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Encapsulation possibilities of two neuroprotective drugs of slightly different structures, kynurenic acid (KYNA)
and its more hydrophilic analogue (SzR72), are studied in bovine serum albumin (BSA) nanoparticles (NPs) to
increase their permeability through the blood-brain barrier (BBB). The effect of various preparation conditions
such as protein concentration, protein-to-drug ratio, pH, ionic strength, type, and amount of desolvation agent
and cross-linker concentration are discussed. It was found that the encapsulation proved to be successful only if
the drugs are added to the pre-prepared BSA NPs. If the pH of the medium is adjusted to 4.0 instead of 7.4 the
drug loading increased (from 4.5 % to 20.7 % for KYNA) due to the electrostatic interaction between the
oppositely charged functional groups accompanied by significant secondary structural changes verified by cir-
cular dichroism spectroscopy (CD) suggesting the drug insertion in the hydrophobic pockets of BSA. The in vitro
polar brain lipid extract (porcine) based permeability test proved the aimed three-, or fourfold higher BBB
specific penetration for KYNA in the carrier relative to the unformatted drug.

1. Introduction

The encapsulation of drugs in colloidal particles for biomedical
purposes is one of the most extensively investigated research area [1,2].
The application of such systems can be advantageous for several reasons,
drug solubility can be increased, loss of drug activity can be eliminated,
regulated release, or at least improved pharmacokinetics can be ach-
ieved thus reducing side effects relative to the conventional unformu-
lated “free” drugs [3]. Several materials can be found in the literature
functioning as drug carrying NPs or drug delivery systems (DDS) like
synthetic and natural polymers (polysaccharides) [4], liposomes, mi-
celles [5], dendrimers [6], etc. One of the most promising drug carriers
are the serum albumins (SAs), due to their presence and abundance in
the blood, they unquestionably manifest the requirements of potential
formulation material [2,3,7]. The molecular structural arrangement of
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albumin involves a diversity of drug binding sites to the incorporation of
water-soluble compounds and its relatively good affinity to encapsulate
hydrophobic compounds, e.g. Ibuprofen, a non-steroidal anti-in-
flammatory drug (NSAID) is counted as stereotypical agents for binding
to Sudlow’s sites [8]. However, to promote drug delivery into the brain,
novel, nanotechnology-based systems may offer future therapeutic op-
tions for several neurological disorders [9]. From the medical treatment
point of view, migraine is considered one of the most disabling neuro-
logical conditions associated with high socio-economic costs. The
application of the neuroprotective kynurenic acid (KYNA)-based ther-
apy could be a solution for effective migraine treatment but due to its
structure can hardly cross BBB, thus cannot be applicable directly for
therapeutic purposes [10]. Hence our study aims to investigates the
KYNA and one of its analogs for increasing therapeutic efficiency. The
formula discussed in our former manuscript [11] resulted in a US patent
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(US10857236B2) encapsulating KYNA in core-shell type BSA NPs using
polyallylamine hydrochloride as the shell material [11]. The application
of protein-based delivery system resulted in a two-fold drug perme-
ability through the BBB. There are few other studies relating to the
encapsulation of KYNA in SAs, but there is not one for desolvated BSA.
Among the preparation methods applied for the SAs, desolvation is a
reproducible and robust method [8]. Depending on the applied drug
molecule, however, the preparation conditions must be modified
accordingly to reach required NP properties such as hydrodynamic
diameter, surface charge and functional groups, etc [12]. In general, the
desolvation method offers several advanced modifications of the albu-
min’s tertiary structure which will lead to nano-sized particles and more
hydrophobic sites providing an ideal approach for the production of
protein-based NPs with controlled properties [13]. If the amount of
encapsulated drug molecule per carrier is high, the drug potency is
higher deliver therapeutically relevant amounts of that certain drug thus
we aim to investigate the effect of various preparation conditions on the
properties of the forming BSA NPs by also determining the drug-loading
(DL %), encapsulation efficiency (EE %), release and BBB-specific
permeability for drugs of neuroprotective activity, along with changes
in the protein structure caused by the encapsulation.

