilane/protein bilayer (N1s from NH2 and NH3

+) and
Si3N4 (Si 2p) plotted versus the take-off angle function sec �. Lines mark results of
linear regression analysis yielding XPS thickness of APTES and protein layer (D and
K. Awsiuk et al. / Colloids and Surfa

ass resolution spectra were acquired from sample spots corre-
ponding to areas of 100 �m × 100 �m.  For all spectra the minimal
ass resolution (m/�m) at C4H5

+ (m/z = 53) peak was above 7400.
ass calibration was based on the H+, H2

+, CH+, C2H2
+ and C4H5

+

eaks.

. Results

All surfaces of Si3N4 substrate modified with (3-
minopropyl)triethoxysilane (APTES) were examined prior to
nd after each step of the model immunoassays involved in this
tudy by AFM and ARXPS. The surfaces were coated with rabbit
or mouse) gamma-globulins (IgG), and non-specific binding was
locked with bovine serum albumin (BSA). Then the surfaces were
xposed to solutions of anti-IgG antibody to allow for specific bind-
ng with the immobilized IgGs. In case of rabbit IgG/anti-rabbit IgG
ifferent concentrations of anti-IgG antibody (0.3 nM ≤ c ≤ 330 nM)
ave been used, whereas in case of mouse IgG/anti-mouse IgG

 single antibody concentration (c = 330 nM)  was applied. If not
therwise stated, the results for the two complementary pairs are
resented in the same plots as solid and open symbols for the
abbit and mouse the IgG, respectively.

.1. Protein surface coverage reflected by XPS and determined
rom ARXPS

The multilayer structure silicon/APTES/protein of the silicon
xide and silicon nitride surfaces coated with IgG has been studied
n our previous publication using XPS and ARXPS to examine the
urfaces prior to and after both blocking with BSA and immunore-
ction with anti-IgG antibody [11]. The mesoscopic uniformity
f the protein overlayer has been also confirmed by near-field
canning optical microscopy [11]. Here, we apply photoelectron
pectroscopy to evaluate, along with XPS, and determine in combi-
ation with ARXPS, surface coverage with protein of silicon nitride
urfaces modified with an APTES film.

The XPS spectra of N1s core-level consist of both the sig-
als characteristic for the Si3N4 substrate (binding energy of
97.5 eV) and for amine groups (NH2, 399.8 eV, and protonated
H3

+, 401.4 eV) present in the APTES/protein bilayer [11,15]. There-
ore, the ratio of overlayer (NH2 and NH3

+) to total nitrogen
oncentration, Namine/N, determined from XPS can be used as a
easure of surface coverage by the bilayer. With the Namine/N value

or pure APTES film (6.8%) in mind, this ratio reflects also pro-
ein coverage. The Namine/N ratio is plotted in Fig. 1a (left scale)
s a function of secondary antibody concentration and compared
ith the situation prior to immunoreaction (labeled ‘+BSA’ on

he x-axis) and just after adsorption of gamma  globulins (labeled
IgG’).

The ARXPS spectra depend on photoelectron take-of-angle �,
hat modifies sampling vertical depth, and on XPS thicknesses of
PTES film (D) and protein layer (d), that justify the effective atten-
ation of photoelectrons (see the inset to Fig. 1b). The XPS thickness
, which is equivalent to a protein layer with uniformly distributed
ass [11], is directly related (after being multiplied by protein

ensity, 1.37 g/cm3) with the density of proteins covering the sur-
ace.

The structural features of the APTES/protein bilayer are revealed
y the ratio of intensities Xi of the photoelectrons characteris-
ic for the aminosilane-organic bilayer (N1s from amine groups)
nd silicon substrate (Si 2p), that is plotted in a logarithmic form

ersus the take-off angle function sec � (see Fig. 1b) [15]. The
ntensities Xi, calculated using tabulated sensitivity factors [16,17],
re normalized with respect to molar fractions Zi of the atoms
mitting photoelectrons [11,15] (see the y-axis on Fig. 1b). The Zi
d,  respectively, marked in the inset). The latter, multiplied by protein density, yields
protein surface density. The error bars for protein surface density (a) are given by
the  fitting procedure described in (b).

values for all used proteins (11%) have been determined in previous
publications [11,15], while that for APTES and Si3N4 is obtained
from the ARXPS data for the surface with no protein overlayer
[11,15].

