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A B S T R A C T

In this research we have evaluated the binding kinetics between an immobilized receptor and several genetically
engineered ligands, differing by molecular mass or by the number of binding sites available for the binding to the
receptor. Genetically engineered protein (GCSF-Receptor), which contains some antibody parts (Fc domain) and
at some extent is similar to antibody because also has two binding sites that selectively bind another protein –
glycoprotein granulocyte colony stimulating factor (GCSF), which was immobilized on a thin gold layer in order
to design an immunosensor sensitive to GCSF. Three structurally different GCSF-based proteins were genetically-
engineered and evaluated as ligands, which selectively bind to immobilized GCSF-Receptor: (i) GCSF monomer
(mGCSF), (ii) GCSF-homodimer consisting of two via polypeptide Lα-based linker ‘fused’ GCSF molecules
((GCSF)2Lα) and (iii) GCSF-heterodimer (SCF-Lα-GCSF), which is based on a native GCSF molecule ‘fused’ via Lα-
based linker with another protein – a soluble part of stem cell factor (SCF). SCF, unlike GCSF, does not contain
any site suitable for GCSF-Receptor binding. The ligands differ by: (i) molecular mass – (GCSF)2Lα and SCF-Lα-
GCSF F are two times heavier than mGCS, (ii) number of binding sites – mGCSF and SCF-Lα-GCSF have one
binding site, while (GCSF)2Lα has two. The binding kinetics of mGCSF, (GCSF)2Lα, and SCF-Lα-GCSF with im-
mobilized GCSF-Receptor was investigated using total internal reflection ellipsometry. The interaction kinetics
of the mGCSF and SCF-Lα-GCSF are both well described using a standard Langmuir kinetics model. However,
receptor-ligand association and dissociation rates in the case of SCF-Lα-GCSF ligand are about 10 times lower
than that of mGCSF. The association rate of (GCSF)2Lα is about half of that of the mGCSF, which can be ex-
plained by the smaller diffusion coefficient of the larger molecule. Moreover, unlike SCF-Lα-GCSF, the (GCSF)2Lα
adsorption kinetics cannot be adequately described by the standard Langmuir kinetics model and surface re-
generation (induced by ‘washing’) experiments illustrate that (GCSF)2Lα, unlike the mGCSF and SCF-Lα-GCSF, is
irreversibly bound to the surface modified by immobilized GCSF-Receptors. Therefore, to describe binding ki-
netics in the case of (GCSF)2Lαwe have applied advanced kinetic model based on three protein association stages
(three-stage kinetics model) in which (GCSF)2Lα forms several different intermediate complexes with GCSF-
Receptor. This model precisely describes the time-varying surface concentration of (GCSF)2Lα bound to surface
modified by immobilized GCSF-Receptors. In addition to the bioanalytical-aspects possible improvement of
GCSF-based drugs is discussed.

1. Introduction

Immunosensors are bioanalytical devices that are based on the in-
teraction of proteins: one protein is immobilized on the surface and acts

as a receptor and another one (analyte) is present in the sample solution
and acts as a ligand, which specifically binds with the immobilized
receptor [1]. Substantial progress in the development of modern optical
[1–4], electrochemical [1–8] calorimetric [9,10] acoustic [11,12] and
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mass variation [13,14] immunosensors has occurred during the past
few years. Both the kinetics of receptor-ligand interaction and the
strength of receptor-ligand complex are very important in the devel-
opment of immunosensors, because both characteristics are directly
related to the immunosensor’s response and the regeneration time. On
the other hand, the strength of receptor-ligand complex, which is de-
fined by association/dissociation constants and/or by residence time,
determines the analytical signal and reusability related aspects of the
immunosensor. In the most cases, when receptor-ligand complex life-
time (residence time) is very long, then the regeneration of im-
munosensor after the registration of analytical signal becomes more
complicated and/or it lasts longer. It should be noted that the residence
time is also critical in the formation of receptor-ligand complex.
Therefore, the evaluation of complex residence time is exploited in
various biotechnological and biomedical applications, e.g.; the duration
of the biological effect induced by a receptor-ligand complex is directly
related to the residence time of the complex itself [15]. Therefore, the
duration of ligand interaction with its receptor is important for the
durability of biological effect [16].

The residence time of a receptor-ligand complex is characterized by
the reciprocal of the dissociation rate constant [15,17]. We noted in our
previously published research [18], the residence time should be taken
into account during the development and optimization of biopharma-
ceuticals based on glycoprotein granulocyte colony stimulating factor
(GCSF) whose molecular weight is ˜20 kDa. GCSF is a protein acting as
cytokine, which increases the number of the hematopoietic stem cells in
blood and also stimulates neutrophils maturation. Unfortunately, this
type of cytokines has a low physiological residence time in vivo. For this
reason, the creation and testing of different kinds of new, second gen-
eration GCSF-based drugs, having better pharmacodynamics and
pharmacokinetics, has been the object of intensive investigation. A ty-
pical example of the problem is related to the application of low mo-
lecular recombinant forms of GCSF, which are widely used in medicine
after chemotherapy to increase the number of neutrophils and to cure
chronic neutropenia [19]. One of the ways to decrease the drug clear-
ance from the organism is to design a higher molecular weight drug,
consisting of several basic molecules (monomers). Moreover, recent
developments in recombinant protein fusion technology enable to
overcome the short action-time of some therapeutic proteins and, at the
same time, they add some extra functionality to newly developed pro-
tein based drugs [20,21]. However, the interaction of this more com-
plicated protein-based drug with the corresponding receptor, which
binds the drug, should be determined and evaluated. Therefore, re-
ceptor-ligand interaction based analytical systems, which are suitable
for the determination of both the concentration of protein-based drug
and the evaluation of receptor-ligand dissociation kinetics, are re-
quired. Immunoanalytical systems including immunosensors are the
most suitable for the evaluation of both the above mentioned tasks.
Therefore, in present research, we have developed and characterized
the action of an immunosensor, which is suitable: (i) for the determi-
nation of several genetically engineered GCSF-based compounds and
(ii) for the modelling of interaction between GCSF-Receptor (in
schemes and figures it is abbreviated as GCSF-R) and GCSF-based drugs,
which specifically bind to the GCSF-Receptor.

