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Kynurenic acid (KYNA) may have important therapeutic effects in neurological disorders; however, its use as a neuroprotective
agent is restricted due to its very limited ability to cross the blood brain barrier (BBB). For this reason, we are looking for new
alternatives for KYNA to reach the brain; one of them is using drug delivery systems. To obtain KYNA release reservoirs, KYNA
molecules were hosted in two different silica materials. The different KYNA-silica materials were characterized by means of several
physical techniques. The spectroscopic studies showed that KYNAmolecules remained unchanged once hosted in silica materials.
The surface area values of KYNA-silica samples were substantially lower than those for pure silica materials due to the addition of
the drug.The electronic micrographs showed that the sol-gel KYNA-silica material consisted of aggregates of nanoparticles around
50 nm in size. On the other hand, the typical SBA-15 hexagonal arrangement was observed, even when hosting KYNA molecules.
KYNA release profiles, carried out during approximately 300 hours, showed a first stage of fast drug release followed by a slow
release phase. The experimental values fitted to the Peppas equation indicate that the release mechanism was controlled by Fickian
diffusion.

1. Introduction

The kynurenine pathway is the main route of tryptophan
catabolism (Figure 1) and it has been associated with several
neurodegenerative diseases due to the neuroactive and redox
properties of its metabolites. Kynurenine pathway metabo-
lites canmodulate different processes such as neurotransmis-
sion, inflammation, and immunological responses, and they
can also control the redox and chemical environment. One
of the most studied metabolites of the kynurenine pathway
is kynurenic acid (KYNA), which is so far the only known
endogenous NMDA receptor antagonist. L-kynurenine, a
precursor of KYNA, has shown to be neuroprotective in

models of neurotoxicity. However, KYNA specific effects are
difficult to follow since it crosses the blood brain barrier
with great difficulty.Therefore, only a small percentage of the
drug reaches its target site and the rest can be responsible
for some side effects. In addition, the treatment of several
brain diseases becomes difficult due to the fact thatmanyneu-
rotherapeutic and neuroimaging contrast agents are unable
to reach therapeutic levels in the brain [1]. Different methods
have been developed to deliver drugs across the BBB (blood
brain barrier) to treat brain diseases [2].

To address the problem of BBB penetration, the use of
nanocarriers for drug encapsulation and delivery represents
an alternative. Nanomaterials-based drug delivery systems
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Figure 1: Mechanisms and neurodegenerative diseases related to KYNA.

offer many advantages such as allowing the drugs to be deliv-
ered in a site-specific way [3, 4], reducing the amount of drug
and the number of administrations, protecting drugs against
chemical and enzymatic degradation during their passage
through the digestive tract, controlling drug release by mod-
ifying drug pharmacokinetics through physical or chemical
interactions between drugs and carriers, and improving pa-
tients’ compliance and comfort, [5, 6] as well as the possibility
of using different routes of administration (implantation, in-
halation, oral, and parenteral [7–10]).

Our research group has proposed using inorganic reser-
voirs composed of TiO

2
and/or SiO

2
as carriers for neuro-

logical drugs such as valproic acid, phenytoin, dopamine,
Copaxone, and Interferone [11–14].We have previously devel-
oped an implantable device, which releases the drug into a
specific site in the brain (e.g., temporal lobe and striatum).We
have already implanted that device in the temporal lobe of
epileptic rats and in the striatum of parkinsonian rats. In both
cases, we found not only a prolonged release of the neurolog-
ical drug but also a high biocompatibility between the nano-
materials and rat brain tissue [13, 15]. Silica, in its different
shapes and sizes, is considered as a very promising material
for hosting a variety of molecules including drugs, proteins,
and other biomolecules, due to its physical properties such as
large pores, high surface areas, bioresorbability, and biocom-
patibility [16–20].

Considering that KYNA has a wide range of potential
applications in brain diseases [21–25] but it poorly penetrates
the BBB [26], a mechanism to ensure an appropriate KYNA
concentrationwithin the brain in a controlled releasemanner
is needed. In the present work, we are reporting the encap-
sulation of KYNA molecules in two different silica materials

(SBA-15 and silica prepared by the sol-gel route) with the
purpose of releasing KYNA both under in vitro and in vivo
conditions.

