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Abstract
This paper presents a surface plasmon resonance (SPR) spec-
troscopy-based evaluation process which provides informa-
tion on kinetic and thermodynamic aspects of the interactions 
between proteins and a drug molecule. Reversible binding of 
kynurenic acid (KYNA) on human (HSA) and bovine (BSA) 
serum albumin-modified gold sensor surface has been investi-
gated under physiological conditions at various temperatures. 
The SPR sensorgrams were fitted via nonlinear parameter 
estimation method by using pseudo first order kinetic model. 
Based on the concentration dependence of the estimated 
observed rate constants (kobs ) the association (ka ) and dissoci-
ation (kd ) constants as well as the equilibrium constants (KA ) 
and the Gibbs free energy (ΔG0) change were calculated at 
different (10-35 C°) temperatures. Furthermore, the enthalpy 
(ΔH0), entropy (ΔS0) and heat capacity changes (ΔCp  ) of 
KYNA-protein complex formation were also calculated.

Keywords
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1 Introduction
For protein-based controlled drug delivery and drug release 

systems the study of the interactions between the protein as the 
carrier and a drug molecule play a determinant role in pharma-
ceutical developments [1, 2]. Detailed kinetic and thermody-
namic characterization of protein-ligand interactions provide 
several important data on the mechanisms of the drug release 
process. Numerous radio-labelled and “label-free” equilibrium 
or time- resolved analysis techniques are available which able 
to monitor and quantify protein-ligand bindings. The SPR 
spectroscopy is one of the most useful quasi two-dimensional 
technique which is able to measure real-time association and 
dissociation processes between DNA–DNA, DNA–protein, 
lipid–protein and protein- or peptides–drug molecules in a label 
free environment [3,4]. While one of the interacting partners is 
immobilized onto the sensor surface, the other is flow in solu-
tion over the surface or exist as bound (surface complex) form. 
During this progression, the refractive index at the interface 
undergoes change, this being directly related to the amount of 
the biomolecules adsorbed on the surface of the biosensor chip. 

In general, SPR sensors are thin-film refractometers that 
measure changes in the refractive index occurring at the sur-
face of a gold (or silver) thin layer based on a surface plasmon 
phenomenon. A surface plasmon excited by a light wave propa-
gates along the metal layer, and its evanescent field probes the 
sample (solution of analyte) in contact with the surface of the 
noble metal film. A change in the refractive index of the dielec-
tric gives rise to a change in the propagation constant of the sur-
face plasmon, which through the coupling condition alters the 
characteristics of the light wave coupled to the surface plasmon 
(e.g. coupling angle, coupling wavelength, intensity or phase). 
Based on the listed characteristic of the light wave SPR sensors 
are classified as sensors with angular, wavelength, intensity, or 
phase modulation [5]. Commonly used SPR arrangement is the 
so-called Kretschmann-configuration (Fig. 1) in which case the 
momentum of the incident light is coupled to the free oscil-
lations of the conduction electrons at a metal surface through 
a prism in order to increase in the wavenumber of the light, 
thus generating the conditions of surface plasmon resonance.
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The propagation constant of the surface plasmon (kSP) at the 
metal-dielectric interface is expressed as

kSP d m
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where λ is the wavelength in vacuum, εd and εm are the com-
plex permittivity of dielectric and metal, respectively. The light 
wave cannot be coupled directly, because the real part of the 
surface plasmon’s propagation constant Re(kSP) is larger than 
the wavenumber of the light’s wave vector that is parallel to the 
surface. The surface plasmon can be excited when the wave-
number of light is increased by a prism 

2π
λ
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where np is the refractive index (larger than the refractive index 
of dielectric) of the prism and θ is the angle of incidence. In the 
case of wavelength modulation the varying the wavelength (λ) 
of polychromatic light at a fixed angle (θ) the matching condi-
tion can be achieved and the surface plasmon can be excited by 
an evanescent wave propagating along the metal-dielectric in-
terface. Chemical or physical adsorption onto the gold surface 
changes the refractive index of the dielectric, thereby the prop-
agation constant of the surface plasmon is also changed [6].

Still, several research groups have published their results in 
the topic of characterization of different biomolecule interac-
tions [7–10], but only a few articles offer deeper information 
on the temperature-dependent interactions between peptides or 
proteins and potential drug molecules by using SPR [11, 12].

