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Abstract. The formation of Au,S, interfacial layer by reactive annealing of gold films in H,S
atmosphere is investigated. This seems to be a technologically favorable technique for the
large-scale and low-cost fabrication of nondestructive immobilization support for biological
molecules. Formation of phases with different chemical functionality and surface topogra-
phy as a function of reaction time was studied using Atomic Force Microscopy (AFM),
Surface Plasmon Resonance (SPR) measurements and biomolecular interaction analysis
(trypsin - Soybean Trypsin Inhibitor (STI) reaction). The results obtained confirm the classi-
cal two-step model for the sulfide phase formation during reactive annealing. This includes an
intermediate formation of a dispersed phase of sulfur followed by its reconstruction to a
close-packed sulfide layer. Adsorption of proteins onto a certain sulfide layer passes with
retention of a native state of adsorbed molecules. The proposed strategy for formation of
biochemical structures (gold/sulfide/proteins) on the surface of physical transducers opens a
new way for design and development of novel artificial smart sensing systems. They not only
maintain optimal functioning of bioreceptors but also are responsive to their environment.
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1. Introduction ble to monitor the molecular recognition processes in real
time and spend only small-volume samples per single analysis
Mouch success achieved during investigations of biochemi- ~ Procedure. Allmentioned above enables one to obtain addi-
cal processes at the molecular level have become possi- Flonal reliable 1nformat10n on lfmeucs of processes involv-
ble owing, to a large extent, to the sensor instrumenten- 118 molecular b%osystems Qf high sensitivity (the smallest
gineering that is actively developing [1]. Various (elec- ~ detectable protein amount is about 0.01 ng/mm? [5]). )
trical, thermal, mechanical, optical, etc.) physico-chemi- Despite the fact that optical transducers Where SPR is
cal transducers are used in sensor systems. The most prom-  Used possess the above advantages, the following two main
ising of them seem to be those based on optoelectronic ~ equirements substantially retard wide use of such sys-
sensing elements [2]. To illustrate, the systems using sur-  tems when analyzing various biochemical processes oc-
face plasmon resonance (SPR) offer a number of undeni- ~ CWrring at the molecular level. First, to provide the high-
able advantages that are inherent in optical sensor sys- €St responsivity the immobilization lay;r thickness has
tems [3]. Indeed, using this direct, nondestructive and {0 be substantially less than the penetration depth .for. an
quantitative technique one can work in situ without addi- ~ €vanescent wave (i.e., below 100-200 nm for radiation
tional fluorescent or other tracers [4]. Besides, itis possi-  {rom the visible spectral region). Second, adsorption of
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biomolecules onto the transducer surface has not lead to
loss in their functional capabilities.

The restrictions discussed above dictate a need for
quest of transition layers that should reduce a destructive
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
and manufacturing compatibility with techniques used
to fabricate sensing elements. The most widespread solu-
tions of the above problem are obtaining of (i) transition
layers using functionalized mercaptans that form (by self-
assembling from a solution) highly ordered stable mono-
molecular organic coatings on the noble metal surfaces
[6,7] and (ii) polysaccharide gel-dextrans [8,9] that form
a spatial immobilization matrix on metal surfaces.

Here we propose a simple and handy technique to
form layers that provide optimum conditions for func-
tioning of immobilized receptor centers of various na-
tures. Our technique is based on formation of a buffer
native layer of proteins on the surface of two-dimensional
(2D) monomolecular layer of gold sulfide.

2. Sensing layers for transducer-based systems

Since an intimate contact between the sensing biomolecules
and transducer is essential for biosensor overall function-
ing, preparation of a support surface is an important step
in the biosensor fabrication [10, 11]. An analysis of the
achievements in bio- and chemical sensors production
makes it possible to state some general requirements that
should be inherent in sensing elements of the transducer-
based sensors:

* immobilization milieu similar to the natural state:
conditions at the surface should maintain, or even in-
crease, receptor stability and functioning;

* strong receptor-membrane binding, preferably via
covalent coupling;

= directional immobilization: to increase active frac-
tion of receptors, their active sites should face out-
wards from the electrode surface;

= arrangement of receptor centers: optimal packing
density of receptor centers at the interface should be
specific for high binding activity;

= negligible nonspecific binding: to achieve high sensi-
tivity and specificity, nonspecific binding at both
receptor and membrane should be suppressed;

= controlled immobilization: a mechanism of film for-
mation should preferably be based on self-limiting/
self-assembled approaches;

= «physically» inert support: a film should permit the
transducing mechanism to function satisfactorily;

= low-cost technology.