2. Materials and methods
2.1. Materials

Kynurenic acid (> 98 %), sodium dihydrogen phosphate mono-
hydrate (NaHoPO4 xH30, > 99 %), disodium-hydrogen phosphate
(NagHPO4, > 99 %), potassium dihydrogen phosphate dihydrate
(KH2PO4 x 2 H30, > 99 %), glutaraldehyde solution (GA, > 98.0 %) and
BSA (lyophilized powder, > 98.0 %), brain polar lipid extract and
cholesterol were all purchased from Sigma-Aldrich (Budapest,
Hungary), with analytical purity and were used as received. Sodium
chloride (NaCl, > 98 %), sodium acetate (CH3COOH, > 98 %), acetic
acid (CH3COOH, > 99 %) was acquired from Molar Ltd (Budapest,
Hungary). The KYNA analogue, SzR72 was provided by the Institute of
Pharmaceutical Chemistry of the University of Szeged (Scheme S1) [14].
The solvents like methanol, ethanol, acetone and acetonitrile were used
without further purification. Ultrapure water was produced by deion-
ization and filtration with a Millipore purification apparatus (18.2
MQ-cm at 25 °C).

2.2. Methods

2.2.1. Preparation of BSA, BSA/KYNA and BSA/SzR72 NPs

As Scheme S2 shows, the BSA NPs were prepared by dissolving 2 mL
of 10-100 mg/mL BSA solution then addition (1 mL/min) of the of
desolvating agent, e.g. 5 mL of ethanol, acetone, acetonitrile or meth-
anol under constant stirring (500 rpm) till the solution became turbid.
After 30 min, 0-30 uL of 8 % of GA solution was added to induce particle
cross-linking and stirred for at least 18 h at room temperature. Then the
NPs were purified by repeated centrifugation (30 min at 14 000 rpm)
and washing steps to remove non-desolvated BSA, GA and organic sol-
vents. After the supernatant was removed, the NPs were redispersed in 2
mL of MQ water and centrifugated again. The final material was redis-
persed in 3 mL buffer solution, either in phosphate buffer saline solution
(PBS) at pH = 7.4 or in acetate buffer solution at pH = 4.0. Different
amounts of molecules (ngrug , Npsa = 0-35) was added to the purified
BSA NPs at both pH then the mixture was stirred for hours. The samples
were purified through the same way as the drug-free NPs and were
freeze-dried using Christ Alpha 1-2 LD plus.

2.3. Instrumental

2.3.1. Light scattering
The average particle size (dave), polydispersity index (PDI) and
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C-potential of the NPs were determined by Horiba SZ-100 Nanoparticle
Analyzer (Retsch Technology GmbH, Germany) The {-potential mea-
surements were performed in a carbon-electrode type cell. Dispersed
samples were diluted in the appropriate aqueous buffer solution and the
measurements were performed at a scattering angle of 90° at 25 °C +
0.2 °C. The average diameters and standard deviations (SD) of five
measurements are calculated.

2.3.2. Microscopy

The transmission electron microscopy (TEM) images were registered
by using a Jeol JEM-1400plus equipment (Japan) at 120 keV acceler-
ating voltage and were analyzed by ImageJ software to study the particle
size, the shape and the morphological behaviours of the prepared BSA
NPs and drug-loaded BSA NPs. Dissolved NPs were diluted 10 times with
MQ water one drop from the solutions were dropped on a Formvar-foil
covered copper grid and samples were left for complete drying. Then,
dried NPs on the grids were used for TEM analysis.

2.3.3. Spectroscopy

The infrared spectra (IR) of the freeze-dried samples were recorded
by Jasco FT/IR-4700 equipment in an attenuated total reflectance (ATR)
mode. The spectra were registered at room temperature by accumu-
lating 128 interferogram at 1 cm ! resolution.