Fig. 1 Schematic diagram of a Kretschmann-arrangement SPR biosensor and 
its typical response diagram and sensorgram 

The objective of the present work was to provide comple-
mentary data on the interactions between serum albumins and 
KYNA by using only SPR experiments. In recent years the 
field of schizophrenia investigation has led to the impression 
that only dopamine plays an intermediary role in the patho-
physiology of the disease and that the main abnormalities lie 
elsewhere. In particular, deficits in brain glutamatergic systems 

are proposed to play a prominent role in the pathophysiology 
of the disease. KYNA is an endogenous glutamate antagonist 
with a preferential action at the glycine-site of the N-methyl-d-
aspartate-receptor [13]. Prescott et al. have been published an 
interesting work about the dual action of KYNA on α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (also 
known as AMPA receptor, AMPAR) responses [14]. 

In the course of our previous works, the SPR based char-
acterization of the interactions between three different peptide 
fragments of human glutamate receptor (GluR1) and KYNA 
has been presented. Besides quantitation of the interactions, 
the enthalpy change of the binding process on certain peptide 
fragment-modified gold surfaces were also reported [15, 16]. 
In the present work, instead of relatively small model peptide 
fragments, the HSA and BSA proteins were immobilized onto 
the sensor surface and their interactions with KYNA were 
investigated by SPR technique. This procedure is beneficial 
for comparison of the magnitude and the sign of thermody-
namic parameters of the above mentioned systems. However, 
the serum albumins are not well-defined receptors of KYNA as 
AMPA, but their binding affinity could be a determinant factor 
in the mentioned dual action of KYNA. 

To supplement the earliest results, in the present work we 
have functionalized the sensor surfaces with HSA and BSA 
and the SPR sensorgrams of the binding of KYNA on protein-
modified gold surface were registered and analyzed in order 
to give detailed kinetic parameters of the above mentioned 
protein-drug molecule interactions. Based on the temperature 
dependence of the kinetic parameters the equilibrium constants 
(KA), Gibbs free energy- (ΔG0), enthalpy- (ΔH0), entropy- (ΔS0) 
and heat capacity (ΔCp) changes were also calculated.

2 Experimental Procedure
2.1 Materials

The following chemicals were used in the experiments: 
KYNA (≥98%, Sigma), NaCl (≥98%, Molar), NaH2PO4 (≥99%, 
Sigma–Aldrich), Na2HPO4 (≥98.5%, Sigma) HSA (≥98.0%, 
Mw=66.4 kDa, Sigma), BSA (≥98.0%, Mw~66 kDa, Sigma). All 
the starting materials were used without further purification. In 
all cases the KYNA-, the protein stock solutions and the phos-
phate buffer (containing 150 mM NaCl ionic strength at pH 7.4 
(±0.02)) were freshly prepared using Milli-Q ultrapure water 
(18.2 MΩ cm at 25 °C)

2.2 SPR spectroscopy
During the SPR spectroscopy investigations a temperature-

controlled, two-channel instrument innovated by the Institute 
of Photonics and Electronics (Prague, Czech Republic) was 
applied. The measuring platform contains two sensing chan-
nel with two separated flow chamber, each chamber volume 
is 0.5 microliter. The container of the gold-coated SPR chip is 

(1)
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a microscope glass compatible device with 20x26 mm dimen-
sions. The SPR chip intrinsically is a 50 nm thick gold layer on 
a glass substrate. The flow system is a classic microfluidic flow 
system which connects to the sensor surface with the buffer 
solution tanks. The sample-containing buffer is moved by a 
peristaltic pump over the sensor surface through the flow chan-
nels. In the case of our wavelength-modulated apparatus, the 
resonance conditions are created by a fixed incident angle while 
the wavelength of the light source is changed. The light source 
is an Ocean Optics HL-2000 type tungsten halogen source with 
6.8 mW output power (output power coupled into a 600 μm 
UV/VIS fiber and measured with an optical power meter inte-
grated from 200-1100 nm) and 360-2400 nm wavelength range. 
Reflected light intensity is monitored in 574 – 1000 nm spec-
trum range using IPE AS CR S2010 spectrometer. The spec-
trometer communicates with a PC via USB connection and data 
registration is carried out by SPR UP software. 

During SPR measurements the flow rate of 50 μL min−1 was 
used at constant temperature, holding physiological condition 
(150 mM NaCl in phosphate buffer solution at pH = 7.40). 
Serum albumins were immobilized on the gold surface at room 
temperature from aqueous solution (cprotein = 50.0 µM; 33.0 mg 
BSA and 33.2 mg HSA in 10 ml buffer) via an Au-S covalent 
bond. On the second case, the reversible binding of KYNA 
on a protein-functionalized chip was studied in the tempera-
ture range between 283.15 and 303.15 K. Sensorgrams were 
recorded with SPR UP 1.1.11.3 (2014 IPE AS CR) control soft-
ware, while the evaluation of extracted data was carried out in 
Microsoft Excel program.