Unfortunately, attempts to design sensing elements
that meet these standards were not successful to date,
despite the fact that various procedures of immobiliza-
tion (e.g., adsorption on insoluble matrices [12], entrap-
ment in polymers [13], crosslinking by a multifunctional
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reagents [14], covalent binding onto a membrane [15],
etc.) and types of support (such as dextran matrix [8, 9],
lipid monolayers [16], biotin-streptavidin systems [17],
etc.) have been proposed. In this case sensors based on
optoelectronic transducers that are sensitive to the re-
fractive index 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 to be fabricated at the sur-
face of small electrodes, stability in liquid phase, «plane»
surface, etc.

When an immobilization layer is formed using bio-
logically active molecules, then the requirement that an
interlayer thickness must be minimum becomes decisive.
On this basis the soybean trypsin inhibitor (STI) has been
chosen to serve as a model system in formation of such a
layer. ST1 is a protein whose relative molecular mass is
21500 Da. It involves a polypeptide chain that contains
181 amino groups [19]. This simple protein has a rigidly
fixed spatial structure that is favored by two intramo-
lecular disulfide bonds [20]. The structure is tolerant to
various denaturation actions (i.e., pH changing, treat-
ment in concentrated carbamide or guanidine chloride
solutions). Special precautions are needed, however, to
prevent denaturation of this protein at metal (in particu-
lar, gold) surfaces.

3. Chemical modification of the metal surface
of an optoelectronic transducer

Adsorption of molecular biosystems that are present in
living organisms (i.e., enzymes, immunoglobulins, ezc.)
onto metal surfaces predominantly changes native con-
formation protein molecules. It is accompanied with both
considerable changes in the physico-chemical properties
of a protein and complete loss of biological activity
[21,22]. There is an abundance of experimental evidences
that protein secondary and ternary structures unfold at
metal surfaces. However, up to now there exists no ade-
quate notion of the physico-chemical processes occurring,
and the main factors that determine denaturation have
not been clarified yet [23].

For many globular proteins their complete spatial
structure is equivalent to their ternary structure. The lat-
ter is a relatively compact system where the secondary
structure elements (canonical polypeptide chain confor-
mations that are usually stabilized with hydrogen bonds,
such as a-helices, B-structures, efc.) are, in many cases,
linked to both each other and the disordered structure
sections through disulfide bonds [24]. According to this,
one may assume that changes in native conformation may
be, in particular, due to breaking of intramolecular
disulfide bonds. Indeed, such reagents as F-mercapto-
ethanol and dithiotreitol (that restore disulfide bonds)
usually promote protein denaturation. The same result
may be obtained through the interaction between an in-
tramolecular disulfide bond and substrate metal (in par-
ticular, gold) atoms. Numerous experiments in forma-
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tion of the self-assembled monolayers of aliphatic
mercaptans from thiol solutions, as well as the correspond-
ing disulfides on gold surface, unambiguously are indica-
tive of breaking disulfide bonds at the metal surface (in
the second case) and formation of monolayers that are
structurally and chemically equivalent (in both cases)
[25,26]. Thus, if at the sensing element surface the condi-
tions exist that prevent disulfide bond breaking, then this
may provide a retention of the native conformation for
biological molecules.