Another important issue in the creation of immunosenors is the
choice of the most suitable signal transduction principle. For determi-
nation of receptor-ligand interaction, surface plasmon resonance (SPR)
based optical immunosensors are widely used due to high sensitivity of
SPR-based methods [22]. In this regard the combination of spectro-
scopic ellipsometry and the SPR phenomenon, which usually is called as
total internal reflection ellipsometry (TIRE), is an even more promising
technique [23]. According to our experience TIRE provides even better
sensitivity towards surface changes, when compared with traditional
SPR in intensity interrogation modes [18,24,25]. Due to high sensitivity
TIRE is suitable for the evaluation of receptor-ligand interaction in situ,
because TIRE does not require the application of any kind of analytical

labels and is non-destructive. This method is also suitable for the de-
termination of kinetic features of various biochemical interactions, e.g.:
antibody-antigen interactions. TIRE is also well suited to the determi-
nation of ‘the surface-adsorbed mass’, e.g., the surface concentration of
adsorbed proteins. The highsensitivity of TIRE enables one to analyze in
detail the structure and properties of thin protein-based layers
[18,24,25] during their formation, thereby providing information
about the receptor-ligand conformational changes. In addition, TIRE
can be applied in the modelling of protein-based layer formation pro-
cesses. Since TIRE can be applied for receptor-ligand complex forma-
tion measurements in situ it is suitable for the calculation of interaction
kinetic constants from which we can extract information about re-
ceptor-ligand association/dissociation and calculate the residence time
of each intermediate complex formed during receptor-ligand interac-
tion. As it has been noted earlier by Tummino and Copeland [17], a
quantitative evaluation of the residence time is an important part of the
overall study of the receptor-ligand interaction, especially in the case of
such receptor-ligand association processes, when several transient
stages are involved in the formation of receptor-ligand complex.

In this work, we have designed an immunosensor based on an im-
mobilized GCSF-Receptor. The dynamic spectroscopic TIRE method
was applied for in situ registration of the analytical signal generated by
this immunosensor. The interaction kinetics of three structurally-dif-
ferent homologues of genetically engineered GCSF ligands with the
immobilized GCSF-Receptor was evaluated. Three structurally different
ligands were applied: (i) GCSF monomer (mGCSF) (ii) GCSF-homo-
dimer consisting of two via Lα linker ‘fused’ GCSF molecules
((GCSF)2Lα) and (iii) GCSF-heterodimer (SCF-Lα-GCSF), which was
based on native GCSF molecule via Lα linker ‘fused’ with other protein –
a soluble part of stem cell factor (SCF). The mGCSF and SCF-Lα-GCSF
possess one GCSF-based binding site, while (GCSF)2Lα contains two
GCSF-based binding sites accessible for the GCSF-Receptor. Modeling of
receptor-ligand interaction was performed using (i) standard Langmuir
kinetics model and (ii) advanced kinetic model based on three protein
association stages (three-stage kinetics model). Significant attention
was paid to the involvement of several transition stages and the eva-
luation of residence time of each stage.

2. Experimental part

2.1. Chemicals, consumables and proteins

All salts and other basic chemicals were purchased from Sigma-
Aldrich and were of analytical grade. 11-Mercaptoundecanoic acid (11-
MUA) 98%, N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC) and protein G (Protein-G)
were also purchased from Sigma-Aldrich. The recombinant extra-
cellular domain of the human granulocyte colony-stimulating factor
receptor protein fused with a human Fc region of IgG1 (GCSF-Receptor)
was purchased from Abcam (Cambridge, UK).

Structurally different GCSF-based ligands – mGCSF, (GCSF)2Lα) and
SCF-Lα-GCSF were developed and genetically engineered by Profarma
UAB (Vilnius, Lithuania). The mGCSF and SCF-Lα-GCSF possessed one
binding site, while (GCSF)2Lα contained two binding sites accessible for
GCSF-Receptor (GCSF-R). In dimeric GCSF-based derivatives (homo-
dimeric – (GCSF)2Lα and heterodimeric – (SCF-Lα-GCSF) the same Lα-
linker was applied for the ‘fusion’ of: (i) two GCSF molecules in the case
of (GCSF)2Lα and (ii) SCF and GCSF molecules in the case of (SCF-Lα-
GCSF). The molecular mass and dimensions of GCSF-based ligands are
following: (i) monomeric mGCSF is of 19 kDa and of
4.86×2.9×3.48 nm; homodimeric (GCSF)2Lα of 42.5 kDa and of
4.86×2.9×11.8 nm and, heterodimeric SCF-Lα-GCSF of 42.38 kDa
and of 4.86× 2.9× 11.8 nm. (See: http://pdb.org/pdb/explore/
explore.do?structureId=2D9Q) The methods used to prepare and to
purify the homodimeric GCSF and heterodimeric GCSF ligands are
presented in our previuos research [20,21]. Ultrapure water was used
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for all experiments.
BK7 glass slide of 1mm thickness, which was covered by Cr-Au

layer (BK7-glass/Cr-Au), was purchased from XanTec bioanalytics
GmbH (Duesseldorf, Germany). Refraction index matching fluid was
purchased from Cargille Ltd. (New York, USA).