2.3 Immobilization of serum albumins
In order to study the interaction between KYNA and serum 

albumins by SPR spectroscopy firstly the proteins were immo-
bilized onto the surface of gold-coated SPR chip from aqueous 
solutions. The registered SPR sensorgram of BSA has been pre-
sented previously [17] therefore the Fig. 2 represents only the 
preparation of HSA-functionalized gold sensor surface.

As it can be seen the adsorption of HSA, similar to BSA, 
are not fully reversible, substantial part of the adsorbed amount 
remains irreversibly bound at gold surface. Most probably 
the protein was covalently attached via cysteine residue. The 
immobilization process was repeated twice until even measur-
able adsorption detected. 

According to the calculated parameters of HSA adsorp-
tion, most probable a monomolecular protein layer was pre-
pared on the gold surface. It was found that the monolayer 
amount of HSA is ms = 63 ng/cm2 and the cross-sectional area 
is am = 175 nm2. These values show a good agreement with 
the suggested size of a human serum albumin protein in solu-
tion [18]. Under same conditions for BSA am = 128.4 nm2 was 
determined [12]. 

Fig. 2 Sensorgram of immobilization of HSA on gold sensor surface from 
aqueous (cHSA = 50 mM) solution (T = 298.15 K; Q = 50 µL min-1)

2.4 Binding of KYNA to serum albumins
Temperature-dependent SPR measurements were carried out 

to determine kinetic and thermodynamic parameters of KYNA-
serum albumin interaction. During the examinations a flow rate 
of 50 μl min−1 was applied at different temperature (283.15, 
288.15, 293.15, 298.15 K in the case of KYNA-BSA and 
288.15, 293.15, 298.15, 303.15 K in the case of KYNA-HSA) 
in the concentration range of 1.0–10.0 mM. The binding interac-
tion, namely the association and dissociation of drug molecule 
and protein composed surface complex was studied in PBS 
solution at pH = 7.4 under physiological conditions (150 mM 
NaCl). After the immobilization of appropriate protein KYNA 
solutions (c = 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, 10.0 mM) were 
injected and the sorption process (~10 min) was followed by 
rinsing with buffer. The SPR sensorgrams were analysed in real 
time by SPR UP software package that permits of determination 
of the resonant wavelength in both sensing channels.

Fig. 3 Representative sensorgrams of the interaction of KYNA with BSA 
immobilized on gold surface at 283.15 K.

As presented in Fig. 3 while the solved ligands bind to the 
immobilized protein, during an association phase the binding 
sites become occupied and the positive slope of SPR curve 
can be registered. Reducing of the number of binding sites the 
positive slop bend down and sensorgrams reach a saturated 
“steady-state” phase. This achieved stationary wavelength 
shift (Δλ) value corresponds to the final steady-state surface 
amount of bound form. This analyte concentration dependent 
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wavelength shift relates to the concentrations of surface com-
plex and after adequate calibration can be used to determine 
the binding affinity constant (KD). Under the dissociation phase 
the ligands were removed from the binding sites via continuous 
flow of washing buffer solution.

3 Results and Discussion
3.1 Determination of rate constants

Based on the sensorgrams which describe the association 
and dissociation of the surface complex, the ka and kd and the 
corresponding KA were determined at appropriate tempera-
tures according to the following evaluation process. For cal-
culations of the kinetics parameters the A+B↔AB type bimo-
lecular reaction model was used, where A corresponds to the 
drug molecule, B is the protein, while AB is the KYNA-serum 
albumin complex. Assuming that the association of drug mol-
ecule-protein complex is first order in reactants and the disso-
ciation is first order in intermediate complex provides follow-
ing overall rate law.

d AB
dt

k A B k ABa d
[ ]

= [ ][ ] − [ ]

Taking into account the specification of the applied SPR 
technique, the concentration of KYNA solution is held constant 
([A]0 = [A]), and the total concentration of the surface-bound 
peptide equal the sum of the free and intermediate complex 
form ([B]0 = [B] + [AB]). In this way, concentration of KYNA 
can be replaced with the concentration of KYNA stock solu-
tion while the concentration of SA-KYNA complex is replace-
able with the difference of total surface concentration of bound 
polypeptide and free form of polypeptide ([AB] = [B]0 − [B]). 
Based on the above mentioned considerations the rearranged 
rate law can be written as.