Metal (Au, Ag, Cu, Fe, etc.) sulfides are known to be
both kinetically and thermodynamically stable com-
pounds, reactivity of which, as to the chemical groups
that are characteristic of biological molecules is negligi-
ble. Besides, orderly arranged disulfide monomolecular
coatings could be obtained using a simple and techno-
logically easy treatment of the corresponding metal sur-
faces in the hydrogen sulfide atmosphere. Comprehen-
sive investigations of interaction between hydrogen sulfide
and variously oriented surfaces of metal single crystals
have been performed in wide pressure (102-10 Pa) and
temperature (100-350 °C) ranges for Cu-S [27], Ni-S [28],
Ag-S[29], Fe-S [30] and Au-S [31] systems in the hydro-
gen sulfide-hydrogen atmosphere. Reversible chemisorp-
tion, low-energy electron diffraction and Auger electron
spectroscopy have been used in combination with sulfur
S isotope. This made it possible to (i) investigate ther-
modynamic aspects of processes occurring in the systems
studied; (ii) exert control over the surface chemical com-
position; (iii) determine both growth mechanism and struc-
ture for surface sulfide, and (iv) deduce an exact number
of adsorbed sulfur atoms per unit area.

For differently oriented gold single crystals the
mechanism of interaction with hydrogen sulfide vapors
is given in detail in [32]. It was shown that the island
phase adsorption previously occurs, with sulfur atoms
localized at places of highest metal coordination. When
a critical coating with the first island phase is reached,
then coalescence of individual assemblies leads to for-
mation of rather big areas of continuous sulfide. Further
increase in sulfur amount on the surface results in forma-
tion of close-packed coatings of the highest filling. For-
mation of a new surface phase is accompanied with metal
surface reconstruction due to the growth of a 2D gold
sulfide layer. No atoms other than sulfur have been de-
tected in the surface coating obtained. For all the crystal
faces the coating formation is not an ordinary epitaxial
growth on the substrate. It induces appearance of new faces
as a result of reconstruction. Whatever the face orientation
and conditions of adsorption process, the same amount of
sulfur per unit area under saturation (= 0.39 ng/mm?) was
observed. This value characterizes formation of a com-
plete monolayer. 2D adsorbed sulfide remains stable in a
vacuum at temperatures up to 250 °C. Such a low subli-
mation temperature serves as an indication that the sur-
face compound is Au,S,. The minimum spacing between
sulfur atoms in the surface monolayer obtained is d (S-S) =
0.364 nm; heat of adsorption for sulfur is 86 kcal/mole.
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4. Materials and methods

Both trypsin (M, ~ 22500 Da) and Soybean Trypsin In-
hibitor (M, ~ 21500 Da) have been purchased from
REANAL (Hungary) and used as received. Fresh solu-
tions of concentration 200 pg/ml in a buffer were pre-
pared just before starting experiment. All the subsequent
reaction steps were performed in Phosphate buffered Sa-
line (PBS), pH = 7.2, at an ambience temperature of
202 °C. All the chemical reagents used by us were «pure»
purity class.

Hydrogen sulfide was prepared in a laboratory by
adding diluted hydrochloric acid to iron sulfide [33]. The
samples were treated in saturated H,S vapor at room tem-
perature and atmospheric pressure during predetermined
time intervals (5, 10, 15, 20 and 25 h). Such a procedure
has been chosen proceeding from the following require-
ment: the manufacturing technology for biosensor sens-
ing elements must be simple. It provided high reproduc-
ibility of fabricated samples.

The supports were glass plates (measured 38%18%x1 mm)
or trapezoid prisms (measured 18x12x6 mm, an inclina-
tion angle of 68 °) with the refractive index of 1.515. To
obtain the samples, first an adhesive layer of Cr (about
5nm thick) and then an Au layer (45 nm thick) were sput-
tered onto the upper side of the glass plate/prism. During
the deposition the plate/prism was kept at 22 °C with sub-
sequent holding (for three hour) in a vacuum (pressure of
5x10* Pa) before being taken out of the evaporation equip-
ment (VUP-5M). The obtained plates/prisms were used
for hydrogen sulfide treatment without any additional
cleaning procedures before the experiment.

