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Core-shell nanoparticles (CSNPs) were developed to get over therapeutic amount of kynurenic acid (KYNA)
across the blood–brain barrier (BBB). Bovine serum albumin (BSA) was used as core for encapsulation of KYNA
and the BSA/KYNA composite was finally encapsulated by poly(allylamine) hydrochloride (PAH) polymer as
shell. In the interest of the optimization of the synthesis the BSA and KYNA interaction was studied by
two-dimensional surface plasmon resonance (SPR) technique aswell. The average size of d ~ 100 nmwas proven
by dynamic light scattering (DLS) and transmission electron microscopy (TEM), while the structure of the
composites was characterized by fluorescence (FL) and circular dichroism (CD) spectroscopy. The in vitro release
properties of KYNA were investigated by a vertical diffusion cell at 25.0 °C and 37.5 °C and the kinetic of the
release were discussed. The penetration capacity of the NPs into the central nervous system (CNS) was tested
by an in vitro BBB model. The results demonstrated that the encapsulated KYNA had significantly higher perme-
ability compared to free KYNA molecules. In the neurobiological serial of in vivo experiments the effects of
peripherally administered KYNA with CSNPs were studied in comparison with untreated KYNA. These results
clearly proved that KYNA in the CSNPs, administrated peripherally is suitable to cross the BBB and to induce
electrophysiological effects within the CNS. As the neuroprotective properties of KYNA nowadays are proven,
the importance of the results is obvious.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Many potential therapeutic agents that are used in biological
systems are limited because they can't get through the BBB, thanks to
their properties, for example size, hydrophilic character, charge, etc.
This barrier can be circumvented by specific transporters, chemical
modifications, and interactions with other molecules or application of
composites (Gabathuler, 2010). The kynurenine pathway is the main
route of tryptophan (Trp) metabolism in mammalian brain, which in-
volves several neuroactive compounds. KYNA is a product of the Trp
od–brain barrier; CD, circular
ll nanoparticles; DLS, dynamic
MS, high performance liquid
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metabolism, it has a neuroprotective and neuroinhibitory properties
(Stone, 1993; Marosi et al., 2010; Sas et al., 2007). It exerts its effect
mainly by antagonizing ionotropic glutamate receptors, its neuro-
protective capacity can be attributed mainly to the inhibition of the
N-methyl-D-aspartate (NMDA) receptors. KYNA can also influence the
presynaptic glutamate release by antagonizing the α7-nicotinic-
actylcholine receptors (Carpenedo et al., 2001; Zadori et al., 2009).
KYNA might play important roles in modulating neurotransmission in
the CNS (Fukushima et al., 2007). Alterations of the kynurenine metab-
olites have been demonstrated in several neurological disorders such as
Huntington's disease, migraine or stroke (Darlington et al., 2007; Vécsei
et al., 2013). Elevating the level of the neuroprotective KYNA in the
brain has been demonstrated to be of therapeutic value in animal
models of Parkinson's disease, Huntington's disease and migraine
(Fejes et al., 2011; Silva-Adaya et al., 2011). However, systemic
administration of KYNA is not reasonable, because its penetration through
the BBB is very poor. In our recent studies, we synthesized a new com-
pound, glucosamine-kynurenic acid (KYNA-NH-GLUC), which in periph-
eral administration was able to cross the BBB, and to induce reductions
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Fig. 1.Representative SPR sensorgrams of the bindingof BSA onto gold sensor surface (A) and the binding of KYNAonto theBSA-functionalized gold surface (B) (cBSA=50 μM, I=150mM
(NaCl), pH = 7.4 (PBS, T = 25.0 °C, the KYNA concentrations are as follows: 0.1; 0.5; 1.0; 2.0; 4.0; 6.0 mM).
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in the amplitudes of the evoked responses, similar to those of KYNA ad-
ministrated intracerebroventricularly (Füvesi et al., 2004). Afterwards,
other effective KYNA derivatives were synthesized which were able to
cross the BBB and to induce neuroprotective effects in case of peripheral
administration too (Nagy et al., 2011; Fülöp et al., 2012).