Circular Dichroism (CD) spectra of both dispersed samples and
powder samples were measured by using Jasco J-1100 CD spectrometer
(ABL & JASCO, Hungary) at 25 + 0.5 °C using 1 cm optical path length
quartz cuvette with a was a water-cooled, high-energy xenon lamp (450
W) light source. All the spectra were registered in the middle UV-region
(200—300 nm) at 100 nm/min scanning speed under Nj flow (3 L/min)
and the final spectra represents the mean of 3 scans. The curves were
corrected with the background spectrum (buffer or drug-containing
buffer solution) using the Spectra Manager™ software.

2.3.4. Determination of encapsulation properties

The amount of encapsulated drug in the NPs was determined indi-
rectly from the UV-spectra, as follows. Supernatants were collected and
used to calculate the percentage of the non-encapsulated drug by
measuring the absorbance of the MQ diluted solution at 332 nm and 338
nm for KYNA and SzR72 respectively, using a UV-1800 (Shimadzu)
double beam spectrophotometer. The absorbance value was using a
standard calibration curve prepared with known concentrations of
KYNA/SzR72 in MQ water and also in buffer. The encapsulation effi-
ciency (EE %) and the drug loading percentage (DL %) was calculated
using equations presented previously in our article [15].

2.3.5. In vitro drug release and permeability studies

The in vitro release of the molecules from the lyophilized drug-
loaded NPs was carried out by detecting the characteristic absorbance
band of drug at certain wavelength, e.g. 332 nm for KYNA transferred
through a cellulose semi-permeable membrane having M,, Cut-Off
(MWCOs) of 14,000 (Sigma-Aldrich). The release experiments were
carried out in PBS (37.5 °C) at pH = 7.4 under continuous stirring both
with the drug itself without the BSA carrier [16]. The obtained amount
expressed in release percentage was plotted against time. Several
mathematical models were used to evaluate the release kinetics and
mechanism based on our previously published routine [15]. Parallel
artificial membrane permeability assay (PAMPA) was used to determine
the effective BBB permeability of BSA-based formulas in comparison to
initial KYNA reference solution. The detailed description of the PAMPA
measurements was summarized in Supplementary.
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3. Results and discussion
3.1. Preparation of pure BSA NPs

3.1.1. Effect of desolvating agent on NPs formation

The effect of amount and type of desolvating agents such as meth-
anol, ethanol, acetone was investigated on the properties of forming
NPs, like size distribution and relative yield. The BSA solution of 30 mg/
mL turned turbid upon the addition of 1:6 (V/V) of methanol, 1:2.5 (V/
V) of ethanol, acetone and acetonitrile. The turbidity for the methanol-
containing system is significantly less even observing by naked eye
(Fig. 1) indicating the difference in the amount of forming NPs. To
characterize the above-mentioned particle — to initial protein concen-
tration (turbidity relation) the yield for the NP formation was deter-
mined by determining the solid content in the dispersion. Addition of the
desolvating agent to an aqueous solution of BSA produced considerable
amount of BSA NPs with 25.5 + 3.5 %, 23.6 + 1.6 %, 21 + 1.1 %, and 1
+ 0.2 % yields of NPs, respectively (Fig. 1B). These results indicate that
alcohols with short carbon chains have poor desolvation ability for BSA.
On the other hand, the hydrodynamic sizes, PDI and {-potential of BSA
NPs using different desolvating agents were measured. Their average
sizes varied between ~100 and 170 nm, whilst the {-potentials of the
produced NPs were found to be between — 55 and — 39 mV. The
exception was only observed in the case of methanol since a lower net
negative potential of —25 mV was obtained. If one compares the TEM
images of different desolvating agent-containing samples, the methanol-
containing is strikingly different (Fig. S1). Besides the type of des-
olvating agent, the amount necessary to achieve best yield and mono-
dispersity was also examined in this study. The step-by-step addition of
EtOH was followed by determining NTU values of the dispersion by
turbidimeter, thus determining the minimum to optimal amount of re-
agent for particle formation. The addition of desolvating agent on
turbidity shows a S-shape curve as it can be seen in Fig. 1A. It was
observed that Vgion/Vwater = 2.5 is sufficient for the optimum prepa-
ration of BSA NPs. NPs can form below, just with less yield. Moreover, it
has also an effect on the separation ability during the purification pro-
cess. Purification was not available up to addition of 1.5-fold volume of
EtOH is reached because the low amount was not sufficient to induce NP
formation. Above 2-fold volume, it became more and more turbid at
ratio of 2.5 indicating higher yield. But continuing the addition of
ethanol decrease the turbidity of the solution without affecting the size
of NPs.
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3.1.2. Effect of protein concentration