2.2. Development of immunosensor: the modification of sensing surface and
the immobilization of proteins

Commercially available BK7-glass/Cr-Au slide from
XanTecbioanalytics GmbH (Duesseldorf, Germany), which usually is
used as chip for Surface plasmon resonance measurements, based on Cr
coated glass slide with deposited Au layer was used for the design of
sensing part of immunosensor and it was used for all here described
Elipsometric measurements. Some details how BK7-glass/Cr-Au slide
was designed: (i) in order to form the Cr-Au layer over Bk7-glass, it was
covered by 2 nm sublayer of chromium (in order to improve the ad-
hesion between Bk7 glass and gold layer) and then (ii) a 50 nm thick
layer of gold was deposited using magnetron based sputtering tech-
nology. Before further use the BK7-glass/Cr-Au was pretreated by
chemical cleaning with piranha solution (consisting of 1/3 peroxide, 2/
3 sulphuric acid) for 2min and then it was rinsed in ethanol and then in
ultrapure water. After this, the BK7-glass/Cr-Au slide was incubated in
1mM 11-mercaptoundecanoic acid (11-MUA) solution in ethanol for
18 h and a self-assembled monolayer (SAM) was formed over Cr-Au
layer. Further the BK7-glass/Cr-Au slide modified by SAM consisting of
11-MUA (BK7-glass/Cr-Au/MUA) was rinsed with ethanol, later – with
ultrapure water and then dried using argon gas. Then carboxyl groups
of 11-MUA were activated using the solution of 0.1M N-hydro-
xysuccinimide (NHS) and 0.4M N-(3-dimethylaminopropyl)-N′-ethyl-
carbodiimide hydrochloride (EDC). To achieve this activation of car-
boxyl groups a freshly prepared solution of 0.1 M NHS and 0.4M EDC
was injected into the cylindrical shape cell (diameter 3.5 mm, height
1mm) and incubated for 5min.

For further modification of BK7-glass/Cr-Au slide was mounted in-
side of home-made flow-through-cell (TIRE-cell), which was used for all
here described TIRE measurements. TIRE-cell then was rinsed with a
10mM sodium acetate buffer, pH 4.0. When a steady-state TIRE signal
was achieved, then a solution of 100 μg/ml of Protein-G in10mM so-
dium acetate buffer, pH 4.0, was added into TIRE-cell. After 33min of
incubation, a steady-state TIRE signal was achieved indicating that the
structure based on BK7-glass/Cr-Au/MUA covered by Protein-G layer
(BK7-glass/Cr-Au/MUA/Protein-G) had been formed. Then the BK7-
glass/Cr-Au/MUA/Protein-G slide was again rinsed with sodium
acetate buffer, pH 4.0 and later BK7-glass/Cr-Au/MUA/Protein-G slide
was treated with 1M ethanolamine hydrochloride, pH 8.5, for 15min
to block the remaining unbound activated carboxyl groups. Then non-
covalently bounded Protein-G was removed by washing with a 10mM
solution of glycine, pH 3.0, for 5min. Afterwards the immobilization of
GCSF-Receptor having 10.4 nm×7.2 nm dimensions was performed by
a 33min incubation of the BK7-glass/Cr-Au/MUA/Protein-G slide in
phosphate buffer solution (PBS), pH 7,4, containing 10mg/ml of GCSF-
Receptor, 140mM of NaCl, 2,7 mM of KCl, 10mM of K3PO4. GCSF-
Receptor was non-covalently attached to covalently immobilized
Protein-G, which specifically binds the GCSF-Receptor via the Fc sub-
unit. Finally, the formed BK7-glass/Cr-Au/MUA/Protein-G/GCSF-R
slide was washed with PBS solution, pH 7,4, in order to remove un-
bounded GCSF-Receptor.

2.3. Apparatus

A spectral ellipsometer M-2000X J.A.Woollam (Lincoln, USA) with
rotating compensator, BK7 70° glass prism and 1mm thick BK7 glass
slide (BK7-glass), was used to investigate receptor-ligand interaction. It
was used in dynamic acquisition mode to measure the evolution of el-
lipsometric parameters ‘Psi’ (Ψ(λ)) and ‘Delta’ (Δ(λ)) in real-time. A

glass prism BK7 70° was installed in the optical pathway of ellips-
ometer. During ellipsometric measurements BK7-glass/Cr-Au/MUA/
Protein-G/GCSF-R slides were attached to the prism by refraction index
matching fluid purchased from Cargille Ltd. (New York, USA). The
formation of BK7-glass/Cr-Au/MUA/Protein-G/GCSF-R slide is de-
scribed in section 2.2. Then the prism with attached BK7-glass/Cr-Au/
MUA/Protein-G/GCSF-R slides was placed into a TIRE-cell made from
teflon and filled with PBS, pH 7.4.

2.4. Evaluation of immunosensor signal

The TIRE measurements were performed in the spectral range from
300 nm until 1000 nm. The surface plasmon waves were excited at an
external angle of incidence equal to 70° for Bk7-glass/Cr–Au/MUA and
Bk7-glass/Cr–Au/MUA/Protein-G samples. In the SPR spectra, a dip in
Ψ(λ) and strong changes in Δ(λ) were observed at 660 nm and 658 nm,
respectively. During the TIRE measurements, all the steps of the re-
ceptor (Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R) binding with
mGCSF, (GCSF)2Lα and SCF-Lα-GCSF were performed by injecting li-
gand-containing solutions into TIRE-cell with a syringe-pump. In order
to achieve good repeatability, the temperature of the buffer solution
was kept constant and was equal 23 ± 0.1 °C and dynamic response of
four measurements with the same ligand concentration were per-
formed. The final experimental ellipsometric data was the average of
these measurements. Data were analyzed using a data acquisition
program Complete Ease from J.A. Woollam Co. Inc., (Lincoln, USA).
TIRE data were analyzed using a multi-layer model and regression
analysis to determine refractive index dispersion and the thickness of
formed layers. The Bruggeman EMA was used for kinetic data analysis
as well as for the analysis of layers when steady-state conditions were
reached. For the evaluation of in situ data, the value of the effective
refractive index was chosen in between that of surface maximally
covered by protein-based layer and that of a buffer solution. The change
of effective refractive index over time was transformed to the change of
fill factor (F) of formed protein layers, which was calculated as F= n(t)/
nst, here n(t) is refractive index at each time instance and nst is refractive
index at stead-state conditions after full formation of the monolayer
with surface density ≈ 8.25·10−8 g/cm2. The binding kinetics of the
GCSF-based proteins was measured using a 10 μg/ml PBS buffer, pH
7.4. The regeneration (washing) of the protein layer was performed by
replacing the PBS buffer with a 10mM solution of glycine, pH 3.0.