Application of novel, nanotechnology-based carrier systems may
promote drug delivery into the brain, which may offer future thera-
peutic options for several neurological disorders. Different nanocarrier
systems have been developed and early in vitro and preclinical studies
yielded promising results to achieve drug delivery through the BBB
(Wong et al., 2012; Lu et al., 2014). Nowadays, the application of
CSNPs has become an area of intense growing interest. The albumin-
based NPs are considered to be an attractive opportunity as carrier sys-
tems becausemany binding sites are reachable to various drugmolecules.
The albumins have several specific advantages in nano-scale range, such
as biodegradability, biocompatibility and non-toxicity (Elzoghby et al.,
2012) so the BSA is widely used for drug delivery, using carriers such as
microparticles, nanospheres, NPs and gels (Wang et al., 2008). The sec-
ondary structure of the BSA can be examined by CD spectroscopy since
it has two negative bands (208 nm, 222 nm) in the far UV region; the
first band is a characteristic for α-helical structure of the protein (Kelly
et al., 2005) which can be calculated from the observed ellipticity values
(Mandal et al., 2010). To encapsulation of different molecules frequently
Fig. 2. The streaming potential of BSA and PAH as a function of pH (A) an
polymers or polyelectrolytes, such the poly(lactic-co-glycolic acid)
(PLGA) (Rafati et al., 2012), polyethylene glycol (PEG) (Ashjari et al.,
2012), chitosan (Bowman and Leong, 2006) or the PAH are used. The
PAH is a synthetic cationic polyelectrolytewhich iswater-soluble and bio-
degradable, so it is used in nanotechnology and nanomedical field as well
(Zhou and Li, 2004; Wytrwal et al., 2014).

In this study, BSA-based CSNPswere developed for KYNA encapsula-
tion. Size and structural information were gained by DLS, TEM and CD
methods. In vitro measurements were performed to study the release
properties and the release mechanism of the KYNA. An in vitro BBB
model was applied to assess the penetration capacity of the encapsulat-
ed KYNA compared to free KYNA. In the in vivo neurophysiological stud-
ies, the effects of intraperitoneally (i.p.) administered KYNA, its prodrug
L-kynurenine (L-KYN), BSA/PAH and BSA/KYNA/PAH were studied.

2. Materials and methods

2.1. Materials

The BSA (fraction V), theKYNA, the PAHwithMWof 15.000 gmol−1,
the components of the phosphate buffer (PBS), the sodium phosphate
dibasic hexadecahydrate (Na2HPO4 × 16H2O) and the sodium phos-
phate monobasic monohydrate (NaH2PO4 × H2O) were purchased
d the titration of BSA and the BSA/PAH composites with KYNA (B).



Fig. 3. The size distribution and the average diameter of the initial materials and the CSNPs based on DLS measurements (A) and a representative TEM image of the BSA/KYNA/PAH
core-shell nanocomposites (B).
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from Sigma-Aldrich. The sodium chloride (NaCl) and the sodium
hydroxide (NaOH) pastilles were bought fromMolar Chemicals. Highly
purified water was obtained by deionization and filtration with a
Millipore purification apparatus. All solvents and reagents used were
of analytical grade and no further purifications were made.

2.2. Synthesis of CSNPs

All samples were prepared in PBS buffer (pH = 7.4) at 25.0 °C with
constant ionic strength (0.9%w/vNaCl). The BSA (6%w/v) was stirred in
PBS, after fully dissolving 90mgKYNAwas added to the protein solution
(BSA:KYNA molar ratio is 1:175). The BSA/KYNA composite dispersion
was stirred for two hours. Then PAH solution (0.24% w/v; PBS, pH =
7.4) was added to the BSA/KYNA composite. The final volume was
3 ml. The products were stored at −80 °C because of the stability of
the drug and the protein molecules.

