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Abstract

A new strategy for the preparation of layer-by-layer inorganic assemblies are discussed which allows simple fabrication of multifunc-
tional thin film on various substrates. The procedure involves alternating layers of the cyanoferrate derivatives with layers of copper ions.
A film growth was investigated in situ by surface plasmon resonance (SPR) and characterized by atomic force microscopy (AFM). It was
shown that the topography of the surface strongly depends on a number of layers. In particular, the change-over to the formation of 3D
aggregates after 12–15 cycles of deposition was observed. It was demonstrated that biological captors, immunoglobulins, can easily be
immobilized onto these films in closely packed oriented monolayer, and stable theoretically predicted response was obtained in SPR geom-
etry. This suggests that the functional multilayer built using this approach will have useful application owing to their controllable chemical
reactivity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Biosensor control systems is one of the fastest develop-
ing branches of modern science[1,2]. The highly specific
interactions that are characteristic of the molecular biosys-
tems involved in the immune response of living organisms
(antigen–antibody reaction) are well known and widely used
to form sensing layers in various biosensor systems. Indeed,
immunological processes based on the antigen–antibody re-
action and underlying most of the affinic biosensors continue
to play a leading role in control systems of both different
proteins and their complexes[3,4], as well as high-weight
(e.g., viruses/cells[5,6]) and low-weight (e.g., hormones,
drugs, etc.[7–9]) molecular biosystems. Despite a variety
of physical transducers of different types[10] used for cre-
ation of bioanalytical control systems, the basic principles of
biosensor system function remain unchangeable and are de-
termined, first of all, by their capacity to keep optimal con-
ditions for function of receptor centers of biological origin
in artificial systems. Taking into account prime-turn require-
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ments of long-term stability both from the viewpoint of their
sensitivity and selectivity, which are imposed upon instru-
mental means of environment monitoring, interface sensitive
architectures should satisfy the following main requirements
[11]:

(1) immobilization milieu similar to the natural state: con-
ditions at the surface should maintain, or even increase,
receptor stability and functioning;

(2) strong receptor-membrane binding, preferably via cova-
lent coupling;

(3) directional immobilization: to increase active fraction of
receptors, their active sites should face outwards from
the electrode surface;

(4) arrangement of receptor centers: optimal packing den-
sity of receptor centers at the interface should be specific
for high-binding activity;

(5) negligible nonspecific binding: to achieve high sensitiv-
ity and specificity, nonspecific binding at both receptor
and membrane should be suppressed;

(6) controlled immobilization: a mechanism of film forma-
tion should preferably be based on self-limiting/self-
assembled approaches;

(7) “physically” inert support: a film should permit the
transducing mechanism to function satisfactorily;

(8) low-cost technology.
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Unfortunately, attempts to design sensing elements that
meet these standards have not been successful to date,
although various procedures of immobilization (e.g., ad-
sorption on insoluble matrices[12], entrapment in poly-
mers[13], crosslinking by a multifunctional reagents[14],
covalent binding onto a membrane[15], etc.) and types
of support (such as dextran matrix[8,9], lipid monolay-
ers [16], biotin-streptavidin systems[17], etc.) have been
proposed. In this case, sensors based on physical trans-
ducers that are sensitive to the parameter changes near the
transducer surface (caused by the nature, concentration, or
spatial arrangement of guest molecules[18]) should meet
strict requirements, such as small thickness, possibility of
being fabricated at the surface of small electrodes, stability
in liquid phase, “plane” surface, etc.

The general requirements for formation of biocompatible
immobilization support with desired receptor orientation at
the interface can be attained if nanochemical approaches are
used. The results mentioned above are foregone conclusion
that immobilization layers will be organized in a rigid frame-
work in a nanometer scale and have active surface groups
suitable for direct coupling of bioreceptors in an oriented
manner. Thus, both immobilization process and support for-
mation for biorecognition interface must be nano-organized
and will be based on a self-assembling methodology. In this
work, we suggest a new method for forming an immobi-
lizing structure for affinic sensors of the immune response
based on the ideology of self-assembling the whole sensitive
biorecognizing architecture.