The data points, marked in Fig. 1b with different open and
solid symbols, respectively, correspond to immunosensor-like sur-
faces after subsequent modification steps (silanization with APTES,
immobilization of rabbit rIgG, blocking with BSA) as well as after
exposure of those surfaces to solutions of different anti-rIgG con-
centrations (ranging from 0.3 nM to 330 nM). The slope of each
individual data set, always starting at the origin of coordinate axes,
depends on the total bilayer thickness (D with d). The thickness
D of the APTES film, as determined in separate ARXPS measure-
ments, is equal to 0.7 nm (in accord with previous results [11]).
With the value of D known, the XPS thickness d of protein over-
layer remains the only fitting parameter of the linear regression
fitting equation [11,15]. The resulting values of protein coverage

(surface density) are plotted in Fig. 1a (right scale) as a function
of anti-IgG concentration and compared with the values after IgG
adsorption (labeled ‘IgG’) and blocking with BSA (labeled ‘+BSA’),
respectively.
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(Fig. 5b) can be also compared with the values corresponding to
the silanized substrate with 〈h〉 = 0.83 nm,  Rq = 0.22 nm and zero Rsk,
respectively.

Fig. 3. Lateral nanostructure parameters of biomolecule modified Si3N4 surfaces.
Characteristic spacing (1/k) (left scale) and mean size of surface features 2whm (right
ig. 2. Representative AFM topographic micrographs recorded for silanized Si3N4 a
gG  antibody from solutions of different concentration c (c–f).

.2. Immunosensor surfaces examined with AFM

The inner structure of the protein overlayers is revealed by topo-
raphic and phase AFM micrographs. Representative topography
mages recorded prior to and after the immunoreaction corre-
ponding to the different concentrations of anti-rIgG antibody are
hown in Fig. 2. The imaged protein overlayers can be described as
andom sets of surface features. Similar conclusions can be drawn
or phase images (not presented).

.2.1. Lateral nanostructure of protein overlayer
To examine quantitatively the lateral nanostructure of protein

verlayer, autocorrelation and Fourier analysis was applied to the
FM micrographs, as suggested in our recent work [11]. The double
f width at half-maximum, 2whm,  of radial averaged autocorrela-
ion provides a measure of the mean size of topographic surface
eatures. In addition, the reciprocal of wave vector at maximum,
1/k), of radial averaged power spectrum provides a measure of
he dominant spacing of the features observed in the topography
nd phase AFM images. The determined values of lateral meas-
res of the inner structure of protein overlayer are presented in
ig. 3 (left scale for (1/k), right scale for 2whm)  vs. the anti-IgG
ntibody concentration and in relation with the situations prior
o immunoreaction (labeled ‘+BSA’ on the x-axis) and just after
dsorption of gamma  globulins (labeled ‘IgG’).

.2.2. Vertical nanostructure of protein overlayer
The vertical structure of surfaces examined with AFM is best

escribed by the distribution of height in topographic images. Rep-
esentative height histograms of AFM micrographs recorded prior
o and after immunoreaction are shown (with their individual
eight scales) in Fig. 4a–c. The contributions from the molecules
sed for silanization and coating (IgG on APTES, Fig. 4a), block-

ng (BSA, Fig. 4b) and imunnoreaction (anti-IgG antibody, Fig. 4c)

re illustrated schematically with separate Gaussian curves cen-
ered at different heights. These contributions change the overall
eight distribution in terms of its mean value, spread and asymme-
ry. Therefore, to characterize rigorously the vertical nanostructure
sorption of rabbit IgG (a), blocking with BSA (b), and specific binding of anti-rabbit

of immunosensor-like surfaces, these three parameters are deter-
mined for each histogram: average height 〈h〉, standard deviation
from 〈h〉 given by root mean square roughness Rq, and asymme-
try specified by skewness Rsk (positive or negative for the longer
histogram tail on its right or left side, respectively).