3. Results and discussion

The kinetics of mGCSF ligand binding to GCSF-Receptor im-
mobilized on a Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R slide is pre-
sented in Fig. 1. The inset of Fig. 1 shows the reverse process, i.e. the
dissociation of GCSF-R/mGCSF complex during ‘washing’ with glycine
solution.

As can be seen from Fig. 1, reaching steady-state conditions in the
formation of the GCSF-R/mGCSF complex formed on Bk7-glass/Cr–Au/
MUA/Protein-G/GCSF-R slide takes place within 20 s. In contrast, the
GCSF-R/mGCSF complex dissociation process is significantly slower
about 2.5min requiring to achieve the steady-state conditions (Fig. 1
inset). The investigation of SCF-Lα-GCSF association with and dis-
sociation from immobilized GCSF-Receptor (Fig. 2) demonstrated that
both the association and dissociation processes are significantly slower
in comparison with that of mGCSF. The steady-state equilibrium of
GCSF-R/SCF-Lα-GCSF complex formation was reached after 180 s. The
dissociation process of the GCSF-R/SCF-Lα-GCSF complex takes about
15min (Fig. 2, inset), which is significantly slower in comparison to
that of the GCSF-R/mGCSF complex.

Very different kinetics of dimeric (GCSF)2Lα ligand binding to im-
mobilized GCSF-Receptor was observed (Fig. 3): the steady-state equi-
librium in the formation of GCSF-R/(GCSF)2Lα complex based layer was
achieved after approximately 50 s. However, contrary to the results
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presented in Figs. 1 and 2, no changes were observed when glycine
solution was added into TIRE-cell in order to dissociate GCSF-R/
(GCSF)2Lα complex (Fig. 3). This confirms that the association of GCSF-
Receptor with (GCSF)2Lα is significantly stronger than that with mGCSF
or SCF-Lα-GCSF.

The interaction between proteins (including receptor-ligand inter-
action) is a complex and multistep process. Therefore, for the evalua-
tion of such process a particular interaction model should be adapted. It
should be noted that even the relatively simple adsorption of proteins
on any surface is a multistep process and at least five major steps should
be taken into account in the basic description of protein adsorption
mechanism [26–28]: (i) the transport of the ligand molecule to the
binding surface, (ii) initial binding/attachment step, (iii) the re-
arrangement of the conformation of the adsorbed molecule by their
better adaptation to the ‘microenvironment’, which can lead to stronger
or even irreversible binding, (iv) the dissociation/detachment step, and
(v) the diffusion away from the surface. Depending on the nature of the
protein, surface and ambient conditions the adsorption can be fully
reversible, partially irreversible or completely irreversible. The same
major steps can be incorporated in models of receptor-ligand interac-
tion.

Two models were used for the analysis of experimental results: (i)
standard – fully reversible Langmuir kinetics model and (ii) advanced
kinetic model based on three protein association stages (three-stage
kinetics model). In both models we have taken into consideration that

the source of ligands in the TIRE-cell is discontinuous. This assumption
was based on the estimation of total number of ligands in TIRE-cell
volume and maximal number of proteins, which can be bonded by the
receptors immobilized on Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R
slide. As each receptor has 2 binding sites the total number of these sites
on the Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R slide is about
2.56·109. Meanwhile in the case of analyte concentration 10 μg/cm3 the
total number of analyte molecules in TIRE-cell is about 3·1019. This
means that the number of ligands bounded to the receptors is 1010 times
lower than the total number of ligands in TIRE-cell volume and,
therefore, in calculations the ligand (analyte) source can be applied as
‘unlimited source’. The fact that the process of ligand association with
receptor theoretically can be diffusion limited or at least significantly
affected was strong argument to assess the influence of diffusion to
interaction kinetics. Therefore, we have evaluated average time (τd)
during which single protein molecule passes the mean diffusion dis-
tance (L) between proteins molecules in the water solution. After that
average time (τd) was compared with experimentally obtained char-
acteristic association time (τc) during the receptor-ligand complex for-
mation process. The estimation was performed using Fick‘s law τd =
L2/D and relation between mean diffusion distance L and ligand con-
centration:

L = (3/4π n)1/3 (1)

Fig. 1. Relative (normalized to the maximum value) surface
concentration of mGCSF molecules bound to the Bk7-glass/
Cr–Au/MUA/Protein-G/GCSF-R slide vs time. The solid line re-
presents the fit of the standard Langmuir kinetic model with
ka(m)= 7.5·105 M−1s−1 ; kd(m)= 0.0105 s−1. Inset. Variation el-
lipsometric parameter Δ with time before and after the ‘washing’
of Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R/mGCSF with gly-
cine solution. The arrow shows the start of the washing procedure.

Fig. 2. Relative (normalized to the maximum value) surface
concentration of SCF-Lα-GCSF molecules bound to the Bk7-glass/
Cr–Au/MUA/Protein-G/GCSF-R slide vs time. The solid line re-
presents the fit of the standard Langmuir kinetic model with
kahd= 8.5·104 M−1s−1, kdhd= 0.00125 s−1. Inset. Variation of
ellipsometric parameter Δ with time before and after the ‘washing’
of Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R/ mGCSF with gly-
cine solution. The arrow shows the start of the washing procedure.
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where D is analyte diffusion coefficient in water (for the most of pro-
teins D ≈ 10−6 cm2/s), n is number of analyte molecules per volume
unit.