2.3. Materials characterization

For determination of the charge of the initialmaterials (BSA, PAH) at
pH = 7.4 the components were titrated with NaOH (cNaOH = 1.0 M)
using particle charge detector (PCD-04 MÜTEK). Moreover, the BSA
Fig. 4. The fluorescence spectra of the pure BSA (cBSA = 0.075 mM), pure KYNA (cKYNA = 1.6
fluorescence spectra of the initial materials and the CSNPs under the applied concentrations in
and the BSA/PAH composite were titrated with KYNA to define the
amount of drug molecules in the interest of the charge compensa-
tion. The fluorescence spectra were recorded by a Horiba Jobin
Yvon Fluoromax-4 spectrofluorometer (excitation at 280 nm). The
size of the prepared products was determined by DLS method with
a Horiba SZ-100 apparatus. Circular Dichroism (CD) spectra were re-
corded (190–250 nm; 25.0 °C; bandwidth: 2 nm; scanning speed:
100 nm/min) using a Jasco J-815 CD spectrometer. During the synthesis
for controlling the concentration of the KYNA spectrophotometric mea-
surements were carried out using a UV-1800 (Shimadzu) spectropho-
tometer (at 333 nm). The TEM images were registered by using a FEI
Tecnai G2 20 X-TWIN microscope (tungsten cathode; 200 kV). The SPR
technique is capable of real-timemonitoring of biomolecular interactions
on a gold sensor surface without the use of labels (Homola et al. 2008).
During SPR measurements, one of the interactants is immobilized from
solution onto a solid/liquid interface, and a solution of the other interac-
tant is passed over the functionalized gold surface. During this procedure,
the refractive index at the interface undergoes change, this being directly
related to the plasmon shift (Δλ) as well as the amount of the bio-
molecules (ms/ng cm−2) adsorbed on the surface of the biosensor chip.
More detailed information of SPR technique (measuring principles, ap-
plied equations for calculations) see in Homola (2008) and in our recent
9 mM) and the different BSA/KYNA complexes (cKYNA = 0.011 mM–13.22 mM) (A). The
the synthesis (B).



Fig. 5. The CD spectra of the BSA and the CSNPs in the range of 190–250 nm.
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publications (Sebők et al., 2013; Csapó et al., 2014; Csapó et al., 2015). SPR
measurements were carried out on the two-channel SPR sensor platform
developed at the Institute of Photonics and Electronics (Prague). The
interaction of KYNA with BSA was studied in the concentration range of
0.1–6.0 mM in PBS (flow rate: 25 μL min−1; 150 mM NaCl, pH = 7.4,
25.0 °C). Parallel measurements have been performed and the standard
deviations of the sorption experiments were ±4.5%. In each steps 800–
800 μl protein and KYNA solutions were injected and the sorption time
(~25 min) was followed by rinsing procedure using buffer solution.
The sensorgrams (Δλ vs. time) were analyzed in real-time by a special
software package that allows determination of the resonant wavelength
in both sensing channels.

2.4. In vitro drug release experiments

The in vitro experimentswere carried out according to theprocedure
described earlier (Varga et al., 2014, 2015). Briefly, the nanoparticle dis-
persion containing KYNA in PBS, (pH= 7.4) was separated by cellulose
membrane from the physiological solution in a vertical diffusion cell
(Franz cell; HANSONCO.). The cellwas connected to aUV-1800 spectro-
photometer via a peristaltic pump forming a close circulating system.
Fig. 6. The release profiles of the KYNA from the CSNPs at 25.0 °C (A)
The solution was stirred continuously with a helical magnetic stirrer
and the release experiments were carried out at 25.0 °C and 37.5 °C as
well. Samples were taken every 10 min during the first hour, and then
only once every hour. Measurements were performed in 500 min. The
experiment was repeated two times and the standard deviation of the
experiments was ±2.5%.