d AB
dt

k A k B k Ba d d
[ ]

= [ ] + [ ] − [ ]( ) 0

Additionally, when the formation of intermediate complex is 
favourable (ka>>kd) the last term of equation (4) is negligible and 
the invocation of an observed rate constant eventuates a compact 
form of the rate law, which describes the first order growth of the 
product [AB] and the first order decay of the reactant [B].

d AB
dt

d B
dt

k Bobs
[ ]

= −
[ ]

= [ ]

A realistic statement is that the wavelength shift is propor-
tional to the surface amount of AB complex  Δλt = α [AB] t 
and maximum value of the wavelength shift is proportional 
to the maximum concentration of the surface complex  
Δλmax = α  [AB]max = α  [B]0. In this way, the integrated form 
of the pseudo first order rate equation (4) can be rewritten as:

∆ = ∆ −( )−λ λt max
k te obs1

The extraction of the ka and kd via the kobs is a simple lin-
ear regression problem, when kobs is plotted as a function of 
analyte concentration; ka can be obtained from the slope of 
the curve while the intercept provides the kd . To determine 
the value of kobs we minimized the sum of the square of dif-
ferences between the measured and predicted (5) wavelength 
shift using solver add-in function [19]. The typical associa-
tion and dissociation SPR curves for drug molecule interacting 
with protein at 283.15 K are shown in Fig. 4. The sensorgrams 
were fitted by using the integrated form of rate equation (5) 
and the fitted curves were signed with black colour (Fig. 4). 
The values of kobs were plotted as a function of KYNA concen-
trations at appropriate temperatures (Fig. 5) and the ka and kd 
values were determined according to the following equation: 
kobs = ka [A] +kd . The slopes of the curves (Fig. 5) belong to the 
ka , while the intersects give the proper kd values.

Fig. 4 Representative registered (grey) and the fitted (black) sensorgrams 
of interaction of KYNA and the immobilized BSA at 283.15 K. The kinetic 

analyses were achieved via fitting of the experimental data with observed rate 
constant-based kinetic model (5).

Fig. 5 Values of kobs as a function of analyte concentrations in the case of 
BSA- and HSA-KYNA interaction according to observed rate constant-based 

kinetic model.

3.2 Van’t Hoff’s analysis
With the purpose of determine the thermodynamics param-

eters of the investigated binding process initially, the values of 
KA were calculated as a ratio of the rate constants (KA = ka/kd) 
at each temperatures. At this point the Gibbs free energy values 
were also calculated according to the following expression: 

∆ = ∆ − ∆ = −G H S KA
0 0 0

T RTln

(3)

(5)

(4)

(6) (7)
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where R is the gas constant (8.314 J mol-1 K-1), and T is the 
absolute temperature. The values and standard deviations of 
∆G and KA of BSA- and HSA-KYNA binding interaction were 
summarized in Table 1.

Table 1 KA and ΔG values of serum albumin – KYNA binding interactions at 
different temperatures.

T (K)
BSA-KYNA HSA-KYNA

KA (M-1) ∆G (kJ mol-1) KA (M-1) ∆G (kJ mol-1)

283.15 60 ± 4 -9.62 ± 0.04 - -

288.15 52 ± 3 -9.48 ± 0.04 49 ± 2 -9.34 ± 0.03

293.15 49 ± 3 -9.50 ± 0.04 46 ± 4 -9.36 ± 0.06

298.15 51 ± 2 -9.73 ± 0.02 48 ± 3 -9.59 ± 0.04

303.15 - - 55 ± 4 -10.10 ± 0.05

In the next stage of the thermodynamic evaluation, based 
on the van‘t Hoff relation, the lnKA values were plotted against 
the reciprocal temperature (lnKA vs. 1/T) (presented in Fig. 6). 

Fig. 6 Natural logarithm of KA values and its standard deviations as a function 
of reciprocal temperature in the case of BSA- and HSA-KYNA interaction. 

The dashed grey curves represent the results of the nonlinear van’t Hoff 
analysis.