It was determined that for 10 μg/cm3 ligand concentration L ≈
10−5 cm and τd ≈ 86 μs. Experimental results presented in Figs. 1–3
shows that τc ranged from 5 s to 100 s, which is significantly longer then
estimated τd value. Significant differences between τc and τd values il-
lustrates that the receptor-ligand association process in not diffusion
limited and, therefore, it can be analysed using both Langmuir kinetic
model and the advanced kinetic model based on three protein asso-
ciation stages (three-stage kinetics model) developed in this research.

The interaction of mGCSF and SCF-Lα-GCSF with an immobilized
GCSF-Receptor is mostly a reversible processes, because a significant
decrease of surface concentration of ligand bonded to immobilized
GCSF-Receptor was observed during the ‘washing’ procedure, which
was performed by the incubation of Bk7-glass/Cr–Au/MUA/Protein-G/
GCSF-R/mGCSF and Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R/SCF-
Lα-GCSF slides in glycine solution. In order to simplify the mathema-
tical description in both these cases, some previously mentioned steps
(particularly ‘step i' ‘the transport of the ligand molecule to the surface
of Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R slide and ‘step v’ the dif-
fusion away from the surface) were not taken into consideration and the
analysis of kinetics was performed using the standard Langmuir kinetics
model:

ρ(t)=ka/(ka+kd)[1-e−(ka+kd)t] (2)

where ρ(t) is a fraction of occupied interaction sites at time moment t, ka
is the association constant kd is the dissociation constant, t is the
duration of experiment until the time moment t.

The modelling (solid lines in Figs. 1 and 2) shows that in the case of
the interaction of immobilized GCSF-Receptor with mGCSF, the asso-
ciation and dissociation constants are ka(m)= 7.5×105 M−1s−1 and
kd(m)= 0.0105 s−1, respectively. The characteristic residence time
calculated from the kd(m) value is ≈ 95 s, which is in good agreement
with GCSF-R/mGCSF dissociation experiment (Fig. 1, inset).

The kinetic analysis of SCF-Lα-GCSF binding to immobilized GCSF-
Receptor, which is presented in Fig. 2, yielded the following values of
association and dissociation constants: ka(hd)= 8.5× 104 M−1s−1,
kd(hd) = 0.0012488 s−1, respectively. The calculation of ka(hd) was
performed taking into consideration that only one site of SCF-Lα-GCSF
is involved into formation of complex with GCSF-Receptor. This de-
monstrates that the association rate of GCSF-Receptor with SCF-Lα-
GCSF is significantly slower than that with mGCSF. Moreover, the
characteristic dissociation time of GCSF-R/SCF-Lα-GCSF is 800 s, which
is more than 8 times longer in comparison to that (95 s) of GCSF-R/

mGCSF. The ‘washing’ experiment also showed a similar GCSF-R/SCF-
Lα-GCSF complex dissociation process which was about 800–850 s.
(Fig. 2, inset).

Efforts to apply the standard Langmuir kinetic model for the de-
scription of GCSF-R/(GCSF)2Lα complex formation kinetics resulted in a
significant deviation from the experimental results (Fig. 3, green curve
(1)), while the standard Langmuir kinetic model for the description of
GCSF-R/mGCSF and GCSF-R/SCF-Lα-GCSF complex formation (Fig. 4A,
B).

Moreover, the inset of Fig. 3 shows that glycine solution is not able
to induce observable dissociation of GCSF-R/(GCSF)2Lα complex,
which indicates that GCSF-Receptor and (GCSF)2Lα binding dynamics
in this case is only partially reversible process. Therefore, in this case
only a fraction of initially formed GCSF-R/(GCSF)2Lα complex may
dissociate, while after some rearrangements GCSF-R/(GCSF)2Lα com-
plex becomes not dissociable (GCSF-R//(GCSF)2Lα) even in glycine
solution. The interaction between these proteins (GCSF-Receptor and
(GCSF)2Lα) becomes stronger due to partial unfolding/rearrangement
of the proteins and the optimization of their interaction with the
binding sites of immobilized GCSF-Receptor. Hence, after initial
binding a fraction of (GCSF)2Lα molecules is irreversibly bond to GCSF-
Receptor (GCSF-R//(GCSF)2Lα complex). Most probably this effect is
observed due to the formation of receptor-ligand interactions with the
second GCSF subunit. Therefore, the replacement of the initial
(GCSF)2Lα solution by glycine solution has a very weak influence on the
dissociation of GCSF-R//(GCSF)2Lα complex. This effect is observed in
results of ellipsometric measurements, which showed only moderate
differences in the refractive index of the protein-based layer before and
after the ‘washing’ of Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R/
(GCSF)2Lα slide by glycine solution. In order to describe the formation
of the GCSF-R/(GCSF)2Lα complex more correctly we have applied
(advanced) three stage based mathematical model in which (GCSF)2Lα
protein is present in complexes ((GCSF-R)-(GCSF)2Lα, (GCSF-R)2=
(GCSF)2Lα and GCSF-R//(GCSF)2Lα), which are represented in stages 1-
3:

(3)

Where: GCSF-R is the immobilized GCSF-Receptor;
(GCSF)2Lα is a freely diffusing GCSF dimer (GCSF)2Lα;
(GCSF-R)-(GCSF)2Lα is a complex of (GCSF)2Lα with single GCSF-

Receptor;