AFM imaging was performed using a commercial
Nanoscope IIla (Digital Instrument, Santa-Barbara)
equipped with an 80 pum scanner. The unique plates, both
untreated and treated with H,S, were used for the AFM
analysis. The scans were performed in the tapping force
mode using commercially available AFM tips made of
silicon nitride. The scan frequency was about 0.3 Hz.

The effect of H,S treatment on the SPR response was
investigated using a universal homemade installation
whereas the adsorption processes were investigated with
the SPR instrument BioHelper PLASMON-003 (Insti-
tute of Semiconductor Physics NASU, Kiev, Ukraine)
[34]. In both SPR instruments the Kretschmann configu-
ration was employed. A light beam from the He-Ne laser
(wavelength A = 632.8 nm) was directed onto the bottom
face of a glass prism. Its top side was coated with a thin
gold film, thus providing total internal reflection at the
glass/metal interface. The reflectivity of a laser beam in
this system was measured as a function of an angle of
incidence. At a certain value of the angle of incidence
coupling between photons from the laser beam and elec-
tron gas at the outer metal interface causes excitation of
surface plasmons, thus leading to a reduction in the in-
tensity of reflected light. The angle at which this excita-
tion occurs depends on the dielectric properties of both
the metal film and layers above the sensor surface. The
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resulting response (denoted as SPR reflectivity curve) has
several distinct features and can be quickly character-
ized by the position of the minimum (denoted as SPR
angle Bgpr), reflection value at the minimum (Rgpgr) and
half-width (R)). Of particular importance for sensor
application of SPR phenomena is adsorption of molecules
on the chip surface. It causes the SPR angle variation,
and hence the Gspr shift may serve to detect processes
occurring on the surface in real time and without any
additional labels.

The experimental cell was formed of silicone rubber
covered by the Teflon holder. It was mounted immedi-
ately onto the sensor chip surface. The cell was of circu-
lar section (cross-section of about 25 mm?) normally to
the prism surface. Its height was above 1 mm and volume
of about 25 pl.

Analysis of kinetic curves was made in accordance
with the classical Langmuir kinetic theory. For direct
analysis of SPR data the following expressions were used
[35, 36]:

r= I_max[l - CXP(' kef[)]

or

Abspr = a1 — exp(- kegrt)]. ()

Here I is the bound analyte coverage, .« is the
maximum coverage, B, is the plateau value of the SPR
angle shift ABspp, ks is the rate constant, 7 is time. The
analyte dissociation can be studied by replacing the
analyte solution by buffer and is described by the follow-
ing equation:

[ =T pexpl- kgiss(t — 1p)]. (2

Here I, is the surface coverage at the point of time #;,
when the analyte solution is replaced with the buffer.

5. Results and discussion

Let us first discuss the AFM characterization of the to-
pography peculiarities for gold surface treated with H,S.
Then the SPR investigation of both initial gold films and
those reconstructed during formation of a sulfide layer
will be described in detail. And, finally, let us discuss
possible mechanisms of STI adsorption onto initial and
treated with H,S films and its subsequent interaction with
trypsin.

5.1. Topography of initial and treated with H,S
gold-coated prism surfaces

The gold-coated plates were initially imaged by AFM to
characterize the native surface. The AFM pattern (see
Fig. 1) shows that the surface is not atomically smooth.
The gold grain diameter ranges from 20 to 30 nm. The
surface roughness shows a maximum height variation of
2.5 nm for a 500 nm scan, with the root-mean-square (rms)
surface roughness about 0.84 nm.
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Structural changes for the initial samples exposed to
saturated hydrogen sulfide vapors begin at the «trenches»
(see Fig. 1). Their curvature decreases, presumably, due
to the preferential sulfur adsorption in these regions.
When the exposition time is increased up to 10 h, then the
topography of the whole crystallite surface changes. The
general features of all the above surface structures are (i)
presence of a small-scale roughness over the whole sur-
face of individual crystallites and (ii) absence of those
surface structures whose mean size exceeds that typical
for the initial gold surface.