2. Optical biosensors

A number of standard approaches have been advocated
for the analysis of protein adsorption. At the same time,
many successes achieved during investigations of biochem-
ical processes at the molecular level have become possible
largely owing to the sensor instrument engineering that is ac-
tively developed[19]. Various (electrical, thermal, mechan-
ical, optical, etc.) physico-chemical transducers are used in
sensor systems. The most promising of them seem to be
those based on optoelectronic sensing elements, which can
be used to monitor the binding process of unlabeled pro-
teins in real time and represent the biosensor approach in
biochemical and analytical sciences[20,21].

Biosensor is the system that transforms information about
the process of biochemical interaction of the analyte and the
system of receipting centers immobilized on the surface of
the physical transducer into the signal that is convenient for
further treatment[22]. Usually, it is supposed that receptor
centers have biological origin or are the synthesized ana-
logues of the biological ones. Methods of fabrication and
purification of receptor centers that have biological origin
are widely described in biochemical papers as well as the
measurement techniques and the necessary equipment. At
the same time, optimization of the immobilization support

specific both to the registration method and bioreceptor re-
mains a challenge in many respects. There are two directions
of the interfacial optimization, namely

• the aim of the “physical” direction is to provide the most
efficient transformation of the changes in the sensitive
layer into the output signal; the efficiency is determined
by both functional, and structural (topographical and mor-
phological) properties of the immobilization support;

• the aim of the “chemical” direction is to create the condi-
tions for the oriented and nondestructive immobilization
of the receptor centers. The “chemical” optimization has
two principal aspects: (i) the topographical one that con-
trols the possibility of organized structure formation on
the rough surface and (ii) the protecting aspect that pre-
vents the denaturation of biomolecules on the transducer
surface.

Application of the optoelectronic effects for the regis-
tration of specific intermolecular interaction provides both
optimal conditions for biological molecules (in view of the
minimization of external influence) and high sensitivity. To
illustrate, the systems using SPR offer a number of undeni-
able advantages that are inherent to optical sensor systems
[23]. Indeed, using this direct, nondestructive and quanti-
tative technique, one can work in situ without additional
fluorescent or other tracers. In reality, conditions of surface
plasmon excitation at the interface between thin gold film
and solution under investigation (the effect of the surface
plasmon resonance, SPR) depend on small variations of the
optical constants of the solution in the vicinity of the surface.
Besides, it is possible to monitor the molecular recognition
processes in real time and spend only small-volume samples
per single analysis procedure. Processes of the intermolec-
ular interaction cause the shift of the minimum of the exci-
tation angle of the polariton states; the changes take place
due to the bounding (or releasing) of the molecules from the
solutions with the receptor centers that are immobilized on
the surface of the optoelectronic transducer—an essential
part of biosensing instruments. All these enable one to ob-
tain additional reliable information on kinetics of processes
involving molecular biosystems of high sensitivity.

Although optical transducers where SPR is used possess
the above advantages, the following two main require-
ments substantially retard wide use of such systems when
analyzing various biochemical processes occurring at the
molecular level. First, to provide the highest responsivity,
the immobilization layer thickness has to be substantially
less than the penetration depth for an evanescent wave (i.e.,
below 100–200 nm for radiation from the visible spectral
region). Second, adsorption of biomolecules onto the trans-
ducer surface should not lead to loss in their functional
capabilities. The restrictions discussed above dictate a need
for quest of transition layers that should reduce a destruc-
tive effect of metal surface. Besides, the sensing surface of
a transducer has to provide optimum conditions for receptor
centers to function, as well as retention of high stability
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and manufacturing compatibility with techniques used to
fabricate sensing elements.

3. Experimental

3.1. Probe molecules and supports

Goat Anti-Mouse IgG, Mouse IgG, Goat Anti-Rabbit
IgG, Rabbit IgG, Goat Anti-Human Fibrinogen, Rabbit
Anti-Bovine Serum Albumin and Bovine Serum Albumin
(BSA) were obtained from Sigma Chemicals and were used
as supplied without further purification.