The mean values of these parameters as determined from the
AFM height histograms are plotted in Fig. 5a and b against the
anti-IgG antibody concentration and with respect to the situations
prior to immunoreaction. In addition, the average height (left scale
of Fig. 5a), RMS  roughness (right scale of Fig. 5a) and skewness
scale) determined from topography and phase contrast AFM images plotted as a
function of antibody concentration c (solid and open symbols are for the series with
rabbit and mouse IgG, respectively). The initial values correspond to IgG coated
surface, while those at x = 0 to the blocked surface. Error bars are standard deviations,
each determined from 5 images of the same surface.
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Fig. 4. Representative height histograms (with individual height scales) from AFM
micrographs of Si3N4 substrates silanized with APTES after coating with rabbit
IgG  (a), blocking with BSA (b) and immunoreaction with anti-rabbit IgG antibody
(330 nM)  (c). Contributions due to rabbit IgG and APTES, BSA and anti-rabbit IgG anti-
body are illustrated schematically with separate Gaussian curves. Deviations from
fl
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Fig. 5. Vertical nanostructure parameters of biomolecule modified Si3N4 surfaces as
determined from AFM height histograms (see Fig. 4). Mean values of average height
〈h〉  (left scale in (a)), root mean square roughness Rq (right scale in (a)) and skewness
at  surfaces are characterized by average height 〈h〉, standard deviation from 〈h〉
RMS roughness Rq), and asymmetry (skewness Rsk, positive or negative for longer
ight or left side tail of histogram, respectively).

. Discussion

.1. Biosensor surface prior to immunoassay

The surface modification with proteins through adsorption of
amma  globulins to Si3N4 modified with APTES was quantified
aking into account the substrate composition as specified by
he molar fractions of silicon in the substrate, ZSi = 33.6 ± 1.3%,
nd amine nitrogen in APTES film, ZAPTES = 1.7 ± 0.3%, determined
y ARXPS. For the adsorbed rabbit and mouse IgG, the protein
rea density values determined by ARXPS were 1.25 ± 0.15 and
.4 ± 0.2 mg/m2, respectively (Fig. 1a). These values are compara-
le with the value of 1.1 ± 0.1 mg/m2, determined in a previous
ublication [11] for rabbit IgG adsorbed to SiO2 silanized with
PTES, with ZAPTES = 2.6 ± 0.4% and ZSi = 32.5 ± 1.4%, respectively.
his finding confirms earlier conclusions that the silicon sub-
trate composition, either Si3N4 or SiO2, has small impact on
mmunoglobulin adsorption [11]. The determined surface densities
f adsorbed rabbit and mouse IgG (1.25–1.4 mg/m2) are lower than
he value expected for an area covered by singular immunoglobulin
ith side-on orientation (2.6 mg/m2), while the other orientations

end-on, head-on) would result in even higher surface densities.
his suggests partial but sizeable surface coverage with adsorbed
gGs with a side-on orientation that results in low surface coverage
18,19].

Adsorbed gamma  globulins (rabbit or mouse IgG) form surface
anostructures (Fig. 2a), described as randomly distributed fea-
ures corresponding to a topographic extent 2whm of 16 nm (Fig. 3),
omparable with the apparent IgG radii of 14 and 12 nm,  respec-
ively. These values are the adsorbed IgG radii predicted due to the
roadening caused by the AFM tip (with 7 nm radius) for spheri-
al [12] and half-spherical [9] molecular shapes (with ‘real’ radius

f 7 nm [10]). For the Fc (or Fab) subunits of IgG (‘real’ radius of

 nm [20]) the radii expected from both models are somewhat
maller (11 and 8 nm,  respectively). On the other hand, the spac-
ng (1/k) between the features (Fig. 3), obtained from topography
Rsk (b) are plotted as a function of anti-IgG antibody concentration and compared
with the initial value of IgG coated surface, and that corresponding to the blocked
surface (x = 0). Error bars are standard deviations, each determined from 5 images.

(57–59 nm)  is two times larger than that calculated from the phase
images (27–29 nm). This suggests that topography AFM images
show modulated height of immobilized IgG molecules, in accord
with previous conclusions [11]. In addition, the spacing (1/k) deter-
mined by the phase images doubles the topographic size 2whm.  If
the latter is related with the radius of IgG, then a picture of the sur-
face with partial but sizeable coverage emerges in accord with the
conclusion from surface coverage analysis.