An increase of exposition time up to 15 h essentially
changes the above surface pattern. First of all, a substan-
tial decrease of the small-scale roughness occurs. The
surface profile may be presented as a set of monotonously
smooth curves with a pronounced (up to about 50%) con-
tribution from quasiflat portions. Such a pattern is an
indication at a correlated occurrence of the surface re-
construction processes, at least on a scale of a single or
few crystallites. Further (up to 20 and 25 h) growth of
exposition time leads to further (down to ~ 0.5-0.6 nm)
decrease of the rms roughness and an increase (up to
macroscopic sizes) in mean sizes of the regions where
correlated reconstruction occurred. It should be noted
that, as can be seen from the film surface patterns given
in Fig. 1, the arranged structures that can be observed
after treatment with hydrogen sulfide vapor for 20 h un-
dergo transfer to macroscopically uniform regions sizes.

Therefore our investigations of topography performed
for thin gold films, both initial and treated with saturated
H,S vapor for different time intervals, enabled us to con-
clude that, during the surface sulfide layer growth, two
phases are successively formed, namely:
= an early, or island, phase that is characterized by a

presence of a small-scale roughness and uncorrelated

growth of individual areas;

= acoalescent phase resulting from coalescence of indi-
vidual assemblies and cooperative reconstruction of
large surface areas.

It should be noted that this mechanism of the sulfide
layer formation on thin polycrystalline polyoviented films
agrees well with the previously discussed sulfide layer
formation on different faces of single-crystalline metals.

5.2. Hydrogen sulfide interaction with a gold-
coated plate: SPR analysis

The structural peculiarities of the sulfide layer forma-
tion on a polycrystalline gold surface that have been dis-
cussed above are to affect also the generation of surface
polaritons in such systems. Indeed, the conditions for
generation of a charge density wave that is localized near
the surface substantially depend on surface topography,
since the electric field of a plasmon is localized on the
metal side within a distance of several lattice periods [37].
Therefore both the surface roughness and nonuniformity
of the dielectric parameters of a transition layer on fre-
quently occasions make an uncontrollable contribution
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Fig. 1. An atomic force microscope image (500 nm square scan) of the untreated gold surface (bottom left) and AFM images of treated by
H,S gold films during different time: 5 (middle left), 10 (top left), 15 (bottom right), 20 (middle right) and 25 (top right) hours.
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to the effective values of optical constants at the inter-
face. Taking into account the above features of the pro-
cesses occurring at the surface, one may conclude that
treatment in the hydrogen sulfide vapor may lead to the
following two effects: (i) formation of a new compound,
namely, gold sulfide Au,S, at the film surface, and (ii)
reconstruction of the near-surface metal layer. Both ef-
fects have to result in substantial changes in the observed
SPR curves.

The resonant SPR curves taken out of doors for both
initial samples and those exposed to the hydrogen sulfide
vapor for 5, 10, 15, 20 and 25 h are presented in Fig.2.
One can see that during the first ten hours of the above
treatment the SPR curve is shifted toward bigger angles
and widened; besides, the Rgpg value grows. Such
changes are indicative of nonuniform insulating layer
formation at the surface.

When the treatment duration is increased over 15 h,
then the SPR curve shifts toward smaller angles, Rgpr
grows and the halfwidth, Ry, drops. Besides, a consi-
derable drift decrease for the SPR curve minimum in wa-
ter solutions (that is characteristic of the samples exposed
to treatment for over 15 h) indicates that formation of a
continuous unsolvable coating (a sulfide layer) takes
place. This process is accompanied with reconstruction
of the gold surface. The above coating provides strong
chemical passivation of the polycrystalline polyoriented
gold films.

Thus a comparison between the SPR curves taken for
the initial samples and those exposed to hydrogen sulfide
vapor for different time intervals enables one to conclude
that:

» initial phase formation may be adequately described
as formation of nonuniformly adsorbed sulfur associ-
ates;

4007
3007
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Reflected intensity, arb.un.

100j

Angle of incidence, degrees

Fig. 2. The SPR reflectivity curves for a clean gold surface (solid
line) and the same surface after treating during different time in H,S
atmosphere: 5 (), 10 (O), 15 (#), 20 (A) and 25 (O) hours.