2.5. Cell culture and permeability assay

Primary rat brain endothelial cells (RBECs), pericytes and glial cells
were isolated as described previously (Wilhelm et al., 2011). The
in vitro BBB model was constructed by plating pericytes onto the back-
side of 12-well Transwell filters (pore size: 0.4 μm) and RBECs onto
the upper side. After reaching confluence, the endothelial monolayer
was supplied with 550 nM hydrocortisone, 250 μM CPT-cAMP (Sigma-
Aldrich), and 17.5 μMRO-201724 (Roche) and placed into the CellZscope
instrument (nanoAnalytics, Muenster, Germany) containing glial-
conditioned media. TEER (transendothelial electrical resistance)
was followed until reaching plateau of 120–140 Ω × cm2. Transwell
filters containing endothelial cells and pericytes were removed from
the CellZscope instrument. Filters were washed with Ringer-HEPES
solution (pH = 7.4). Test substances (KYNA or BSA/KYNA/PAH)
were dissolved in Ringer-HEPES and applied in the upper compart-
ment in a final concentration of 20 μM KYNA. The lower compart-
ment was loaded with Ringer-HEPES. Samples were taken from
the basolateral side after 1 h. The concentrations of the samples
were quantitated with an Agilent 1100 HPLC-MS system (Agilent
Technologies, Santa Clara, CA, USA). Permeability of the test sub-
stances was calculated as described previously (Nagyoszi et al.,
2010). Statistical analysis was performed using Student's t-test.

2.6. In vivo experiments

2.6.1. Animals, surgery and electrophysiology
In vivo experiments were performed on adult Wistar rats, weighing

300 g (n = 30). Food and water were available ad libitum. All proce-
dures were approved by the Animal Care Committee of the University
and were conducted according to the recommendations of the Dec-
laration of Helsinki and Tokyo. The animals were anesthetized with an
intraperitoneal urethane injection (1.3 g/kg body weight). Body tem-
perature was maintained at 37 ± 0.5 °C through the use of a self-
and 37.5 °C (B) (KYNA (●), BSA/KYNA (▲), BSA/KYNA/PAH (■).



Table 1
The calculated correlation coefficients and the rate constants for each composite at 25.0 °C and 37.5 °C based on the applied first-order, zero-order, and Higuchi model.

T (°C) First-order Zero-order Higuchi

R2 kd (s−1) R2 kd (s−1) R2 kd (s−1)

KYNA 25.0 0.950 1.5 × 10−3 0.947 4.0 × 10−4 0.975 4.9 × 10−3

37.5 0.870 5.2 × 10−3 0.841 1.0 × 10−3 0.917 1.2 × 10−2

BSA/KYNA 25.0 0.986 9.4 × 10−3 0.973 1.6 × 10−3 0.989 1.7 × 10−2

37.5 0.992 1.4 × 10−2 0.968 2.4 × 10−3 0.996 2.6 × 10−2

BSA/KYNA/PAH 25.0 0.979 4.2 × 10−3 0.986 8.0 × 10−4 0.943 8.5 × 10−2

37.5 0.982 1.1 × 10−2 0.997 3.0 × 10−4 0.971 2.8 × 10−3
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regulating heating pad. The somatosensory evoked responses (SEPs)
were induced by the electric stimulation of the whiskers with bipolar
needle electrodes (3–3.5 V; 0.2 ms, 0.1 Hz). More details of surgery
and electrophysiology see in former works (Toldi et al., 1988, 1994).

2.6.2. Experimental groups and treatment
KYNA, L-KYN (Sigma-Aldrich, St. Louis, MO, USA), encapsulated

KYNA, empty BSA composite and saline (n= 5, 5, 6, 9, 5) was adminis-
tered via i.p. injection after 30 min control period of the recordings
(dose: 300mg/kg; speed: 333 μl min−1; pH= 7.4) with the aid of a mi-
croinjection pump (CMA/100, CMA Microdialysis AB, Kista, Sweden).