Human fibrinogen was prepared from human plasma by
sodium sulfate precipitation[24]. All other chemicals were
reagent grade or better. Water was deionized and then dis-
tilled in a silica and Teflon apparatus prior to use.

Protein reactions were made in phosphate buffer saline
PbS solution (pH 7.2) at the ambient temperature (20±2 ◦C).

3.2. Film deposition

The chip support is a trapeziform glass (K-8) prism of di-
mensions 18 mm× 12 mm× 6 mm and inclination angle of
68◦. The refractive index of the prism is 1.515. For the sensor
formation, the upper side of the support prism was sputtered
with a ca. 1 nm adhesive layer of Cr, followed by 45 nm of
Au. During deposition the prism was kept at the 22◦C with
subsequent holding (3 h) in high vacuum (5× 10−4 Pa) be-
fore removing from the evaporation equipment (VUP-5M).
Sensor chips were used for measurements without any addi-
tional cleaning procedures prior to an experiment. Untreated
chips were mounted in the instrument and flushed with buffer
until the baseline drift was less than±30 angle second.

3.3. Immobilization procedure and reagents

The formation scheme of gold surface multilayer modifi-
cation system for site-oriented immobilization of antibodies
(4) (Fig. 1) includes two steps[25]. At first, self-assembled
carboxylic-acid-terminated alkanethiol monolayers was
deposited (2). The surface of gold was modified by ex-
posing the newly produced films to the ethanol solu-
tion of dodecanthiol (HS(CH2)11COOH, concentration of
5× 10−4 mol/l) for 13 h at a constant temperature of 297 K.
The samples were then washed in the flow of pure ethanol
for 1 h to remove residue of physically sorbed dodecanthiol
and were dried in a flow of dry and dust-free air. We
used these highly ordered organic films as the protective
and stabilizing ones for gold surface (1), as well as for
chemical attachment of layered cyanoferrate nanoarchitec-
tures (3). After that, fabrication of the copper aminopen-
tacyanoferrate(II) Cu3[Fe(CN)5NH3]2 film was carried out
using alternating adsorption of metal (Cu2+) and complex
([Fe(CN)5NH4]3−) ions from water solution CuSO4 and
Na3[Fe(CN)5NH3].

Fig. 1. A copper aminopentacyanoferrate hybrid superstructure onto a suit-
ably functionalized substrate shown for site-oriented immobilization of an-
tibodies (4): 1—gold film; 2—self-assembled carboxylic-acid-terminated
alkanethiol monolayers HS(CH2)15COOH; 3—layered copper aminopen-
tacyanoferrate(II) film Cu3[Fe(CN)5NH3]2.

Si3N4 surface activation was performed using Br–(CH2)2–
Br bifunctional compound in accordance with[26]. After
this procedure C–Br groups were created at the surface,
these groups being capable of bonding with ethylendi-
amine (en, NH2–(CH2)2–NH2). The support with modified
surface was used for layer-by-layer deposition described
above.

Formation of copper aminopentacyanoferrate multilayer
was performed using freshly prepared sodium aminopenta-
cyanoferrate(III) that was synthesized by standard principles
[27] on the base of K4[Fe(CN)6]·3H2O compound and an-
alyzed with visible and infra-red spectra (“Specord-M40”,
“Specord-75IR”).

3.4. Surface analysis

The AFM imaging was undertaken using a commer-
cial Nanoscope IIIa (Digital Instrument, Santa-Barbara)
equipped with a 80�m scanner. For the AFM analysis we
used Si3N4 plates. The scans were performed in the tapping
force mode using commercially available AFM tips made
of silicone nitride with a scan frequency of approximately
1 Hz.