2. Materials and Methods

2.1. Silica-Based Materials Preparation. KYNA molecules
were hosted in silica-based carriers using two different meth-
ods: (1) SBA-15 was impregnated with a KYNA solution and
(2) KYNA molecules were added during the preparation of
silica using the sol-gel method. Pure SiO

2
prepared by the

sol-gel method and SBA-15 without the drug were taken as
references. 1 : 16 and 1 : 8 molar ratios of alkoxide : water and
alkoxide : ethanol, respectively, were used.

Chemicals. Ethanol (ALPIMEX, 98∘), tetraethoxysilane [TE-
OS] (SIGMA-ALDRICH, 98%), kynurenic acid (SIGMA,
98%), and ammonium hydroxide (J. T. BAKER, 28–30%).

Sol-Gel SiO2 (Named SiO2). 70mLof ethanol and 47mLof de-
ionized water were mixed and stirred for thirty minutes.
Then, 37mLof TEOSwas added dropwise to themixture over
a period of four hours. Next, the final mixture was stirred at
30∘C until the formation of the gel which was dried at 30∘C.

Sol-Gel SiO2-KYNA (Named SiO2-KYNA). 400mg of KYNA
was dissolved and stirred in 47mL of deionized water. Next,
five drops of 1mMammoniumhydroxidewere added to com-
plete the dissolution of KYNA. After, 70mL of ethanol was
added and 37mL of TEOS was added dropwise during
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Figure 2: (a) Chemical structure of kynurenic acid and its functional groups: carboxyl (1), hydroxyl (3), amine (2), and C=C double bonds
of aromatic rings (4). (b) Schematic of the interactions between silica surface and KYNAmolecules. Dotted lines represent hydrogen bonds.

four hours. The final mixture was stirred at 30∘C until the
formation of the gel, which was dried at 30∘C.

SBA-15. We utilized the same previously reported method of
preparation [11, 14]. Our purpose was to compare the two
methods used to host KYNA and their influence on the
KYNA release profiles.

SBA-15-KYNA. 200mg of KYNA was dissolved in 25mL of
deionized water and basified by applying three drops of a
1mM ammonium hydroxide solution. Next, 5 g of SBA-15
was added to the KYNA solution.The SBA-15-KYNAmixture
was stirred during 24 hours. Finally, the excess of water was
evaporated.

2.2. Characterization

Fourier Transform Infrared Spectroscopy (FTIR). Each sample
was mixed with potassium bromide to obtain a translucent
wafer which was placed in an IRAffinity-1 Shimadzu spec-
trophotometer and measured in the medium infrared region
(4000–400 cm−1).

Ultraviolet-Visible Spectroscopy Studies (UV-VIS). KYNA was
dissolved in a 1mM sodium hydroxide solution and analyzed
by UV-VIS spectroscopy in an S-3100 SCINCO spectrometer
from 800 to 200 nm. Similarly, the samples of KYNA-
containing silica were suspended in the alkaline solution
before being analyzed.

N2 Adsorption-Desorption. The textural values from the N
2

adsorption-desorption isotherm were obtained by using Bel-
sorptII-BEL equipment.The surface area was calculated from
the BET equation and the pore distribution and volumeswere

obtained from the BJH method. The samples were vacuum-
treated at 30∘C for 24 h prior to theN

2
adsorption-desorption

measurement.

Transmission Electronic Microscopy (TEM). The micrographs
of the materials were obtained using a JEOL JEM-2100F elec-
tron microscope with a 200 kV accelerated electron beam.
The sampleswere placed over a cooper gridwith holey carbon
support film. Bright field technique was used.

2.3. “In Vitro” KYNA Release Test. SiO
2
-KYNA powder was

compressed to form a tablet of approximately 3mg, which
was placed in a quartz cell containing 4mL of deionized wa-
ter. KYNA release was monitored by ultraviolet spectroscopy
through the increment of absorbance intensity at 334 nm.
UV spectra were taken at predetermined times in an S-3100
SCINCO spectrometer. A standard curve of known KYNA
concentrations versus absorbance was used to determine the
amount of KYNA released.