Fig. 3. Relative (normalized to the maximum value) surface
concentration of (GCSF)2Lα molecules bound to Bk7-glass/Cr–Au/
MUA/Protein-G/GCSF-R slide vs time. The solid lines represent
fits using: the standard Langmuir kinetics (green curve (1)) and
advanced kinetic model based on three protein association stages
(three-stage kinetics model) (blue curve (2)); interaction rate
constants calculated using the three-stage kinetics model based fit
with experimental data: ka(d) = 4·105 M−1s−1, k2 = 142.27s−1, k-
1 = 1.3544 s−1, k3 = 0.0496 s−1. Inset. Variation of ellipso-
metric parameter Δ before and after the ‘washing’ with glycine
solution. The arrow shows the start of the washing procedure (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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(GCSF-R)2=(GCSF)2Lα is a complex of (GCSF)2Lα with two GCSF-
Receptors;

(GCSF-R)2//(GCSF)2Lα is a complex of (GCSF)2Lα with two GCSF-
Receptors after the rearrangement of the (GCSF-R)2=(GCSF)2Lα com-
plex into a non-dissociable one ((GCSF-R)2//(GCSF)2Lα);

ka(d) – second order association rate constant, which characterizes
the first step of association of GCSF- Receptors with (GCSF)2Lα and the
formation of the (GCSF-R)-(GCSF)2Lα complex;

k1 – pseudo-first order association rate constant
(k1=ka(d)×[(GCSF)2Lα]; where ka(d) is above mentioned second order
association rate constant and [(GCSF)2Lα] is the (GCSF)2Lα con-
centration in solution;

k2 – first order association rate constant for the association of a
second GCSF ligand of (GCSF-R)-(GCSF)2Lα complex with a second free
GCSF-Receptor;

k3 – first order rearrangement rate constant for the rearrangement of
dissociable (GCSF-R)2=(GCSF)2Lα complex into non-dissociable
(GCSF-R)2//(GCSF)2Lα complex;

k-1 – first order dissociation rate constant for the dissociation of
(GCSF-R)-(GCSF)2Lα complex;

k-2 – first order dissociation rate constant for the partial dissociation
of (GCSF-R)2=(GCSF)2Lα complexes (k-2 = 2k-1).

It should be noted that the ligand concentration significantly ex-
ceeded the immobilized GCSF-Receptor concentration; therefore, only
the surface concentration of the (GCSF)2Lα, which was involved into
formation of (GCSF-R)-(GCSF)2Lα, GCSF-R=(GCSF)2Lα and GCSF-R//
(GCSF)2Lαcomplexes, was taken into consideration in the calculations
of kinetics.

Here applied three-stage kinetic model (Fig. 4C) assumes that in
Stage 0 all (GCSF)2Lα is still present in the solution and all GCSF-Re-
ceptor sites are free. Stage 1 some (GCSF)2Lα is bound to Bk7-glass/
Cr–Au/MUA/Protein-G/GCSF-R slide via one GCSF subunit and a

fraction (ρ1) of ‘(GCSF)2Lα coverage areas’ (‘coverage areas’), which are
theoretically available for binding with (GCSF)2Lα, is complexed by one
ligand-site of (GCSF)2Lαmolecule and forms complex, which is denoted
as (GCSF-R)-(GCSF)2Lα. In Stage 2 the (GCSF)2Lα molecule is bound to
the Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R slide via both GCSF
subunits and a complex (GCSF-R)2=(GCSF)2Lα is formed, which is
based on two GCSF-Receptors and one (GCSF)2Lα molecule, in this case
a fraction (ρ1 ρ1) of the ‘(GCSF)2Lα coverage areas’, which are theore-
tically available for binding with (GCSF)2Lα, is involved in the forma-
tion of (GCSF-R)2=(GCSF)2Lα complexes. In Stage 3 an irreversibly
bounded (GCSF)2Lα is represented, which is involved into a non-dis-
sociable (GCSF-R)2//(GCSF)2Lα complex structure that isformed after
the rearrangement of the (GCSF-R)2=(GCSF)2Lα complex ‘0’. An un-
bound (free) (GCSF)2Lαmolecule binds to one receptor and enters Stage
1 with a rate, which depends on the second order association rate
constant ka(d). The association rate v=ka(d)×[(GCSF)2Lα]×[GCSF-R]is
dependent on: (i) ka(d), (ii) the concentration of (GCSF)2Lα in solution
C0, which was considered to be constant during here described ex-
periments, and (iii) the surface concentration of GCSF-Receptor. The
dissociation rate consonant k-1 characterizes the dissociation of (GCSF-
R)-(GCSF)2Lα and k-2 the dissociation of (GCSF-R)2=(GCSF)2Lα com-
plexes. We assumed that both these constants are irelated by k-2 = 2k-1
because in Stage 2 one (GCSF)2Lα molecule is bonded to two im-
mobilized GCSF-Receptors and the probability that one of those
(GCSF)2Lα binding sites will dissociate from GCSF-Receptor is two
times higher in comparison to that, which is observed in the case of
(GCSF-R)-(GCSF)2Lα complex where (GCSF)2Lα is bonded via one
binding site to a single GCSF-Receptor. Therefore, the same constant is
applied for the description of the dissociation of both complexes be-
cause both GCSF ligands in (GCSF)2Lα are similar. The interaction rate
constant k2 characterizes the rate of formation of the (GCSF-R)-
(GCSF)2Lα complex with a second GCSF-Receptor of already bounded

Fig. 4. Schematic representation of the inter-
action between immobilized GCSF-Receptor
and dissolved: A – GCSF (this case can be well
described by standard Langmuir kinetics
model); B – SCF-Lα-GCSF (this case can be well
described by standard Langmuir kinetics
model); C – (GCSF)2Lα (in this case three-stage
kinetics model should be applied).
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to one GCSF-Receptor via first ligand-site of (GCSF)2Lα what leads to
the formation of (GCSF-R)2=(GCSF)2Lα complex. The rate constant k3
characterizes the transformation of dissociable (GCSF-R)2=(GCSF)2Lα
complex into non-dissociable (GCSF-R)2//(GCSF)2Lα complex. Most of
the immobilized GCSF-Receptors enter this terminal (GCSF-R)2//
(GCSF)2Lα complex (Stage 3).