There is a contradiction in the literature about the effect of BSA
concentration on the particles size by the existence of several parameters
that can affect nanoparticle size for each study. First, we aimed to study
the effect of initial protein concentration on properties of forming NPs,
to determine the suitable concentration range of BSA for preparation of
NPs with high stability and favourable sizes (namely the average
diameter, polydispersity and {-potential with appropriate SD values).
The results can be seen in Fig. 2. and Table 1. The average diameter
gradually increases from 97.90 nm to 168.47 nm as the cgga changes
from 10 mg/mL to 100 mg/mL (Fig. 2A), respectively. The PDI de-
creases accordingly, while dosen’t show significant change over 30 mg/
mL BSA content. The concentration of BSA influences the particle pro-
duction process by the rate of nucleation and aggregation explained by
the nucleation theory. As the frequency of albumin transport between
the ethanol and water is lowered the nucleation rate decreases resulting
in particles with larger size. Oppositely, high protein concentration
leads to higher extent of supersaturation. Therefore, smaller nuclei are
produced but the high degree of supersaturation accelerates the aggre-
gation and NPs with larger day are produced as the possibility of particle
collision is higher. The TEM images indicate NPs of spherical
morphology with similar average particle diameter (120 nm for sample
60 mg/mL, Fig. 2B). The BSA concentrations higher than this value did
not produce particles smaller than 160 nm. The {-potential values of the
produced NPs refer to colloidally stable dispersion in the range of — 34.1
to — 40.5 mV. The negative value is due to the terminal groups of BSA of
negative charges are positioned on the surfaces of the NPs.

3.1.3. Effect of cross-linker amount

GA can stabilize and bind many BSA molecules in the particle matrix
through the amino moieties in lysine residues. The degree of cross-
linking and therefore the degree of free amino groups are important
factors through their impact on the biodegradability of the particles.
Additionally, free amino groups can be used to link drugs or other active
ingredients to the NP surface. Some studies found that at least 0.2 pL (8
% GA)/mg BSA is needed for stabilization and obtaining favourable
sizes, but other studies use higher amount. Excess of GA led to the re-
dissolvation of 30 % of HSA NPs upon dilution with water, thus the
particles were not sufficiently stabilized by cross-linking [17]. In our
case the BSA particles was treated with different amounts 0-30 pL of 8 %
GA (from 0.0 uL (8 % GA)/mg BSA to 1.0 uL (8 % GA)/mg BSA) to
determine the effect of different volumes of GA on the size of NPs
(Fig. 2C). We obtained that the concentration of GA had little effect on
PDI or particle size (d ~ 120 nm) above a minimum value of about 10 pL
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Fig. 1. Turbidity of BSA solution in relation to the ethanol addition (A) and yield (%) of BSA NPs using different desolvating agents (B). The appropriate photos taken

of the dispersions can be seen.
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Fig. 2. Particle size distribution of the NPs produced from BSA solutions of different initial protein concentration determined from DLS (A), and TEM image with the
size distribution of sample using cgsa = 60 mg/mL (B). Change of the particle size and the PDI as a function of the used GA cross-linker (cgsa = 30 mg/mL) (C).

Table 1

Characteristics of BSA NPs prepared at different initial BSA concentration:
average hydrodynamic diameter (DLS), polydispersity index (PDI) and ¢ -po-
tential with the appropriate SD values.