3. Results and Discussion

3.1. FTIR Spectroscopy. SiO
2
and SiO

2
-KYNA samples were

characterized by infrared spectroscopy. KYNA structure (IU-
PAC name: 4-oxo-1H-quinoline-2-carboxylic acid) is shown
in Figure 2(a); it contains the following functional groups:
carboxyl, amine, hydroxyl, and a benzyl ring (numbers 1 to 4,
resp., in Figure 2(a)), which are detectable by infrared spec-
troscopy. Figure 3 shows the FTIR spectra of KYNA, SiO

2
,

and SiO
2
-KYNA in the region of 4000–2500 cm−1. The first

spectrum corresponds to KYNA. The signal at 3474 cm−1
was derived from the stretching vibrations of –O–H bonds
in the carboxyl group (number 1 in Figure 2(a)). This signal
overlaps with the band of the OH bonded to the quinoline
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Figure 3: Infrared spectra of KYNA, SiO
2
, and SiO

2
-KYNA samples

in the low energy interval (4000–2500 cm−1).

ring (number 3 in Figure 2(a)), centered at 3432 cm−1. The
small signal at 3193 cm−1 is associated with the C–H bonds of
the quinoline ring. The signal seen at 3076 cm−1 is attributed
to the C–H bonds of the quinoline ring, while the band
at 2971 cm−1 corresponds to stretch vibrations of the C=H
bonds of benzyl and quinoline rings. Finally, the signal at
2718 cm−1 corresponds to the double bond N=C in the quin-
oline ring (number 5 in Figure 2(a)).

The second spectrum corresponds to the SiO
2
material,

which has only two important signals: (a) a wide band cen-
tered at 3455 cm−1 that is commonly attributed to the O–H
bonds from the surface silanol groups (≡Si–OH) and OHs
from water molecules adsorbed on the silica surface [27] and
(b) a band located at 2968 cm−1, within the C–H stretching
vibrations region which suggests the presence of residual
organic matter from the synthesis precursors.

Finally, the SiO
2
-KYNA spectrum consists of a wide band

with small signals and others superimposed. The pattern of
this spectrum is different from that of SiO

2
, indicating that

the extra signals might be attributed to the hosted KYNA
molecules because they occurred at the same positions as
those of KYNA, as indicated by dotted lines (Figure 3).These
results suggest that KYNA structure did not change during
the process of silica synthesis; however, we noticed that the
signal corresponding to the O–H bond from the carboxyl
group was shifted to a higher frequency (3634 cm−1). We
attribute this displacement to the interactions betweenKYNA
and silanol groups (≡Si–OH) on silica surface (Figure 2(b)).
We have previously reported that drugs hosted in silica and
titania materials interact with the surface of the oxides
through their functional groups [11, 13]. Similarly, KYNA
molecules and silica surface interact via hydrogen bonds
and dipole-dipole forces, as shown in Figure 2(b). Hydrogen
bonds can occur between hydrogen from the silanol group
and oxygen from the KYNA carboxyl group or between
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Figure 4: Infrared spectra of KYNA, SBA-15, and SBA-15-KYNA in
the low energy interval (4000–2500 cm−1).

hydrogen from the KYNA carboxyl group and oxygen from
the silanol group.

The spectra of SBA-15 and SBA-15-KYNA were also ana-
lyzed and reported in Figure 4. As expected, similar results
were obtained for these samples. The dotted lines show that
the signals corresponding to KYNA are also observed in the
spectrum of SBA-15-KYNA. These results suggest that the
structure of KYNA did not change during the impregnation
procedure. Since SBA-15 is a silica-based material, having a
different structural arrangement; it also has silanol groups
that can interact with the guest drug molecules as we and
others have previously reported [28, 29].Therefore, the inter-
actions between KYNA and SBA-15 are similar to those
showed in Figure 2(b).

The highest energy region of the spectrum is not dis-
played in the figures because KYNA signals were masked by
the characteristic intense signal of silica.

3.2. Ultraviolet-Visible Spectroscopy. Ezaby et al. identified,
by ultraviolet spectroscopy, three low-energy singlet-singlet
absorption bands derived from KYNA due to 1La, 1Lb, and
1Bb electronic transitions [30] from different sources: (a)
electronic transitions from the np orbital of oxygen atoms
from the –OH and –COOH groups, (b) electronic transitions
from theNatom in the quinoline ring, and (c)𝜋-𝜋∗ electronic
transitions from the double bonds in the benzyl ring. The
intensity of the 1La and 1Lb bands can be affected by pH
changes due to the ionizable groups bonded to the quinoline
ring [31]. In order to identify KYNA, once released from
the SiO

2
, KYNA and SiO

2
-KYNA were analyzed by UV-VIS

spectroscopy in an alkaline solution. For this purpose, a 1mM
sodiumhydroxide solutionwas used to dissolveKYNAand to
suspend SiO

2
-KYNA powder. The resulting UV-VIS spectra

are displayed in Figure 5. KYNA spectrum shows awide band
between 280 and 360 nm, centered at 𝜆 = 325 nm. This band
is consistent with the formation of the enolate anions from
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Figure 5: UV-VIS spectra of KYNA and SiO
2
-KYNA in alkaline

solution. Under alkaline conditions KYNA assumes its enolate form
due to the ionization of its hydroxyl groups.

the KYNA –OH groups as proposed by Pileni et al. (inset in
Figure 5) [31]. The same band is observed on SiO

2
-KYNA

spectrum suggesting that when KYNA is released from silica
to the alkaline solution, it is immediately converted into its
enolate form.The results obtained from the analysis of theUV
spectra are consistent with those of the FTIR, meaning that
KYNA molecules are not modified when added at the early
stages of silica synthesis.