2.6.3. Statistical analysis
Repeatedmeasurements of SER amplitudes of the control and treat-

ed groupswere compared separatelywith the aid of the non-parametric
Related-Samples Friedman's Two-Way Analysis of Variance by Ranks.

3. Results and discussion

In order to design different protein-based nanocarrier composite
systems containing effective drugmolecules the study of the interaction
between the protein and the drug agent as well as the determination of
the binding capacity of protein towards the drug molecule are crucial.
Accordingly, two-dimensional SPR measurements were carried out at
25.0 °C. Firstly the studied protein was immobilized onto the gold sur-
face from aqueous solution (c = 0.05 mM). The registered SPR
sensorgram is presented in Fig. 1(A). The gold surface was functional-
ized with the BSA in two steps. As the registered sensorgram shows
81.5% of adsorbed BSA remains irreversibly bound at gold surface after
rinsing procedure. The binding of BSA on gold surface caused Δλ =
5.5 nm plasmon shift (see in Fig. 1(A) inset) which corresponds to the
ms = 140.05 ng cm−2 adsorbed amount of BSA (conversion published
in Sebők et al., 2013; Homola, 2008; Liedberg et al., 1993).1Based on
the results of SPR the adsorbed amount (ms/ng cm−2), the adsorption
capacity at the maximal concentration (Γm/nmol cm−2) and the cross
sectional area (am/nm2) of the studied protein were determined. It
was found that the Γm=0.002122 nmol cm−2 while the cross sectional
area of BSA is am = 78.0 nm2 on gold surface under the applied condi-
tions (am = 0.166 × 1/Γm). In order to determine the binding capacity
of KYNA on BSA-covered gold surface the sorption of KYNA on
protein-functionalized biosensor chip was investigated at 25.0 °C in
the concentration range of 0.1–6.0 mM. Fig. 1(B) indicates that increase
in concentration of KYNA solutions results in higher wavelength shift
from ~0.03 nm to almost 0.65 nm (see Fig. 1(B) secondary y-axes).
The sensorgrams also confirm that the interaction between the KYNA
drug molecules and this protein is fully reversible because all the
adsorbedmass of KYNA reduced to nearly zero after rinsing procedures.
This reversible interaction is crucial in order to design potent nano-
carrier composite system for (controlled) drug delivery. In the interest
of the development of an effective drug delivery systems the interaction
1 ms= δλ× [(Sb/Lp) × (δn/δc)]−1 × 2, where δλ is thewavelength (plasmon) shift, Sb is
the bulk sensitivity, Lp is the SP penetration depth, δn/δc is the concentration dependence
of the refractive index, (Liedberg et al., 1993)
between the drug and the carrier should be strong enough to facilitate
the transport but also weak enough to release the drug to the target.

Particles charge detector was used to determine the charge of the
initial materials as a function of pH. Our results confirm that both the
BSA and the PAH are negatively charged at pH = 7.4. The isoelectric
point (IEP) of BSA and PAH are 4.53 and 5.42, respectively (Fig. 2(A)).
Hydrogen bonds, hydrophobic and alsoπ-π interactions candevelop be-
tween the two materials at physiological pH, unlike electrostatic inter-
actions. Furthermore, the BSA and the BSA/PAH composite were
titrated with drug molecules (Fig. 2(B)) in order to define the amount
of KYNA in the interest of the charge compensation. Based on calcula-
tions it was established that m= 410 andm= 425mg of KYNA is nec-
essary to reach the charge compensation for 1 g of BSA and BSA/PAH,
respectively. During the synthesis we used 1.22- and 1.18- fold excess,
respectively.