This kinetic model is described by the following system of differ-
ential equations:

= − − − − + +− −

dρ
dt

k ρ ρ ρ k k ρ k ρ(1 ) ( )1
1 1 2 3 1 2 1 2 2 (4)

= − +−

dρ
dt

k ρ k k ρ( )2
2 1 2 3 2 (5)

=
dρ
dt

k ρ3
3 2 (6)

k-2 = 2k-1 (7)

where ρ1 is a fraction of ‘(GCSF)2Lα coverage areas’ (‘coverage areas’) to
which (GCSF)2Lα is bounded via one ligand during the formation of
complex (GCSF-R)-(GCSF)2Lα (Stage 1); ρ2 is a fraction of ‘coverage
areas’ to which (GCSF)2Lα is bounded via two ligands during the for-
mation of complex (GCSF-R)2=(GCSF)2Lα (Stage 2); where ρ3 is a
fraction of ‘coverage areas’ to which (GCSF)2Lα is bounded via one li-
gand during the formation of complex (GCSF-R)2//(GCSF)2Lα (Stage 3).
It is important to note that a total number of ‘coverage areas’ available
for the (GCSF)2Lα is equal to the maximal number of (GCSF)2Lα mo-
lecules, which can bind to Bk7-glass/Cr–Au/MUA/Protein-G/GCSF-R
slide surface via both GCSF ligands; and in here applied calculations one
‘coverage area’ is considered as an area on Bk7-glass/Cr–Au/MUA/
Protein-G/GCSF-R slide capable to host (GCSF)2Lα molecule and bind it
via both (GCSF)2Lα ligands. Initial boundary conditions, which were
applied for numerical calculations were ρ1(0) = ρ2(0)= ρ3(0)= 0.

In this case, 1-ρ1-ρ2-ρ3, is the fraction of ‘coverage areas’ available
for (GCSF)2Lα binding, which provides the probability that (GCSF)2Lα
molecule will find not ‘covered areas’ on surface of Bk7-glass/Cr–Au/
MUA/Protein-G/GCSF-R slide. Taking into account that the Bk7-glass/
Cr–Au/MUA/Protein-G/GCSF-R slide during the incubation in the so-
lution containing (GCSF)2Lα is already partly covered by the other
(GCSF)2Lα molecules, ρ1 and ρ2 are the fractions of ‘coverage areas’
occupied by (GCSF-R)-(GCSF)2Lα and (GCSF-R)2=(GCSF)2Lα com-
plexes, respectively and ρ3 is the fraction of ‘coverage areas’ irreversibly
occupied by non-dissociable (GCSF-R)2//(GCSF)2Lα complexes.

The system based on Eqs. (4)–(7) has no trivial analytical solution,
but can be solved numerically. The results of (GCSF)2Lα association
kinetics fitting based on numerical calculation using the system of Eqs.
(4)–(7) is presented in Fig. 3 (blue curve (2)). Good agreement between
experimental data and the model was achieved using the following rate
constants ka(d)= 4×105 M−1s−1, k2= 142.27 s−1, k-1 = 1.35436
s−1, k3 = 0.0495656 s−1.

The differences among the association rate constants (ka) calculated
for the interaction of GCSF-Receptors with different GCSF-containing
ligand molecules (m GCSF; (GCSF)2Lα and SCF-Lα-GCSF) can be ex-
plained in the following way: interaction between an immobilized
GCSF-Receptor and a ligand can only occur only if binding sites of the
receptor and the ligand coincide in space. The receptor’s mobility is
very limited due to immobilization on the surface of the slide in com-
parison to that of the ligand. Therefore, the probability of receptor-
ligand binding mainly depends on the dynamics of the ligand.
Therefore, the association constant can be evaluated using the well-
known Barzykin and Shushin equation [29]:

ka = Ksf (8)

where Ks= 4πR·D is Smoluchowski rate constant, R is the reactivity
radius, D is the diffusion coefficient and f is the steric factor, which for

non-spherical molecules depends on both translational and rotational
diffusion coefficients. We assume that in our case R is the same not only
for GCSF-based subunit in mGCSF and SCF-Lα-GCSF, but also for
(GCSF)2Lα due to the large distance (about 3 diameters of GCSF) be-
tween single GCSF units in the (GCSF)2Lα dimer. This allows to evaluate
the ratio between association constants of monomeric mGCSF (ka(m))
and dimeric (GCSF)2Lα (ka(d)) ka(m)/ka(d) = (Dm×fm)/(Dd×fd), where
Dm, Dd, fd and fm are diffusion coefficients and steric factors of mGCSF
and (GCSF)2Lα molecules, respectively. The ratio Dm/Dd can be calcu-
lated using the Zimm model [30] that relates the diffusion coefficient
(D) to the length (L) of molecule, D ˜ L−3/5. Thus Dm/Dd= (Lm/Ld)−3/

5= 1.7190, because the diameters of the monomer and dimer mole-
cules are Lm ≈ 4.86 nm and Ld ≈ 118 nm, respectively (See: http://
pdb.org/pdb/explore/explore.do?structureId=2D9Q). Analysis of the
kinetics presented in Figs. 1 and 3 showed that the ratio ka(m)/
ka(d)= 1.8660. This demonstrates that the decrease of the (GCSF)2Lα
association rate in comparison to that of mGCSF can be explained
mainly by the decrease of (GCSF)2Lα diffusion coefficient, while small
changes (about 8%) of the steric factor f are not very important for the
diffusion. The comparison of association rate constants (ka(m)/ka(hd)) of
monomeric mGCSF (ka(m)) and SCF-Lα-GCSF (ka(hd)), which were cal-
culated using the same method, demonstrating that in this case the
steric factor of SCF-Lα-GCSF molecules is 4.7 times lower than that of
mGCSF, resulting in a significant decrease of the SCF-Lα-GCSF asso-
ciation rate with immobilized GCSF-Receptor. This is a result of ani-
sotropic structure and reactivity of SCF-Lα-GCSF molecules. According
to assumption proposed by McCammon [31] anisotropy slows the as-
sociation rate with respect to that for isotropic molecules of the same
size. However, it should be taken into account that the reduction of the
association between receptor and ligand cannot be accounted for only
on the basis of simple geometrical arguments.