64

= growth of the second phase is due to the gold surface
reconstruction resulting from the correlated growth
of sulfide layer on a macroscopic scale.

5.3. Interaction between trypsin and adsorbed
STI

The highly specific interactions that are characteristic of
the molecular biosystems involved in the immune response
of living organisms (antigen — antibody reaction) are well
known. They are widely used to form sensing layers in
various biosensor systems. At the same time another class
of biologically active molecules, namely, enzymes and
their inhibitors until recently has not found practical
application as molecular components of sensing elements
in optical biosensors.

The physiological functions of proteins-inhibitors stem
from their ability to reversibly bind enzymes, i.e., take
part in regulation of enzyme activity. In this way they
prevent premature decay of spare proteins, take part in
the metabolism regulation in plants, neutralize enzymes
of phytopathogenic microorganisms, ezc. [38]. To illus-
trate, trypsin (belonging to the class of proteolytic en-
zymes) plays a key role in metabolic processes occurring
in living organisms. It is involved in both decay and for-
mation of physiologically important proteins and peptides
[39]. STI (the Kunitz inhibitor that is obtained from the
soybeans [40,41]) is a natural trypsin inhibitor. It pos-
sesses high specificity to trypsin.

The basis for the reaction between proteins-inhibi-
tors and enzymes is formation of steady complexes that
contain molecules of both inhibitor and enzyme. High
degree of complementarity for interacting surfaces of two
protein molecules is possible due to a great number of
intermolecular interactions. Along with hydrogen bonds,
a lot of hydrophobic contacts appear. They contribute
significantly to the formation of stable complexes. All
these facts enable one to conclude that possibility of the
enzyme-inhibitor complex formation is determined, to a
great extent, by the stability of the protein secondary
structure. Therefore, one may reason that efficiency of
such a highly specific interaction serves as an evidence
that the native conformation of molecules taking part in
the reaction is retained.

In order to fabricate a STI-based biofilm on the ini-
tial gold surface and that treated with H,S typical ad-
sorption experiments were performed. The PBS buffer
was allowed to flow through the cell and then abruptly
was changed for the STI solution with concentration of
200 pg/ml. After the sensor response reached an equilib-
rium state without flow, PBS, in its turn, was replaced
with the STT solution. Then this procedure was repeated
with injection of a portion of trypsin solution in PBS with
concentration of 200 pg/ml. The results of these experi-
ments are shown in Figs 3-4. One can see that the SPR
angle increases with STI adsorption onto the initial gold
surface (Fig. 3) are flattens out, giving rise to an SPR
angle shift of ca.1450£100" within a period of about
1000 s.
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Fig. 3. Adsorption of STI onto unmodified gold surface and trypsin
interaction with adsorbed STI layer. Nonlinear regression analysis
(applying Equation 1) gives the following solution: for STI onto the
gold surface - Ogt = 1180 ", kgt = 0.027 s (for primary layer - dash
line) and Og? = 302 ", ket? = 0.0016 s (for secondary layer - dotted
line); for reaction of trypsin with adsorbed STI layer - Og = 400",
ket = 0.043 s (dash line).

For adsorbed proteins their surface concentration can
be calculated from the SPR data in accordance with [35].
If one takes for the refractive index increment the ave-
rage value of 0.188 cm3g™! [42] for both STI and trypsin,
then the adsorbed amount of STI on the initial gold sur-
face gives experimental value of about 1.5 ng/mm?. This
is essentially lower than the limiting value for full sur-
face coverage (about 5 ng/mm?). Thus it is possible to
suggest that protein folding is inherent for STI adsorp-
tion onto the initial gold surface. Indeed, the interaction
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between trypsin and the adsorbed STI layers show a very
small response (about 250" or 0.25 ng/mm?). This fact
may be interpreted as resulting from imperfection of the
native molecular state at the surface. In this connection a
complicated form of the kinetic curve for STI adsorption
onto the native gold surface is noteworthy.