DLS results (Fig. 3(A)) clearly confirmed the nanometer size range of
the prepared particles. It was found that the size of the negatively
charged BSA is about d= 3.8 ± 0.3 nm at pH= 7.4. The size of the pro-
tein did not change significantly by adding drug molecules (BSA/KYNA
composite, d = 3.6 ± 0.1 nm). When the polyelectrolytes have bound
to the BSA in the absence of KYNA, the size increased to only d =
20.5 ± 1.2 nm. The binding of KYNA to the BSA/PAH composite facili-
tates the binding of more polyelectrolyte which results in the formation
of the CSNPs. The BSA/KYNA/PAH composites have an average size of
d = 103.4 ± 4.8 nm. The registered TEM image shows that the BSA/
KYNA/PAH CSNPs have spherical structure and the calculated average
diameter (d=110±3.5 nm) is in good agreement with the DLS exper-
iments as well (Fig. 3(B)).

The fluorescence spectra of the initial materials and the composites
are shown in Fig. 4. The BSA has intensive emission peaks at λ =
348 nm using 280 nm excitation. This high value (348 nm) indicates
that the tryptophan residue (Trp-134) is in contact with bound water
molecules (Filenko et al., 2001). As Fig. 4(A) shows, the continuous ad-
dition of KYNA to the protein causes the decrease and also the shift of
the emission peak at λ = 348 nm which corresponds to the changes
of the polarity around the chromophore molecule. This red shift also
Fig. 7. Permeability of KYNA and BSA/KYNA/PAH through the brain endothelium (average
and standard deviation). *P b 0.05 (Student's t-test, n = 3).



Fig. 8. Changes in the amplitudes of somatosensory evoked potentials (SEPs). (A) In the
control group (n = 5) saline was injected (arrow). During the recording there were no
significant change compare to the control period. (B) Effects of the KYNA (300 mg/kg,
n = 5) and of L-KYN (300 mg/kg, n = 5) respectively on the amplitudes of SEPs.
(C) The effects of administration of BSA/PAH (n = 6). In all three cases data are
means ± SEM; P N 0.05.
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indicates that Trpmolecules aremore exposed to the solvent on average
(Klajnert et al., 2003). By adding 10 mM KYNA to the BSA (in this case
the BSA: KYNAmolar ratio is ca. 1:133), the emission peak of BSA totally
disappeared and only the emission peak at 383 nm is observed which
corresponds to the emission of pure KYNA (Fig. 4(B)). Based on thefluo-
rescence results high KYNA excess (1:175) was used for syntheses. The
addition of polyelectrolyte (which does not trigger fluorescence at this
excitation wavelength) to the BSA/KYNA nanocomposite caused the
Fig. 9. Changes in the amplitudes of the SEPs after administration of BSA/KYNA/PAH (n=9).
Data are means ± SEM; *P b 0.05, **P b 0.01, and ***P b 0.001.
decrease in the intensity of the emission peak at 383 nm. This observa-
tion probably confirms the encapsulation of BSA/KYNA product by the
PAH polymer. It was also observed that, in the absence of KYNA the
emission intensity of the BSA is significantly increased by adding PAH
to the protein (Fig. 4(B), curve e) which supports the unfolding of the
BSA chains.

CD is a very sensitive method tomonitor the conformational change
in the protein's secondary structure (Peng et al., 2011). The spectra of
the BSA and the CSNPs both in the presence and in the absence of the
KYNA are shown in Fig. 5. The spectra of the samples show negative
bands located at around 208 nm and 228 nm. For pure BSA solution a
band at 228 nm is a characteristic, the appearance of the other band at
208 nm is not dominant. The addition of PAH or KYNA to the protein
results an intensive reduction and disappearance of this negative band
at 228 nm, respectively. These results indicate the binding of KYNA or
the polyelectrolyte to the BSA. Most probably the BSA undergoes con-
formational change; the amount ofα-helical content is significantly de-
creased. Based on the equation whichwas used for calculation (Mandal
et al., 2010) the BSA contains 53.3% of α-helical units at pH= 7.4. This
value is nearly the same for BSA/KYNA system (51.8%), but the polyelec-
trolyte causes significant perturbation in the structure of BSA/KYNA
composite; it reduces the amount of α-helical content to 15.9%. The
PAH (in itself) did not cause significant decrease in theα-helical content
(BSA/PAH= 29.6%).