CpsA dave PDI {-potential

mg/mL (nm) (mV)
10 98 + 26 0.134 + 0.002 -34.1 + 0.115
20 109 + 27 0.124 + 0.001 -34.3 + 0.300
30 119 + 33 0.110 + 0.001 -40.5 + 0.058
60 134 + 32 0.112 + 0.004 -40.3 + 0.252
100 168 + 34 0.112 + 0.002 -34.1 + 0.058

(0.33 uL. GA/ mg BSA).

3.2. Drug encapsulation and structural changes

3.2.1. Encapsulation of KYNA

Although water solubility of KYNA is low (50 mg/mL in 1 M NaOH
solution) but dispersion of BSA NPs in phosphate buffer (at pH = 7.40),
enhanced its solubility. At 35:1 (KYNA: BSA) molar ratio (the theoretical
amount of added drug to the actual amount of BSA NPs, as determined in
3.1.1.), samples started to aggregate. This slight increase in particle size
indicates the successful encapsulation of KYNA (Fig. 3A). The particle
size measurements from TEM analysis were comparable with those of
DLS, indicating that the particle diameters varied between 100 & 30 nm
to 132 + 40 when the experiments were carried out at pH = 7.40. At
lower pH slightly larger NPs are formed, the PDI of KYNA-loaded BSA
NPs indicates a monodisperse system, with values ranging from 0.13 to
0.33. The amount of encapsulated KYNA was indirectly determined
spectrophotometrically from the supernatant, using a calibration curve.
The DL % and EE % of KYNA into BSA NPs at pH = 7.40 (Fig. 3B) and pH
= 4.00 (Fig. 3C) are also shown in Fig. 3. At low ngynya:ngsa molar ratio
the EE % as well as the DL is low. Increase in the ngyna:ngsa molar ratio
both show higher values, but reach maximum at a given point (pH =
7.40, ngyna:npsa 25:1, EE % = 14.0 %, DL % = 4.53 %. (pH = 4.00,
nNgyna:Ngesa 25:1, EE % = 72.4 %, DL % = 20.8 %). It was obtained that at
acidic conditions measurable higher (approx. 4-fold) amount of KYNA
can be encapsulated which confirm the slightly higher size of NPs at pH
= 4.0. Above 100:1 ngyna:ngsa molar ratio, the EE % starts to decrease
but the DL % was almost the same indicating that the carrier can’t load
more of the drug. The observed low EE % may be attributed to the low

affinity of BSA to KYNA as a hydrophobic molecule. For this reason, the
next drug we chose to encapsulate was the hydrophilic kynurenate
analogue SzR72.

3.2.2. Encapsulation of Sz2R72 molecule

In case of SZR72, NPs with mean diameter of 121-145 nm were
produced. The PDI of SzR72-loaded BSA NPs revealed a relatively
monodisperse system, with PDI values ranging from 0.12 to 0.30. The
highest PDI value and the largest particle average size was observed at
35:1 ngzr72:npsa molar ratio where we achieved the highest EE % (23 %,
Fig. 3D). The {-potential of the SzZR72-loaded samples did not differ so
much from that of the free BSA NPs, it was — 38.21 mV at the highest EE
%. This slight decrease in negativity clarified that the presence of SzZR72
resulted in having BSA NPs with a bit more cationic surface charge. The
EE % increases as the ng,r72:npsa increases. Above 137:1 molar ratio
where the EE % is the highest (23 %) the carrier can’t load more of the
kynurenic acid analogue (with 14.7 wt. % drug contain). As expected,
the observed EE % of SzR72 into BSA was higher than that of KYNA
partly due to the higher affinity of BSA to SzR72 as a hydrophilic
molecule and also because of the higher number of nitrogen atoms in
SzR72 with the possibility to form more hydrogen bond [18]. The
determined EE % and DL % at physiological condition pH = 7.4, resulted
in negatively charged albumin surface. Isoelectric point (IEP) of BSA is
4.5-5.0; albumin exists in a relatively neutral, zwitterion form. The
amount of encapsulated drug can be enhanced by ensuring attraction
between the drug and the carrier [19]. For KYNA drug, pH = 4.0 was
chosen to enable the encapsulation of increased amount to ensure
oppositely charged functional groups of the two components, as the pK,
of KYNA is ~ 4.5 (Fig. 3D).