3.5. Instrumentation

The detailed description of the Surface Plasmon Reso-
nance Sensor InstrumentBioHelper (PLASMON-002) built
by the Institute of Semiconductor Physics (ISP NASU, Kiev,
Ukraine) was discussed early[21,28]. Briefly (Fig. 2), the
light beam from the He–Ne laser (λ = 632.8 nm) is deflected
by a mirror to the prism with sensitive layer mounted on the
revolving table, which can be rotated by a stepper motor by
means of a micrometer screw with a lever arm. The position
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Fig. 2. Schematic arrangement of the components in the surface plasmon
resonance analytical instrumentBioHelper (Plasmon-002).

of the stepper motor is monitored by software means with
respect to the hardware reference point. A photodiode de-
tector is positioned at the opposite side of the prism and it
monitors the laser light undergoing total internal reflection
on the sensor chip. For a complete scan (ca. 15◦), the ta-
ble must move from the left-most to the right-most position
and back again, which takes about 15 s. A “track minimum”
scan which is used to analyze binding and dissociation ki-
netics lasts ca. 2 s. The peristaltic pump provides flow of
solutions through the experimental cell, which is formed of
silicone rubber covered by the Teflon holder and is mounted
directly onto the sensor chip surface. The cell has a round
cross-section of ca. 25 mm2 in the direction perpendicular
to the prism surface, with a height of 1 mm and a volume of
ca. 25�l.

4. Results and discussion

At first we will analyze the formation of self-assembled
structures monitored by SPR in order to find out the influ-
ence of the number of layers on effective optical param-
eters of thin cyanoferrate films. Then we will discuss the
results of the topographic (AFM) investigations in view of
their correspondence to the SPR results. In the next section,
the in situ investigations of both antibodies immobilization
adsorption and subsequent interactions with corresponding
antigens are described in detail. The final section is devoted
to the discussion of possible immobilization mechanisms
and peculiarities of the interfacial bioreceptor structure.

4.1. Layer-by-layer formation of immobilization support:
in situ SPR monitoring

It is essentially to note that optoelectronic transducers like
those based on SPR phenomenon can be also used to investi-
gate processes of formation of spatially organized structures
within tens and hundreds angstroms scale that are important
for both fundamental researches and applications because
they are the base for the development of new technologies in
microelectronics, heterogenic catalysis, and sensor produc-

Fig. 3. Procedure of layer-by-layer formation of inorganic architecture (al-
ternating injection CuSO4 and Na3[Fe(CN)5NH3] water solution)—three
steps and one-step immobilization of Anti-Mouse IgG and its interaction
with Mouse IgG (100�g/ml concentration).

tion. It is obvious that the possibility of forming the above
self-assembled monolayers with given chemical functional-
ity, which are responsible for the specificity of the sensor,
depends mainly on the possibility of creating the conditions
for self-organizing the molecular ensembles on the surface
of solids.

In order to illustrate the procedure of layer-by-layer
formation of inorganic layered architecture and investiga-
tion of biomolecular interaction, a typical experiment was
monitored by SPR system (Fig. 3). The water was allowed
to flow through the cell with carboxylic-acid-terminated
alkanethiol monolayer covered SPR chip and then sharply
substituted with the CuSO4 water solution. After the sen-
sor response reached an equilibrium state without flow, the
Na3[Fe(CN)5NH3] water solution was added and after it
achieved equilibrium, was again replaced by water. The
procedure was repeated in accordance with a given num-
ber of layers. The dependence of an SPR angle shift on
the layer number is shown inFig. 4. As Fig. 4 testifies,
the SPR angle increases with the number of layers (if it
is more than 3), with the mean value of an increment of
about 300–400. It is necessary to note that the response
increase has a linear character with an increasing number
of layers (at least, if this number is more than 3 and less
than 10), which can testify to the formation of an ordered
structure on the surface. In this case, layer parameters are
identical in the considered thickness range. Some features
of first-layer formation (less than the response values) are
conditioned by the presence of support nonuniformities
(and, consequently, of the thiol layer, as shown, e.g., in
[29]), which was repeatedly observed when forming the
self-assembled films[30]. It is necessary to stress that no
additional loosely bound molecules from the sensor surface
was removed during washing with pure water. Such a result
is in excellent agreement with the previous assumption that
those surface transformations include self-organization of
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Fig. 4. Angle shift of the SPR minimum position (second of arc) vs. layer
number of copper aminopentacyanoferrate(II) film Cu3[Fe(CN)5NH3]2.

copper aminopentacyanoferrate (Cu3[Fe(CN)5NH3]2) lay-
ers fastened by Cu2+ bridges with different arrangement of
primer nucleator molecules on the surface.