In several cases, this plot products a straight line, where 
the slope and the intercept gives the inverse of both enthalpy 
(−ΔH0/R) and the entropy (ΔS0/R) changes, correspondingly. 
In the course of our investigation the shape of above men-
tioned curve was far from the straight line. As Fig. 6 shows 
the characteristics of equilibrium constant – temperature data 
pairs can be described as a convex curve. The thermodynamic 
parameters for binding interaction were obtained by nonlinear 
regression analysis with integrated van’t Hoff equation (8) and 
are shown in Table 2.

lnK
H T
RT

S T
R

C
R

T T
T

T
TA

p=
−∆ ( )

+
∆ ( )

+
∆ −







 −











0 0 0 0 0

0
ln

where ΔH0 and ΔS0 are the enthalpy and entropy change at the 
reference temperature, respectively, while ΔCp is the heat ca-
pacity change under standard conditions. This relationship can 
be used to describe the measured values of the Ka as a func-
tion of reciprocal temperature resulting in the values of ther-
modynamic parameters as variables of a nonlinear parameter 

estimation method [20, 21]. Besides the calculated values of 
ΔH0, ΔS0 and ΔCp , the uncertainties of these data are also sig-
nificant parameters. The small uncertainties denote the finest fit 
of the experimental data. In order to the determination of stand-
ard deviations of the ΔH0, ΔS0 and ΔCp the weighted resampling 
“jackknife” method was used [22].

Table 2 Thermodynamic parameters of serum albumin - KYNA binding 
interaction according to the nonlinear van’t Hoff analysis. 

∆H0 (kJ mol-1) ∆S0 (J mol-1 K-1) ∆Cp (kJ mol-1 K-1)

BSA-KYNA -1.94 ± 0.25 25.8 ± 0.8 -2.17 ± 0.18

HSA-KYNA -1.87 ± 0.22 25.5 ± 0.8 -2.95 ± 0.09

Commonly, the interactions between drug molecules and 
proteins are founded on binding forces such as van der Waals 
interaction, hydrophobic force, electrostatic interaction and 
hydrogen bond. Commonly, the interactions between drug mol-
ecules and peptides are based on binding forces such as van der 
Waals interaction, hydrophobic force, electrostatic interaction 
and hydrogen bond. The thermodynamic parameters like the 
H°, S° and G° change of binding process are the primal evi-
dences for confirmation of the way of linking [23]. Positive 
ΔH0 and ΔS0 are frequently taken as evidence for typical hydro-
phobic interactions, while corresponding negative values arise 
from van der Waals forces and hydrogen bond formation [24]. 
Additionally the negative ΔH° and positive ΔS0 are taken evi-
dence that both hydrogen bond and hydrophobic force played 
an important role in the binding process [25]. Moreover, the 
sign as well as the absolute value of the heat capacity similarly 
might be an excellent way to the characterising of the investi-
gated system. Conventionally, large ΔCp effects are associated 
with hydrophobic interactions while the greatness of the effect 
can be correlated with the changes in solvent accessible surface 
areas in protein– ligand interaction. A positive ΔCp corresponds 
to the existence of electrostatic interactions, while the negative 
value denotes a hydrophobic contribution to the binding pro-
cess and magnitude of this negative ΔCp upon aqueous unfold-
ing of the polar interior of the protein [26].

4 Conclusions
The principal purpose of the present work was to provide 

complementary data on the interactions between serum albu-
mins and KYNA by using only SPR experiments and to dem-
onstrate an evaluation method in order to provide valuable 
thermodynamic parameters. The temperature dependence of 
kinetics of the interaction between proteins and a drug mol-
ecule was detected to show that the values the kobs increase in 
significantly with the temperature and the relationship of KA 
and temperature (accurately reciprocal temperature) can be 
describable as a convex curve. Values for ΔH°, ΔS° and ΔCp 
of the interaction between the immobilized BSA and KYNA 

(8)
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were calculated to be −1.94 ± 0.25 kJmol-1, 25.8 ± 0.8 J mol1K-1 
and −2.17 ± 0.18 kJ mol-1K-1 respectively. Appropriate values 
of the interaction between immobilized HSA and KYNA were 
calculated to be −1.87 ± 0.22 kJmol-1, 25.5 ± 0.8 J mol-1K-1 and 
−2.95 ± 0.09 kJ mol-1K-1 respectively. 

Negative sign and value of ΔG° indicated that the formation 
of serum albumins and KYNA containing surface complexes 
were thermodynamically favourable while sign and value of 
ΔH0 and ΔS0 suggested that the binding interactions are pre-
dominantly enthalpy driven. Negative ΔH0 and positive ΔS0 are 
taken evidence that both hydrogen bond and hydrophobic force 
played a major role in the binding process of KYNA to serum 
albumins. Moreover the negative ΔCp correspondingly denotes 
a hydrophobic contribution to the binding process. Comparison 
of the results of present study with the previously published 
data [15, 16, 19] gives an evidence of the existing of specific 
binding affinity and way between KYNA and earliest investi-
gated AMPA receptor peptide fragments.
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