The blocking procedure, which involves incubation of the sur-
faces coated with IgG with a high concentration BSA solution,
reduces the surface coverage with proteins. This effect, visible
already in the amine to total nitrogen concentration (Fig. 1a), is
quantified based on ARXPS data (Fig. 1b) as a 33% and 22% reduction
of the initial coverage of 1.4 mg/m2 (mouse IgG) and 1.25 mg/m2

(rabbit IgG), respectively. Taking into account previous results [11]
that show hardly any change of total protein area density for sur-
faces with lower initial coverage (1.1 mg/m2 of rabbit IgG), this
finding suggests that the outcome of blocking with BSA depends
on initial surface coverage with IgG. To further analyze this issue,
we examined with TOF-SIMS surfaces modified with rabbit IgG
through adsorption from solutions of two different concentrations

(33 and 660 nM), both prior to and after blocking with BSA. The
results are presented in Fig. 6 as uniform (after adsorption) and
hatched (after blocking) columns, respectively, and correspond to
the normalized intensities of specific secondary ions, characteristic
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Fig. 6. TOF-SIMS intensities of secondary ions characteristic for proteins: (a) C5H12N+ (from Ile and Leu [21,22]), (b) C8H10NO+ (from Tyr [21,22]) and (c) C4H6NO+ (from Glu
a es sila
f t bloc
f

f
s
t
p
e
a
t
b
w
m

t
i
e
∼
m
d
i
o
t
a
p
t
s
e
2
o
a
(
t
b
l
i
f
l
c
i
b
w
s
e
i

nd  Gln [22]), normalized to the total ion intensity, as determined for Si3N4 surfac
rom  33 nM and 600 nM solutions (uniform columns), respectively, and subsequen
rom  the TOF-SIMS intensities.

or the amino acids [21,22] present both in IgG and BSA. While the
urfaces with high rIgG coverage (obtained using a 660 nM solu-
ion for coating) show again blocking-induced reduction of total
rotein surface density, the surfaces with much lower initial cov-
rage (obtained using a 33 nM rIgG solution for coating) manifest

 huge increase of protein coverage upon exposure to BSA solu-
ion. This indicates two dominant processes taking place during
locking, BSA occupying mainly the free surface sites at surfaces
ith low coverage, and additionally replacing part of adsorbed IgG
olecules at surfaces with higher protein density.
Recent experiments show that proteins can change their adsorp-

ion from irreversible to reversible, when a critical surface coverage
s reached [23]. Similar behavior of IgG molecules in the pres-
nce of BSA solution is suggested for a critical coverage value of
1.1 mg/m2. Above this value, the surface left by desorbed IgG
olecules can be populated by BSA. IgG molecules (with nominal

imensions of 14.5 nm × 8.5 nm × 4 nm [10]) and BSA (with nom-
nal dimensions of 14 nm × 4 nm × 4 nm [5]) can form monolayers
f adsorbed molecules with side-on orientation and experimen-
al thickness of 5 nm [5,19] and 4 nm [5],  respectively. Since IgG
nd BSA are comparable in size except for one dimension, their
artial exchange should lead to a visible reduction of total pro-
ein coverage accompanied by less distinct (vertical) change in
urface nanostructure. In fact, hardly any effect on the three lat-
ral structural scales is observed (see Fig. 3). Both the mean size
whm of topographic surface feature, and dominant spacing (1/k)
f the features visible on topography and phase AFM images
re not altered during blocking. However, the three parameters
〈h〉, Rq, Rsk) of vertical nanostructure, determined from AFM his-
ograms of height distribution (cf. Fig. 4a and b) are affected by
locking. In particular, the average height 〈h〉 is reduced (Fig. 5a,

eft scale), the distribution’s spread (RMS roughness Rq) slightly
ncreased (Fig. 5a, right scale), and the skewness Rsk increased
rom zero to positive values (Fig. 5b) – reflecting histograms with
onger right-hand tails. The reason for all these changes in verti-
al nanostructure is the incorporation of smaller BSA molecules
nto IgG overlayer. The height distribution determined for immo-
ilized BSA by surfaces coated directly with BSA is symmetric,

ith lower mean and spread values as compared to IgG. The

chematic illustration of the BSA and IgG contributions in Fig. 4b
xplains their impact on height distribution after blocking. Intrigu-
ng relation between AFM height distribution, protein structure and
nized with APTES (reference values for 0 nM concentration) after rIgG adsorption
king with BSA (hatched columns). Error bars are standard deviations determined

surface coverage with proteins is discussed below in the Section
4.3.