4.2. AFM imaging

The same procedure to form the immobilization support
on the gold-coated SPR prisms was used for fabrication of
the samples for AFM investigations. In this case, as sub-
strates we used silicon plates with an external layer of silicon
nitride. Low values of roughness intrinsic to these samples,
even after processing them with dibromethane and ethylen-
diamine, enabled us to check for the proper growth of the
ordered cyanoferrate structure neglecting a contribution of
large-scale relief nonuniformities inherent to gold films. In-
deed, the AFM image inFig. 5 shows that the gold sur-
face is not atomically smooth with the grain diameter of the
gold coating ranging from 20 to 30 nm. The surface rough-
ness shows a maximum height variation of 2.5 nm for a
500 nm scan, with the area root-mean-square (RMS) surface
roughness ca. 0.84 nm. The situation with Si3N4 samples is
quite different,—the RMS is less than 0.4 nm and without
long-range fluctuations.

In order to fabricate the cyanoferrate films on the Si3N4
surface, previous treatment was done in accordance with
the procedure described in[27] and described briefly above.
The AFM results depicted inFig. 5 clearly show that under
the adsorption conditions employed in this study, some first
layers repeat the substrate structure, at least in a statistical
sense, while on increasing the layer number over 10 we can
clearly observe formation of three-dimensional aggregates.
Thus, with the increasing layer number, defects condensing
in the course of this layer-by-layer growth cause destruction
of two-dimensional ordering and create conditions for the
following preferable formation of a bulk phase. It is obvious
that for purposes of forming ordered layers of bioreceptors
this regime is less preferable. It is especially important to

note that the SPR method implies the use of plane-parallel
boundaries of surface architectures to calculate layer param-
eters using a value of registered signals when solving the
reverse problem[31]. But really the thickness dispersion of
the immobilization layer that reaches tens of nanometers
can essentially reduce adequacy of this method. Moreover,
it was also shown that as the number of layers increased,
the number of defects and holes in the layer also increased.
Taking into consideration relatively large dimensions of this
object, it is possible to suggest that this observation may
have originated possibly due to some local self-organization
in molecular layers with participation of metal (Cu2+) and
complex ([Fe(CN)5NH4]3−) ions. To go inside the internal
structure of such aggregates, additional information about
the possible packed structures is required.

4.3. Immobilization performance

Our analysis of the immobilized antibody quantity (for
anti-BSA) on the layer number (resonance angle shift
amount to 4750± 250 arc s. for 3, 5 and 10 layers) testifies
to the fact that this quantity has only weak dependence on
the layer number in the range between 3 and 10 where one
can observe the most ordered structure of the interface layer
using data both AFM and SPR. The presence of small-scale
defects has no essential role in this case as the immunoglob-
ulin molecule size considerably exceeds the lattice constant
of the structure that enables us eventually to provide ef-
fective immobilization of antibodies. At the same time,
immobilization efficiency strongly depends on the antibody
source (seeTable 1). But this effect is not unique, e.g., pro-
tein A affinity also considerably differs when using various
antibody sources[32]. While in the last case this selectivity
is related to some features of protein A spatial structure,
it is not acceptable for cyanoferrate layers. It enables us
to assume that the immobilization efficiency is determined
by chemical activity of Fc fragments in immunoglobulin
molecules, which have a various compositions in different
immunoglobulins.