3.2.3. Structural characterization by FT-IR and CD spectroscopy

To gain information how the encapsulated drug effects the structure
of the protein, FT-IR spectrum analysis was carried out. It was possible to
observe the major bands of pure BSA at 1640 em™! (amide I, C=0
stretching), 1514 cm~! (amide 11, related to C-N stretching and N-H
bending vibrations) and 1394 em™! (CHgz bending groups). The most
intense bands are associated with the secondary structure and confor-
mation of proteins [20]. The spectra of KYNA-BSA NPs and (SZR72)-
BSA NPs exhibited these characteristic bands of the protein as well as the
characteristic vibrations of C-N, C-O(H) and CH bends which are related
to the structure of KYNA and SZR72 (Fig. S2). A small shift of the ab-
sorption bands was observed when compared to pure BSA with BSA NPs
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Fig. 3. Average hydrodynamic diameter of drug-loaded NPs in relation to the ngrg:ngsa ratio at different pH (A). Encapsulation efficiency (EE %) and drug loading
(DL %) percentage of BSA/KYNA NPs (pH = 7.4) (B), BSA/KYNA NPs (pH = 4.0) (C), and BSA/SzR72 NPs (pH = 7.4) (D).

and drug loaded BSA NPs. The related changes in the amide I and II
bands confirm the formation of albumin NPs and drug loaded NPs. Be-
sides FT-IR CD spectroscopy is also suitable to follow the structural
changes of proteins. The distinctive feature for o-helical structure
attributed to the n-n * and n-n * transitions of the peptide bond carbonyl
group two strong negative absorption bands close to 208 and 222 nm
[21]. The registered CD spectra at different pH (Fig. 4) indicate that the
change of the pH somewhat alters the structure of serum protein; ~ 10 %
difference can be detected for pure BSA and for BSA NPs. On the other
hand, we can obtain that the desolvation method does not distort
significantly the BSA structure, in the proportion of the secondary

structural elements. The conformation of the protein as an effect of
KYNA and SZR72 addition provides information about the possibility of
BSA-KYNA/SZR72 interaction. The proportions of the secondary struc-
tural elements for both systems at pH = 7.4 and pH = 4.0 were evalu-
ated using Reed model [22]. Addition of the drug molecules to the BSA
NPs causes the decrease of a-helix content. Namely, the model estimates
the o-helix content of the drug-free BSA NPs to 28.7 % which is in good
agreement with the values determined with different methods elsewhere
[23]. After the addition of KYNA and SZR72, the value is decreased to
25.0 % and 19.3 % for the benefit of $-sheet and random conformation
contents, respectively (Table 2). The most dominant shift is detected for

——BSA solution ——BSA solution
(A) 10 BSA NP B) 10 ~ BSA NP
~ :
T BSA/KYNA NP = | e BSA/KYNA NP
=}
g 5 — —BSA/SZR72 NP g 5 — —BSA/SZR72 NP
= :F h
g 0 g 0 '\. -
g g
Lo} - - Do _5 4
P =
X X
=-10 A Z-10 1
-15 4 -15 4
pH =7.40 pH =4.00
-20 T T , -20 —— — T
200 220 240 260 200 220 240 260
Wavelength (nm) Wavelength (nm)

Fig. 4. CD spectra of the BSA solution, the drug-free BSA NPs and drug-containing dispersions and at pH = 7.4 (A) and pH = 4.0 (B). (cgsa = 30 pg/mL, T = 25 °C).
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Table 2

Colloids and Surfaces B: Biointerfaces 220 (2022) 112935

Percentage of the secondary structural elements of BSA solution, the drug-free dispersions and the drug-containing determined by Reed model-fitted results and

calculations from the CD spectra at different pH.