In fact, this curve cannot be described with a simple
first-order Langmuir model. However, the data are con-
sistent with a multistage formation mechanism when a
fast formation stage is followed by a slow formation one.
Indeed, Fig. 3 indicates that the kinetic curves are well
described by a sequence of distinct first-order kinetic
steps. We assume that the curve shape observed by us
shows that the adsorption process has two stages with
different both rate constants and strengths of molecules
coupling with the surface. It should be particularly em-
phasized that each stage is described very well with a
simple monomolecular one-to-one interaction model.

A model that involves the existence of a «loosely»
adsorbed layer on top of the primary monolayer can ex-
plain the experimental data [34]. The latter layer that is
immediately adjacent to the surface contains irrever-
sibly coupled protein molecules. Thus it seems reason-
able to suggest that a simple «Langmuir-like» adsorp-
tion mode when the protein-gold interaction (a surface-
induced folding [43, 44] of STI that occurs concurrently
with adsorption) dominates is changed for the native pro-
tein from solution — folded surface coupled protein in-
teractions at the second layer formation. It should be
particularly emphasized that the contribution from the
protein — protein physisorption to the total biosensor re-
sponse can be essential only after formation of the most
part of the first layer. According to this assumption, we
have used an approach of time — division binding equi-
librium described by a simple Langmuir binding model.
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Fig. 4. Adsorption of STI (200 pg/ml in PBS) onto gold films treated during different times in H,S atmosphere (left) and interaction of
adsorbed STI layers with trypsin (200 pg/ml in PBS) (right): 5 (O, m), 15 (O, ®) and 25 (A, a) hours. Nonlinear regression anaysis (applying
Equation 1 — dash line) gives the following solution: for STI Ogy = 770 ", kgt = 0.037 s (for 5 h), Og = 565 ", ket = 0.0244 s (for 15 h);
Ogt = 367 ", ke = 0.0003 s (for 25 h) and for reaction of trypsin with adsorbed ST layer: Oy = 1555 ", kgt = 0.029 s (for 15 h); Oy =

731", kg = 0.0095 st (for 25 h).
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At the same time adsorption of trypsin onto the STI-modi-
fied gold surface is well described by a simple monomo-
lecular one-to-one interaction model. It is necessary to
stress that total amount of adsorbed (irreversible and
«loosly») STI onto unmodified gold surface is about the
same as one for summary contribution from strong cou-
pled STI fraction and specifically adsorbed part of trypsin
molecules.

For the samples treated with hydrogen sulfide for dif-
ferent time intervals the interaction with STT differs sub-
stantially from the one discussed above for the unmodi-
fied gold surface (Fig. 4a). First of all, the maximum
amount of adsorbed STT is much less than that in the case
of the unmodified sample and depends on the duration of
treatment with H,S vapor. The amount of irreversible
adsorbed protein decreases with time for the samples ob-
tained during the first phase formation (0.8 and 0.6 ng/
mm? for 5 and 10 h of treatment, respectively) and re-
mains the same (ca. 0.4-0.5 ng/mm?) during further treat-
ment. The kinetic curves indicate at a one-stage charac-
ter of the adsorbed ST1 layer formation. It is necessary to
stress that no extra loosely bound molecules have been
removed from the sensor surface during washing in pure
PBS. Interaction between trypsin and the samples ob-
tained on the layers modified with hydrogen sulfide dur-
ing the first phase stage indicates that a contribution from
the specific interaction is small: the amount of bound
trypsin in this case is 10-20 % the adsorbed STT amount.

Qualitative distinctions exist between the pattern ob-
served for the samples that have been obtained during the
second phase formation and that discussed above. An
approximation of the kinetic curve for STI adsorption
for the samples exposed to hydrogen sulfide for more than
15 h evidences that in this case the adsorption process
also obeys the classical Langmuir model [45,46]. This
fact means, in particular, that the modified gold surface
behaves (in respect to protein adsorption) as energeti-
cally uniform, with a constant amount of noninteracting
adsorption sites whose characteristics are time-independ-
ent. In this case the amount of specifically bound trypsin
indicates at formation of a trypsin-STI complex whose
components are in the ratio of 1:1 (Fig.5). And essential
amount of a loosely bound nonspecific component is ob-
served that is removed by washing in a buffer. It is neces-
sary to stress that treatment of complexes STI-trypsin by
pH = 2.2 solutions (Fig.6) shows that this reaction is
specific and reversible.