Although the immobilized receptor quantity is an impor-
tant parameter, however, it is valid only in the case when
the immobilized centers can combine with complementary

Table 1

Antibody/antigen
couple

Maximal sensor response
for immobilized antibody
(arc second)

Antigen/antibody
ratio

Anti-Mouse
IgG/Mouse IgG

2400 0.91

Anti-Rabbit
IgG/Rabbit IgG

4540 0.47

Anti-Bovine Serum
Albumin/Bovine
Serum Albumin

5150 0.08

Anti-Human
Fibrinogen/
Fibrinogen

6560 0.74
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Fig. 5. Atomic force microscope images (1000 nm square scan) of self-assembled multilayers obtained by alternate deposition of CuSO4 and Na3[Fe(CN)5NH3] water solutions.
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antigens at respective selectivity. Data given inTable 1show
that, as noticed above, not only the immobilization effi-
ciency but also the capability to bind antigen essentially
depends on the antibody nature. Indeed, despite the large
absolute responses to Anti-Bovine Serum Albumin, the re-
sponse to complementary antigen (BSA) is absent. At the
same time, for the couple of mouse immunoglobulins (Goat
anti-Mouse IgG/Mouse IgG) at a minor increase of an abso-
lute signal value as compared to nonmodified gold surface,
the reaction has a character of monomolecular interaction.
This enables us to use this immobilization procedure for
these immunoglobulins. Peculiarities of interaction of Goat
anti-Rabbit IgG/Rabbit IgG when using a cyanoferrate im-
mobilization structure results in the fact that no more than a
half of antibodies can interact with complementary antigens.
The most interesting result is observed in the case of the
couple Goat anti-Human Fibrinogen/Human Fibrinogen. In
this case, the density of immobilized antibodies approaches
a theoretically possible limit of the antibody density on a
plane surface calculated from the conditions of a dense pack-
age. Antigen/antibody signal ratio approaches to 0.7 that
exceeds, to some extent, that of a dense-packed fibrinogen
layer on such plane surface. Indeed, taking the density of
protein layers to be the same and taking into account the im-
munoglobulin thickness (ca. 10 nm) and that of the fibrino-
gen D-fragment (ca. 4–5 nm), the fibrinogen/antibody signal
ratio should not exceed 0.5. The observed increase may be
explained by a fibrinogen bend in the fragment E range that
increases an effective thickness of the fibrinogen layer. All
these enable us to conclude that the fibrinogen molecule is
disposed as lying on the surface of polycnonal antibodies
as it was observed by us earlier in the case of nonmodified
gold surface, too[21].

5. Concluding remarks

The most commonly used convention for the formation
of sensitive layers employs either biomimetic methodology
with simplified models of natural products or biotechnology
approaches based on the utilization of native biomolecules.
However, the formation of novel sensor systems requires
the integration of major achievements in both fields to take
advantage of the high sensitivity and specificity peculiar
to bio- or synthetic receptors—from the one hand, and re-
producibility and stability of artificial membrane (support
system)—from the other. The main efforts in this way must
be devoted to the control of status of bioreceptor at the
interface.

Self-assembled superstructures, including layer-by-layer
assembly of multicomposite films, have generated great
interest during the last few years for various sensor appli-
cations because of the possibility of controlling the com-
position, orientation, thickness, and chemical functionality
of interfacial captors. Several approaches have been devel-
oped for fabrication of the layered architectures with wide

spectrum of driving forces controlling supramolecular orga-
nization at the interface[33–37]. These include multilayer
self-assembly based not only on ionic interactions, but also
on charge transfer, hydrogen bonding, and more recently,
using coordination chemistry. The “hybrid” metal system
described here related to the coordination complexes, which
combine the different chemistries of substituted cyano-
ferrate complexes and copper ions. The immobilization
mechanism is assumed to be based on hydrolysis of the
substituted cyanoferrate groups. The combination of these
two self-assembly chemistries allows for tractable growth
by simple consecutive adsorption from solution of hybrid
superstructures with interesting properties, such as one-step
immobilization of immunoglobulins. This suggests that su-
perstructure multilayers built using this chemistry will have
use not only as materials but also as effective immobiliza-
tion support.
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