4.2. Immunoassay on biosensor surface

Specific binding between immobilized IgG and anti-IgG anti-
body from solutions with increased concentration is manifested as
a raise in protein coverage as it is presented in Fig. 1a with respect
to the situation prior to immunoreaction (zero anti-IgG antibody
concentration). Surface coverage with proteins, as detected by the
changes in XPS (N 1s core level) signal ratio of Namine/N, builds up
with concentration c. These changes are visible for anti-rIgG con-
centrations equal to or higher than 3.3 nM.  The ARXPS data, relying
on angle-dependent ratio of XPS signals from different elements,
seem less sensitive, since increase is observed for concentrations
c equal to or higher than 33 nM.  Nevertheless, the ARXPS data can
provide the absolute values of protein area density which cannot be
determined by XPS measurements [11,15]. For the rabbit IgG/anti-
rabbit IgG antibody pair, the surface density of proteins increases
from 1.1 ± 0.1 mg/m2 to 3.4 ± 0.3 mg/m2 as the antibody concen-
tration increases from 0.3 nM to 330 nM.  It should be noted that
an area density of 2.4 mg/m2 (reached at c ∼ 100 nM)  corresponds
to a monolayer of densely packed (92% density) gamma globulin
molecules with side-on orientation.

This monotonic increase of surface coverage with antibody
concentrations equal to or higher than 3.3 nM (Fig. 1a) is accom-
panied by a similar increase of lateral nanostructure parameters
(see Fig. 3). The mean size 2whm of randomly distributed topo-
graphic features increases during immunoassay from 16.0 ± 0.2 nm
to 30.9 ± 4.0 nm. In addition, the spacing (1/k) of the features,
grows from 28.1 ± 0.7 nm to 58.3 ± 2.3 nm as determined by the
phase AFM micrographs, and from 56.3 ± 1.5 nm to 103 ± 25 nm as
determined by topography images. This approximately two-fold
increase of the 2whm value of surface features reflects a progressive
formation of antigen–antibody complexes. Also, the characteris-
tic scales (1/k) of both phase and topography images are roughly
twice larger after immunoassay. Apparently, some of the imaged
surface features must correspond to BSA or gamma globulins with

orientations blocking or limiting the specific binding.

Immunoreaction of immobilized IgG with the anti-IgG anti-
body results also in drastic changes of vertical nanostructure.
These changes are reflected in the parameters of the AFM height



K. Awsiuk et al. / Colloids and Surfaces B: 

Fig. 7. (a) Vertical (average height 〈h〉, left scale) and lateral (mean feature size
2whm,  right scale) nanostructure parameters (from AFM) of Si3N4 surfaces coated
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ith rabbit (circles) or mouse IgG (diamonds) plotted against protein surface density
from ARXPS). Solid line marks the average overlayer thickness expected from the

odel depicted in (b). Error bars are standard deviations, specified in Figs. 1 and 3.

istograms which are clearly modified after immunoreaction
ith antibody concentrations higher than 3.3 nM (Fig. 5). Such

hanges in the vertical structure are expected, since the antigen-
inding sites of adsorbed gamma-globulins (with preferred side-on
rientation) are located above the silanized silicon level (see
ketch in Fig. 7b). In addition, the attached anti-IgG antibody
olecules, in contrast to adsorbed immunoglobulins, are less

rone to conformational modifications. There are two  stages in the
mmunoassay-induced variation of vertical structure parameters
Fig. 5). First, the region of antibody concentration c up to 33 nM
orresponds to a distinct increase in both the mean value (<h>)
nd spread (Rq) of height distribution accompanied by skewness
sk reduced to zero. Second, for antibody concentrations equal to
r higher than 33 nM a somewhat halted growth of both average
eight 〈h〉 and roughness Rq, and negative skewness are observed.
he height histogram of AFM micrograph recorded for the rIgG
odified surfaces after reaction with an anti-rIgG antibody solution

f 330 nM is presented in Fig. 4c. We  notice that the height distribu-
ion is dominated by the anti-IgG antibody contribution, with very
mall input from the adsorbed IgG and BSA (see outlined schemat-
cally Gaussian curves), resulting in longer left distribution’s wing.
his height histogram reveals also the critical point at which the
FM tip stops to penetrate the deeper regions of protein/APTES
verlayer. This suggests complete formation of a continuous pro-
ein layer, expected from ARXPS to take place around c ∼ 100 nM,
hen a side-on orientation of immobilized gamma-globulins is

ssumed.