secondary structural elements solution dispersions
BSA BSA BSA/KYNA BSA/SZR72
pH7.4 pH4.0 pH7.4 pH4.0 pH7.4 pH4.0 pH7.4 pH4.0
Reed model-fitted a-Helix (%) 39.1 28.7 30.1 25.0 12.2 19.3 20.6
41.6
B-sheet (%) 44.2 46.7 45.4 48.9 50.5 51.1 49.3
39.0
Turn (%) 0.0 0.9 0.0 0.0 2.2 0.9 0.5
0.0
Random (%) 16.7 23.7 24.5 26.1 35.1 28.8 29.6
19.4
RMS* 7.26 7.59 6.89 8.41 9.42 8.78 7.97
6.40
calculated a-Helix (%) 42.7 46.3 32.2 34.8 29.1 16.7 23.1 25.2

*RMS = Root Mean Square.

pH = 4.0 for BSA/KYNA system (a-helix from 30.1 % to 12.2 %), which
is in good agreement with our experience that at acidic pH the BSA NPs
encapsulate more KYNA. The values of a-helix contents are also verified
by the calculated amounts presented in Table 2. The calculated values
(equations of Eq. 1 and Eq. 2 from Ref [21]) are consistent with those
calculated from fitting the spectra with the Reed model in both pH
suggesting the presence of drugs in the protein structure [24].

3.2.4. Drug release

In vitro drug release studies of the unformatted drugs and drugs
loaded into BSA particles were carried out by using semipermeable
membrane where the drugs were detected spectrophotometrically. The
encapsulated drug in the inner core of the BSA NPs diffuses slowly from
the carrier to the release medium compared to diffusion of the free
molecules without carrier. For KYNA-loaded BSA (Fig. S3A), an initial
burst of KYNA release within the first 100 min, during which up to 40.0
% of the loaded drug is released from BSA NPs. The total release of KYNA
was found to be 45 % in the examined time, while nearly 100 % of the
free molecules pass through the membrane. In case of SzR-72-loaded
BSA (Fig. S3B), 40 % of loaded drug is released from NPs after
120 min. The total release was found to be almost 47 % in the examined
time interval, while only ~ 71 % can be detected for pure SZR-72. These
observations are in agree with many studies in which BSA NPs has been
applied as nanocarrier [3,11]. The dissolution curves were fitted by
different kinetic models to provide information on drug release mech-
anism. To define that what is the best mathematical model of each
release data series, the nonlinear chi-square (Xz) error analysis method
was used [25]. Nonlinear chi-square test is a necessary statistical tool for
the nonlinear regression, obtained by determining the sum squares
differences between the experimental and the calculated data, with each
squared difference divided by its comparable value (calculated from the
models). When the data from model are nearly same as the experimental
data, 2 will be a small number and if they are strongly different, ¥ will
be a bigger value. Based on an earlier presented study [26] six different
and well-known release equation was tested to describe the change of
experimental data as a function of time. The release data were fitted by
rate equations with an analytical solution (First- and Second Order Rate
equations), empirical formulas (Weibull and Korsmeyer-Peppas) and
Higuchi equation what was developed to describe the drug release as a
diffusion process based on Fick’s law. The calculated values of 3 for the
dissolution of free drugs as well as the drugs encapsulated into BSA NPs
are summarized in Fig. S4. Based on the ¥ error analysis method we
found that, in the case of KYNA the Weibull equation while in the case of
SZR72 the Second Order rate equation was able to describe the experi-
mental results most accurately. As can be seen on the Fig. S4. in the case
of both drugs, the encapsulation significantly changed the way of
dissolution. In the case of protein-encapsulated KYNA, second-order

kinetics is the most adequate, while for SZR72, Weibull empirical cor-
relation can correctly describe the release process. These data clearly
confirm that the combination of BSA and KYNA or SZR72 can strongly
prolong drug release at pH = 7.4 (in PBS) while the KYNA/BSA com-
posite can moderate the rate of the dissolution in a gentler way.