3.3. N
2
Adsorption-Desorption. Unlike conventional meth-

ods for preparing silica, the sol-gel process allows the manip-
ulation of the synthesis parameters (pH, ethanol : TEOS ratio,
water : TEOS ratio, and temperature, among others), thus fa-
cilitating the obtaining of porous silica materials with a high
superficial area to host a variety of therapeutic compounds.
Porosity and surface area of silica samples are commonly de-
termined by nitrogen adsorption-desorption at 77K.The IU-
PAC classifies adsorption isotherms into six different cate-
gories [32], but only three of them are usually found in solid
materials (type I, type II, and type IV).

Figure 6 shows the N
2
adsorption-desorption isotherms

of silica samples in the two different forms described above
and their correspondingKYNA-containing forms. According
to the IUPAC classification, the SiO

2
isotherm can be classi-

fied as type IV, with a type-H4 hysteresis loop. The hysteresis
loop was formed when relative pressure was between 0.4 and
0.9, indicating a broad distribution of mesopores (2 nm <
pore size < 50 nm) in the SiO

2
. The textural values obtained

from the isotherms shown in Figure 6 are reported in Table 1.
A high value of 492m2/g was obtained for the surface area
of the SiO

2
sample, while its average pore size was 4.1 nm.

By contrast, the isotherm of SiO
2
-KYNA corresponds to a

type I, with a narrow type-H3 hysteresis loop and large ad-
sorption at high relative pressures, indicative of the presence
of macropores (pore size > 50 nm).The values of surface area
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Figure 6: N
2
adsorption-desorption isotherms of SiO

2
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2
-

KYNA, SBA-15, and SBA-15-KYNA samples.

Table 1: Textural values of silica and KYNA-containing silica.

Samples 𝑆BET (m
2/g) 𝐷

𝑝
(nm) 𝑉

𝑝
(cc/g)

SiO2 492 4.1 0.51
SiO2-KYNA 43 45.7 0.50
SBA-15 584 5.0 0.74
SBA-15 KYNA 314 8.3 0.65
𝑆BET (surface area),𝐷𝑝 (average pore diameter) and 𝑉𝑝 (pore volume).

and average pore diameter for this sample were 43m2/g and
45.7 nm, respectively, confirming the formation of macrop-
ores. It is noticeable that the presence of KYNA molecules in
the silica network affected the textural values. The significant
decrease in silica surface area is due to KYNA molecules
occupyingmost of that space.We can suggest that large pores
were formed when the nanoparticles were aggregated during
the process of synthesis (Figure 7).

N
2
adsorption-desorption isotherms of SBA-15 and SBA-

15 KYNA are showed in Figure 6 and the textural values are
summarized in Table 1. Both samples resulted in type-IV iso-
therms, which are characteristic of mesoporous materials.
The two samples exhibited the typical type-H1 hysteresis
loops of this type of materials, due to a two-dimensional
P6mm structure formed by open cylindrical mesopores.
Additionally, the isotherms displayed a sharp hysteresis loop
in the P/P0 range of 0.6–0.78, revealing the uniformity of
pore size. Both isotherms are similar in shape; however, the
isotherms of SBA-15-KYNA show a smaller volume of ad-
sorbed nitrogen, resulting in a decrease in the values of sur-
face area and pore volume from 584m2/g to 325m2/g and
from 0.74 cc/g to 0.65 cc/g, respectively (Table 1). It is clearly
deducible that KYNA caused this phenomenon due to (i) the
space occupied by KYNA molecules in SBA-15 structure and
(ii) KYNAmolecules adsorbed in the channels without filling
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Figure 7: Micrographs from TEM studies of the silica-based materials. Cylindrical tubes with hexagonal mouths were observed in SBA-15-
KYNA samples (a–c), while aggregated nanoparticles and large spaces were present in SiO

2
-KYNA samples.

them totally. It is possible to state that KYNAdid not affect the
morphological structure of SBA-15 and its own structure was
not altered once hosted in the SBA-15 material.