All the above facts make it possible to conclude that
the ST1 layer in the native conformation on the modified
gold surface (that is obtained during the second stage) is
not continuous. In this case the interaction between
trypsin and the adsorbed STI layer can be adequately
described within the classical Langmuir theory. It is of
particular interest that the total amount of adsorbed
trypsin (both specifically and loosely bound) may be de-
scribed within the same adsorption equilibrium. This evi-
dences that the whole surface (covered with STI, as well
as STI-free) is characterized by the same trypsin adsorp-
tion ability.
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Fig.5. Saturated values of the SPR angle shift for irreversibly
adsorbed STI (200 pg/ml in PBS) onto unmodified and treated sur-
faces and one for subsequent specific interaction of adsorbed STI
layer with trypsin (200 pg/ml in PBS) versus reaction time of reac-
tive annealing of thin gold films in H,S atmosphere.

It has been noted earlier that the STI layer on gold
surface is characterized by a low (about 10% of the li-
miting value) degree of monolayer filling. This may re-
sult from the following two reasons. The STT isoelectric
point is = 4.5 [47]. So at pH = 7.2 STI is in the charged
form. This can limit the close-packed structure forma-
tion. On the other hand, the polycrystalline structure of
gold surface may, in its turn, substantially affect the
adsorbed STI layer structure. To illustrate, if one takes
that STTis a ball whose diameter equals about 2 nm, then
the area of adsorption sites in «trenches» of the
polycrystalline structure is about 10-15% of the substrate
geometric area. This agrees well with the observed amount
of STI bound at the surface.
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Fig. 6. Influence of washing the STI-trypsin complexes by solu-
tions with low pH value (pH 2.2). The reversibility of STI-trypsin
reaction indicates that interaction between those molecules has
specific character and both STI and trypsin are in native form at the
surface. Support is gold film treated in H,S atmosphere during ca.17
hours, both STI and trypsin concentration in PBS is 200 pg/ml.
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6. Concluding remarks

The most commonly used approach to the sensing
layer formation employs either the biomimetic metho-
dology [48] with simplified models for natural products
or the biotechnology approaches [49] based on utiliza-
tion of native biomolecules. However, to get novel sensor
systems one has to integrate the major achievements
gained in both fields. This would enable to take advan-
tage of high responsivity and specificity inherent in
bioreceptors, on the one hand, and both reproducibility
and stability of artificial membranes (immobilization
support systems), on the other hand.

At the same time an analysis of sensing elements func-
tioning in biological systems makes it possible to iden-
tify a specific adaptive character of the measuring proc-
ess itself. This means that a sensing system adjusts to
changes in its ambience to provide optimum functioning
(the so-called smart systems). Indeed, most of protein
molecules are complex supramolecular systems. They
perform several functions that are related to each other.
In this case the protein conformation, its charge state,
solvate shell composition and a number of functional
characteristics depend on both the state and composition
of the ambience where it is. According to the above, the
development of systems capable not only to keep a
receptor biomolecule in its native state but also to pro-
vide the optimum conditions for its functioning depend-
ing on ambience seems to present an urgent scientific prob-
lem.

In this paper we dealt with a strategy to form immobi-
lization layers for such adaptive sensing systems. This
strategy is based on formation of a layer of native
biomolecules at the transducer surface. Such a layer could
serve as a matrix for immobilization of receptor centers
of biological nature.

Itis known that even the simplest molecular biosystems
in living organisms manifest an adaptive character of their
behavior during various biochemical processes. Taking
this into account, one may expect that receptor systems
of different origin, being fixed at the above layer using
standard immobilization procedures, will be in optimum
conditions that are comparable to those at the biological
membrane surfaces [50].
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