The analysis of mGCSF and SCF-Lα-GCSF interaction with im-
mobilized GCSF-Receptor kinetics, which are presented in Figs. 1 and 2,
shows that the residence times of GCSF-R/mGCSF and GCSF-R/SCF-Lα-
GCSF complexes are different. It is reasonable to assume that the
strength of receptor-ligand interaction is the same in both the GCSF-R/
mGCSF and GCSF-R/SCF-Lα-GCSF complexes and the breaking of this
bond occurs when the bound mGCSF or SCF-Lα-GCSF molecule gains a
critical energy due to thermally induced Brownian motions, which is
sufficient for the dissociation of GCSF-R/mGCSF and GCSF-R/SCF-Lα-
GCSF complex, respectively. Thus, an increase of molecular mass (by
2.23 times for SCF-Lα-GCSF in comparison to that of mGCSF) decreases
the probability of accelerating the ligand up to such velocities at which
the receptor-ligand complex can dissociate. The experimental results
show that this probability decreases by a factor of 8 for complex GCSF-
R/SCF-Lα-GCSF in comparison to that of GCSF-R/mGCSF.

In the case of (GCSF-R)2/(GCSF)2Lα complex formation, residence
times of (GCSF-R)-(GCSF)2Lα and (GCSF-R)2=(GCSF)2Lα complexes are
0.007 s and 0.364 s, respectively. This effect is the result of the complex
interaction between the (GCSF)2Lα molecule and two immobilized
GCSF-receptors. Thus, in this case, the residence time effect manifests
mainly through the time during which the (GCSF)2Lα molecule is in-
volved in (GCSF-R)-(GCSF)2Lα and (GCSF-R)2=(GCSF)2Lα complexes
(Eq. (3), Stage 1 and Stage 2). The relatively short residence times of
both (GCSF-R)-(GCSF)2Lα and (GCSF-R)2=(GCSF)2Lα complexes re-
veals relatively fast formation of the non-dissociable (GCSF-R)2//
(GCSF)2Lα complex and, therefore, the rapid development of TIRE-
based analytical signal, which is clearly observed in Fig. 3.

4. Conclusions, OUTLOOK AND FUTURE TRENDS

We have demonstrated that an increase of the mass of GCSF-based
molecules by the ‘fusion’ of two GCSF molecules (in the case of
(GCSF)2Lα) or ‘fusion’ of GCSF molecule with SCF molecule (in the case
of SCF-Lα-GCSF) significantly changes the formation and dissociation
characteristics of complexes between these molecules and immobilized
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GCSF-Receptors. In the formation of (GCSF-R)2//(GCSF)2Lα and GCSF-
R/SCF-Lα-GCSF complexes, an increase of the residence times was ob-
served. At fixed the same ligand concentration, residence time in-
creased two times for the GCSF-R/SCF-Lα-GCSF complex and about 17
times for (GCSF-R)2//(GCSF)2Lα complex in comparison to the GCSF-R/
mGCSF complex, respectively. For (GCSF-R)2//(GCSF)2Lα complex this
increase is the result of the decrease of the diffusion coefficient, while in
the case of SCF-Lα-GCSF molecules it is related to a decrease (4.7 times)
of the steric factor. Doubling the mass of SCF-Lα-GCSF and (GCSF)2Lα
molecules in comparison to mGCSF molecules also influences the re-
sidence time. It increases about 8 times for GCSF-R/SCF-Lα-GCSF
complexes based on asymmetric SCF-Lα-GCSF molecules, which have
only one interaction site capable of binding to a GCSF-Receptor. In the
case of symmetric (GCSF)2Lα molecules, which have two interaction
sites capable of binding with GCSF-Receptors, irreversible bonding to
the GCSF-Receptor was observed. The formation of the (GCSF)2Lα
complex with immobilized GCSF-Receptor kinetics can be well de-
scribed by a three-step model in which the last step leads to the for-
mation of a stable (GCSF-R)2//(GCSF)2Lα complex. Finally, we note
that (GCSF)2Lα molecules having a larger mass (about 2.2 times in
comparison to mGCSF) associate with immobilized GCSF-Receptor only
1.866 times slower, but exhibit a very similar steric factor to that of the
SCF-Lα-GCSF and after several reversible association stages it binds ir-
reversibly to a GCSF-Receptor. This makes the (GCSF)2Lα molecule a
promising candidate, which is well suitable for significant improvement
of GCSF-based drugs.

The present study has demonstrated the applicability of TIRE
method based immunosensor together with a newly developed mathe-
matical model that describes the multistep kinetic binding between an
immobilized receptor and a dissolved ligand. This approach allows us
not only to evaluate receptor-ligand association and dissociation con-
stants, but also provides some information about conformational
changes, which have a direct influence on the drug-target residence
time and on the pharmacokinetic characteristics.

More generally, we have proposed a mathematical model that is
useful for the modelling of such immunosensor responses in which two
interaction sites based proteins (e.g. antibodies) are applied as im-
mobilized receptors or are monitored as analytes (in recent research
such two interaction sites based analyte was (GCSF)2Lα).

Further investigations are needed to prove the universality of the
kinetic model, which is based on three protein association stages, de-
veloped here. Therefore, in ongoing work, we are applying the same
mathematical model to evaluate the interaction between the im-
mobilized GCSF-receptor with very different, genetically-engineered,
ligands based on GCSF-subunits connected by linkers of different
characteristics. This ongoing research is in progress and will be soon
reported elsewhere.
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