In vitro release measurements were carried out over a period of
500 min (Fig. 6, insets). The KYNA is unstable in solution: at 25.0 °C
(A) and 37.5 °C (B) the “pure” KYNA decomposes within 2 h which is
delayed by application of composites. The release rate is 55% after
500min in the case of both BSA/KYNA and the BSA/KYNA/PAH compos-
ites at 25.0 °C. At higher temperature, the decomposition of the KYNA is
faster, significant decrease was observed in the concentration of the
KYNA after 500 min. If we study the first hour it can be seen that the
amount of KYNA dissolving from the CSNPs (23% at 25.0 °C) is signifi-
cantly lower than the amount dissolving from the BSA/KYNA compos-
ites (40% at 25.0 °C). At 37.5 °C the dissolution is faster: for application
of CSNPs 44% of the KYNA is liberated, while in case of BSA/KYNA com-
posite this value is 53% after 60min. Controlled release was achieved by
the application of CSNPs, the dissolution of the KYNA molecules were
permanent and continuous.

Kinetic models (zero-order rate, first-order rate and Higuchi model)
were applied to describe the release mechanism of the KYNA at 25.0 °C
and 37.5 °C (Varga et al., 2015; Shoaib et al., 2010). The correlation
coefficients (R2) and the rate constant (kd) values are summarized in
Table 1. The Higuchi model, which describes the diffusion-controlled
mechanism, fits best for the release of the KYNA at both temperatures.
The first-order rate and theHiguchimodel are specific for theBSA/KYNA
system (R2 N 0.98). It means that the dissolution depends on both the
concentration (first-order) and the diffusion (Higuchi). The zero-order
rate model characterizes the one-layered composites (R2 N 0.98). This
suggests that the drug release rate is independent from the concentra-
tion of the dissolved substance. Therefore, constant drug concentration
can bemaintained by the application of the CSNPs at both temperatures.
Compared to the certain rate constants calculated for BSA/KYNA/PAH
CSNPs and for pure KYNA one order ofmagnitude difference is observed
(Table 1). This leads to the conclusion that the application of polyelec-
trolyte shell delays the dissolution of drug molecules implementing
the controlled drug release process.

We have assessed the permeability of BSA/KYNA/PAH in comparison
to KYNA using an in vitroBBBmodel. KYNA or BSA/KYNA/PAHwas load-
ed into the upper/blood compartment in a final concentration of 20 μM
KYNA and samples were taken from the lower/brain compartment of
the model after 1 h incubation. The permeability coefficient of KYNA
was 3.71 × 10−6 cm/s (±3.64 × 10−7 cm/s), which was comparable
to the permeability of sodium fluorescein (2.96 × 10−6 cm/s ±
8.78 × 10−7 cm/s, not shown)measured parallel with the permeability
of the test substances. The permeability of KYNA from the BSA/KYNA/
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PAH composite, however, was significantly (1.9 times) higher: 6.95 ×
10−6 cm/s (±1.26 × 10−6 cm/s) (Fig. 7). Our results indicate that
KYNA from the BSA/KYNA/PAH composite has a much higher perme-
ability through the BBB than free KYNA. It is well-known that the PAH
is a positively charged polymer; therefore, composites encapsulated in
PAH are good candidates for adsorptive-mediated transport. This process
is triggered by electrostatic interactions between the positively charged
substance and the negatively charged glycocalyx of BBB endothelial cells
(Gabathuler, 2010; Lu, 2012; Abbott, 2013). Functionalization of the sur-
face of NPs with positively charged biomolecules has been reported sev-
eral times (Masserini, 2013).