3.2.5. Blood-brain barrier permeability study

The results about BBB-PAMPA permeability test of KYNA-containing
formulations prepared them at pH = 7.40 and at pH = 4.0 are shown in
Fig. 5. The permeability studies have been performed only for the KYNA-
containing composite, because, as shown in Fig. 3, higher DL % can be
achieved with this drug at pH = 4.0. Both NP formulation showed
elevated Flux (Fig. 5), BBB-specific permeability (Pe) and membrane
retention (MR) referred to pure KYNA (Table 3). Based on the Pe/MR
data summarized in Table 3, it can be assumed that the three- to four-
fold increase in permeability of KYNA in the case of BSA formulations
can be attributed to increased membrane retention. That is, the BSA-
based NP greatly facilitated the interaction between KYNA and the
BBB-specific lipid, which is a mechanistically critical step for drug
permeability. In accordance with this finding, the BBB-specific flux
values of KYNA (Fig. 5.) also showed significantly higher values for the
two BSA-based formulations compared to the unformulated KYNA
(BSA/KYNA (pH = 7.4) vs. KYNA * ** | p < 0.001; BSA/KYNA (pH =
4.0) vs. KYNA * ** | p < 0.001). The increased flux of BSA NPs can be
explained by as a result of two effects. In addition to the permeability,
the equilibrium solubility of KYNA in the NP formulations also increased
significantly compared to the pure KYNA due to solubilizing effect of
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Fig. 5. Flux values of BBB-PAMPA permeability study of BSA/KYNA NPs
compared to initial KYNA calculated by Eq.S3. Statistical analysis: t-test. * *
p < 0.01, * ** p < 0.001 compared to initial KYNA control or formula.
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Table 3
Blood-brain barrier (BBB) PAMPA permeability (P.) and membrane retention
(MR) values.

Pe (x10~7 cm x s71) MR (%)

Mean SD Mean SD
KYNA 4.0 0.35 -0.3 0.8
KYNA/BSA (pH = 7.40) 16.3 0.37 16.1 0.7
KYNA/BSA (pH = 4.00) 12.8 0.16 14.0 1.2

BSA. Comparing the flux of BSA/KYNA NPs prepared at pH = 7.4 to the
NPs at pH = 4, significant difference was observed (pH = 7.4 vs. pH =
4.0 **, p < 0.01), which can be explained by the increased solubilizing
effect of the BSA nanoparticle system as the chosen pH for the prepa-
ration due to the possibility of electrostatic attraction between the
oppositely charges species, ensures higher drug content and stronger
interaction in the formula.

4. Conclusions

Synthesis parameters affecting the potential biomedical application
of neuroactive KYNA-, and SzR72-containing desolvated BSA NPs were
studied in this work. The optimal initial concentration of the protein is
determined to be 30 mg/mL with ethanol as the desolvating agent. The
Vethanol: Vwater Volume ratio should be kept above 2.5 to achieve stable
NPs confirmed from turbidity detection. Under these conditions, the
nucleus formation speed determines the average particle size of the NPs,
thus monodisperse, stable BSA NPs formed, with an average hydrody-
namic diameter of 118 + 32 nm that can be taken up by entrances of
endothelial cells. For successful encapsulation, contrary to other drugs,
both KYNA and SzR72 should be added to the pre-produced BSA NPs.
The maximum achieved DL % for KYNA and SzR72 was 20.5 % and 14.7
%, respectively at pH = 7.4. To further increase the efficiency, pH = 4
was chosen, hereby significantly higher EE %, namely 76 %, was ach-
ieved for the KYNA molecule moreover, by the careful adjusting of
synthesis parameters, more monodisperse system can be formed with
less distorted protein structure. If we compare our results with our
previous one presented in the patent, we can state that the desolvated
BSA NPs achieved higher three-, or four-fold BBB permeability relative
to the unformulated drug, facilitating both KYNA retention and flux by
increasing its solubility.
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