.3. Nanostructure vs. protein coverage

New insight into a model immunoassay on silicon nitride sur-
aces can be gained when the surface nanostructures, with their

ateral and vertical parameters determined from AFM images and
FM height distributions, respectively, are analyzed as a function
f surface coverage with proteins, evaluated by ARXPS. The results
f such an analysis are presented in Fig. 7a for surfaces coated with
Biointerfaces 103 (2013) 253– 260 259

rabbit (circles) or mouse IgG (diamonds). The plotted values of the
mean size of surface features 2whm (open symbols, right scale)
show a monotonic albeit scattered relation with protein cover-
age, reflecting (except for two  data points) progressive build up of
antigen–antibody complexes. The high spread of values is mainly
due to the two points with the lowest feature size, corresponding to
adsorbed rabbit and mouse IgG, which upon blocking are shifted to
the respective points with reduced abscissa (protein surface den-
sity) but almost the same ordinate (2whm).

More revealing is the relation between the average AFM height
〈h〉 and the surface coverage with proteins presented in Fig. 7a with
solid symbols (left scale). The observed monotonic dependence can
be correlated with the protein structure, i.e. the weight M of a sin-
gle molecule and the dimensions 2a × 2b × 2c of ellipsoid describing
the immobilized molecules shape. The ratio of globular thickness to
molecular surface density is expressed as 2c (�ab/M)  (see Fig. 7b).
Please note that this formula is independent of immobilized pro-
tein orientations, as all ellipsoid dimensions are in its numerator. In
addition, the ratio of thickness to area weight density calculated for
immunoglobulin (IgG and anti-IgG, with 150 kDa molecular weigh),
1.69 nm m2/mg, is almost the same as that of BSA (with 66.4 kDa
molecular weigh), 1.73 nm m2/mg. Therefore, practically one value
characterizes all types of biomolecules present at the silicon sur-
face. This ratio multiplied by the surface density corresponding
to the area covered with a single protein (with given orientation)
would provide the relevant globular thickness. In addition, this ratio
multiplied by the actual surface coverage with proteins yields the
average thickness of the protein layer. The predicted values, after
the addition of the APTES film thickness (known from ARXPS) are
presented as a solid line in Fig. 7a. This line matches quite well
with the average AFM height 〈h〉 data (solid symbols), except for
the last point which corresponds to anti-rIgG antibody concentra-
tions higher than 100 nM,  where AFM tips stops to penetrate the
continuous protein/APTES overlayer.

5. Conclusions

To conclude, combined local microscopic (AFM) and global
spectroscopic (XPS, ARXPS) analysis of biosensor-like surfaces
(silicon modified with amino-organosilane APTES) has been
extended to all the steps of an immunoassay,  using anti-
body concentrations extending over four orders of magnitude
(0.3 nM ≤ c ≤ 330 nM,  for two  complementary IgG/anti-IgG anti-
body pairs).

AFM detection of specific binding at biosensor-like surfaces with
large number of biomolecules can be quantified by autocorrelation
and Fourier analysis of AFM topography and phase images in terms
of lateral nanostructure parameters. Following this approach, the
formation of antigen–antibody complexes is detected for antibody
concentrations equal to or higher than 3.3 nM.  Similar sensitivity
was demonstrated by XPS. ARXPS seems less sensitive (signals sta-
tistically different from zero antibody concentration are obtained
for concentrations c > 33 nM)  but on the other hand it can provide
information about absolute surface coverage (area density) with
proteins that the other two  methods cannot.

In addition, the AFM height distribution parameters (mean –
average height 〈h〉, spread – roughness Rq and asymmetry – skew-
ness Rsk) provide complete, often neglected, information on vertical
nanostructure that enables additional analysis of the biosensor-
like surfaces prior to and after immunoreaction. These parameters
resolve non-specific binding, due to blocking with BSA, from

specific binding due to antigen–antibody interactions for concen-
trations higher than 1 nM.

Synergic examination of nanostructure and protein coverage,
especially the relation of average AFM height vs. the protein surface
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