In the animal experiments, in the control group the amplitudes of
the SEPs did not changed during the registration period (Fig. 8(A)).
The intraperitoneal injection of KYNA and L-KYN also did not cause
significant changes in the amplitudes. (Fig. 8(B)). Inefficacy of KYNA is
understandable: KYNA hardly crosses the blood–brain barrier (BBB).
The explanation for L-KYN might be in the time course of metabolism
(L-KYN → KYNA) and/or the low quantity of newly produced KYNA.
After administration of BSA/PAH, there was an immediately decrease
in the amplitudes for 10–15min. Later on, it turned to slight facilitation.
However, these changes showed no significant difference compare to
the control. (Fig. 8(C)). Experiments in which the animals received
BSA/KYNA/PAH treatment, a marked and long-lasting significant de-
crease in the amplitudes could be observed. Half an hour after the treat-
ment the amplitudes decreased to the 60% of control. This suppressing
effect was kept for 60min and then the amplitudes started slowly to in-
crease and almost resumed the control level (Fig. 9). Some parts of the
neurobiological results are not surprising: since appearance of the ex-
cellent paper of Fukui and his co-workers its known that KYNA hardly
crosses the BBB (Fukui et al., 1991). This may explain that i.p. adminis-
tration of KYNA did not induce any significant changes in the ampli-
tudes of somatosensory evoked responses. Though, L-KYN (pro-drug
of KYNA) is actively transported across the BBB by the large neutral
amino acid carriers (Fukui et al., 1991) and it is enzymatically converted
to KYNA within the CNS, primarily in the astrocytes (Guillemin et al.,
2001), the effectiveness of this conversion probably was not enough
to produce a marked decrease in the amplitudes of SEPs. Though, one
hour after L-KYN administration a slight decrease in the amplitudes
started it proved not to be significant. Interestingly, BSA/PAH adminis-
tration resulted in a transient and slight decrease in the amplitude,
which later on turned into slight facilitation. Unfortunately, at this mo-
ment we don't know the explanation of these slight changes.

However, in those experiments inwhich KYNAwith CSNPswere ad-
ministered a long-lasting significant decrease in the amplitudes of SEPs
was observed. It suggests that KYNA with CSNPs got through the BBB
and was able to diminish the excitatory events in the course of genera-
tion of SEPs, within the CNS.

4. Conclusion

This study highlighted that a one-pot synthesis technique is applica-
ble to the development of CSNPs for encapsulating KYNA. By application
of core-shell structurewewere able to overcome the BBB. The reversible
binding of drugmolecules causes a slight change in the secondary struc-
ture of the BSAwhile a significant perturbationwas observed due to the
effect of the polyelectrolytes. However, the structure changed: the
chains' of the protein unfolded, the BSA/KYNA nanocomposites were
enclosed by PAH which is confirmed the results of the in vitro experi-
ments. According to the zero-order kinetic model the calculated rate
constant clearly confirms that the drug release process can be well-
controlled using CSNPs. The efficient application of CSNPs is supported
by the neurobiological experiments as well. The KYNA and its pro-
drug, the L-KYN did not induce any changes in the amplitudes of
somatosensory evoked responses. In contrast with this observation,
the encapsulated KYNA showed a significant decrease in the evoked sig-
nals, so the KYNA successfully penetrated through the BBB by CSNPs.
After the KYNA got into the CNS it takes effect and diminishes the
SEPs value. The results of the in vitro experiments are in good agreement
with the in vivo electrophysiological data, both methods confirm that
the NPs are able to promote the penetration of KYNA into the brain. Ex-
perimental data indicate that KYNAmay be neuroprotective and it may
be of therapeutic value for several neurological disorders. Nanocarrier
systems are suggested to be promising methods for CNS drug delivery,
and potential candidates for future drug development.
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