3.4. Transmission Electronic Micrographs (TEM) Analyses.
The micrographs of SiO

2
-KYNA and SBA-15-KYNA are

presented in Figure 7. As is shown in Figures 7(a)–7(c), SBA-
15-KYNAmaterial has regular hexagonal arrays of cylindrical
channels after KYNA was occluded. The channels have an
average diameter of about 10 nm with a wall thickness of
about 5 nm. It is clearly seen that the mesoporous channels
are maintained without any change after being loaded with
the drug. These results agree with the nitrogen adsorption-
desorption measurements. The classical nanoparticles aggre-
gates on sol-gel silica-KYNA were produced and are shown
in Figures 7(d)–7(f). The nanoparticles show an amorphous
formation, characteristic of silica nanoparticles, with an aver-
age particle size between 20 and 40 nm.There can be spotted
some pores through the sample with different pore sizes,
mesopores with an average size similar to the particle size,
20–40 nm, Figure 7(f), and macropores larger than 50 nm as
can been seen in Figure 7(d). This corroborates the results
obtained by N2 adsorption-desorption, which indicate the
presence of mesopores and macropores.
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Figure 8: KYNA release profiles from sol-gel silica and SBA-15.The
inset shows the experimental values fitted to the Peppas equation
from which the 𝑛 values were determined.

3.5. “In Vitro” KYNA Release Tests. Figure 8 displays the
KYNA release profiles from the two different silica materials.
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Both samples presented first-order release kinetics with an
initial stage of fast release followed by a very slow release
phase. A 50% of KYNA was released from SiO

2
-KYNA

sample during the first 24 h. This initial fast release can be
associated with the pore size of SiO

2
-KYNA since it has the

largest pore size (45.7 nm, Table 1). It is possible that KYNA
molecules could have easily left the silica because during the
formation of the gel large pores were formed by the agglom-
eration of the particles, leaving most of KYNA molecules
trapped in the macropores and then allowing them to be
massively released, as shown in Figure 9(a). After that, in the
slower diffusion stage, the drug was released from the small-
est pores, mesopores and/or micropores, into the medium.

A 20% of KYNA was released from the SBA-15 material
within a period of 24 h. This percentage is due to the fact
that KYNA adsorbed in the hexagonal mounts of the SBA
structure was released first as shown in Figure 9(b). After this
time, KYNA release was slower because more time is needed
for the molecules to diffuse through the channels composing
SBA-15 structure.

In order to determine the diffusion mechanism of KYNA
from the silica materials, the experimental data were fitted to
Peppas’ equation as we previously reported [14].

The logarithmic form of Peppas’ equation is

log(𝑀𝑡
𝑀

) = log 𝑘 + 𝑛 log 𝑡, (1)

where𝑀𝑡/𝑀 is the fraction of drug released at time 𝑡; 𝑛 is the
diffusion exponent, which explains the transport mechanism
of the drug through the oxide; and 𝑘 is the kinetic constant
incorporating structural and geometric characteristics of the
delivery system. Regarding 𝑛 values, if 𝑛 ≤ 0.45, the release
mechanism follows Fickian diffusion; if 0.45 < 𝑛 < 0.89, the
release occurs by non-Fickian diffusion; and if 𝑛 = 1, it is a
zero order process.

The 𝑛 values were obtained from the slopes of the graphs
inserted in Figure 8; 𝑛was 0.4122 and 0.0452 for SiO

2
-KYNA

and SBA-15-KYNA, respectively. As both values are less than
0.45, then Fickian diffusion controls the release process.

4. Conclusions

(1) KYNA molecules were successfully occluded in sol-
gel silica-based materials without undergoing any
change in their structure.

(2) The morphology of SBA-15 was not affected by the
incorporation of KYNA molecules.

(3) Textural properties were affected by the occlusion of
KYNAmolecules in both silica materials. In compar-
ison with the corresponding empty silica, the surface
area and the pore volume of SiO

2
-KYNA and SBA-

15-KYNA were reduced due to the space occupied by
KYNA molecules.

(4) KYNA promoted the formation of macropores in sol-
gel silica sample.

(5) KYNA release was faster from sol-gel silica than from
SBA-15 due to the macropores in the former.

(6) The experimental values fitted to the big Peppas equa-
tion indicate that the release mechanism was con-
trolled by Fickian diffusion.
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