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Solubility and permeability are themain parameters determining the bioavailability of drugs. In this study the in-
creased solubility of novel 1,2,4-thiadiazole derivative (TDZ) proposed for the prevention and treatment of
Alzheimer's disease was achieved in the solutions of polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
and pluronic F127 (F127). It was found that solubilizing power of polymers follows the order F127 N PVP
N PEG. The mechanism of TDZ solubilization was proposed on the basis of 1H NMR and UV-spectroscopy studies.
It was suggested that PEG enhances the TDZ solubility by actingmainly as cosolvent, whereas PVP can be consid-
ered as cosolvent and complexing agent. In case of F127, the insertion of TDZ intomicelles was detected. The sol-
ubilization capacity of pluronic was quantified in terms of average number of TDZ and F127 per micelle and
binding constant. In order to reveal the effect of polymers on the TDZ membrane permeability, the distribution
coefficients in the 1-octanol/buffer system and permeability coefficients through the novel Permeapad™ barrier
were determined. The solubility-permeability and solubility-distribution relationships were discussed.
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1. Introduction

Alzheimer's disease is a widely-spread neurodegenerative disease in
the elderly age [1], and the number of cases is growing steadily through-
out the world, which is associated with an increase of longevity. In the
case of Alzheimer's disease, effective and timely treatment is extremely
necessary. Considering these factors, great attention is being paid all
over the world to the creation of new effective anti-Alzheimer's drugs
and pharmaceutical formulations on their basis [2]. Thiadiazole deriva-
tives belong to the class of compounds which have biological activity to
specific targets of various pathologies [3–7].

A huge amount of new drugs have been produced over the past few
decades, most of which have low aqueous solubility and/or inadequate
permeability which limit the oral bioavailability [8,9]. Oral administra-
tion prevails over others due to its obvious advantages, such as ease of
use, the presence of natural barriers that make the administration of
the drugs safer, minimal discomfort for the patient, and others. Over-
coming the problem of low bioavailability of drug compounds during
oral administration requires for the research aimed at increasing the
solubility and membrane permeability [10]. For this purpose, various
approaches to enhance these characteristics are used, such as particle
size reduction of [11–13], nanoparticle systems [13,14], solid
3045 Ivanovo, Russia.
dispersions [15,16], polymorphic modification [16,17], formation of
host-guest complexes [18], lipid-based formulations [19] and so on. Dif-
ferent biopolymers including polyethylene glycolswith differentmolec-
ular weights and polyvinylpyrrolidone are widely used as excipients for
improving the solubility [20–22]. To date, a large number of works
which evidences an increase in the bioavailability of drugs with the
help of polymers forming the micelles in solution have been appeared
in literature [23,24]. Micelles of polymers are nano-self-assemblies
with a hydrophobic core and a hydrophilic corona. Usually, these struc-
tures solubilize poorly soluble drugs by incorporating them into the hy-
drophobic core, while the hydrophilic part provides the protection
againstmicelle-protein interactions that contribute to longer-lasting ac-
tion and stability. In addition, these surfactants improve wettability and
prevent precipitation of the drug in an aqueous medium. Moreover,
they can prolong the release of the drug from the formulation which al-
lows tomaintain the required therapeutic level of the drug in the blood
[25]. One of themost commonly used surfactants in pharmaceutical for-
mulations are pluronics (poloxamers) – nonionic triblock copolymers
PEOx-PPOy-PEOx built from chains of poly(ethyleneoxide) (PEO),
representing the hydrophilic corona, and a poly(propyleneoxide)
(PPO) block constituting the hydrophobic core. The applications of
pluronics as solubilizing agents as well as the stabilizing agents and
drug delivery agents are described in the literature [26].

It is known that the next step after solubilization is the interaction of
drug with biological membrane. This process plays an important role in
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transport of the drugs to the target organ, distribution, accumulation in
the tissues and, consequently, provides stability and therapeutic effect.
The distribution of compounds inmembranes depends on their lipophi-
licity. This property is widely used in pharmaceutical chemistry to pre-
dict and interpret permeability across the membrane. The distribution
coefficient of the drug substance in the 1-octanol/water system, in
which 1-octanol models the lipid layer of the biological membrane
andwater phase imitates the blood flow, is commonly used as a charac-
teristic of substance lipophilicity. Due to the fact that most drug com-
pounds have high lipophilicity and poor solubility in aqueous media,
the solubilizers are employed to obtain water-soluble dosage forms. It
is logical to assume that the presence of solubilizers can cause a change
in the lipophilicity (distribution coefficient), as it was shown by the au-
thors [27] for systemswith hydroxypropyl-β-cyclodextrin which forms
supramolecular complexes with drugs and acts as solubilizer. It should
be noted that the formation of aggregates of the solute in an aqueous
phase can occur not only with cyclodextrins, but also with the
micelle-forming polymers [28]. The hydrophobic molecule interacts
with the solubilizermolecules and its total concentration in the aqueous
layer increases, respectively, the concentration in the octanol phase de-
creases. Investigations of the distribution processes in the presence of
solubilizers not only help to detect the effect of solubilizers on the inter-
action with the biological membranes, but also to determine the stabil-
ity/association constants of the drug compound with solubilizer using
the phase-distribution method quickly and with minimal amounts of
drug samples [27]. It is noted in the literature [29] that permeability of
drugs can be reduced in the presence of solubilizing agents. In this con-
nection, the control of permeability of the designed dosage forms is re-
quired. For this purpose, various types of synthetic and artificial
membrane barriers are widely used. One of them is Permeapad™ bar-
rier currently produced by Labtastic (www.labtastic.shop) for in vitro
permeability studies. This barrier being a new and innovative artificial
barrier, has proven to be a powerful tool for a fast and reliable determi-
nation of drugs passive permeation. It has been proposed and tested on
a number of compounds [30] and solvents [31].

This work is aimed to increase the solubility of the 1,2,4-thiadiazole
derivative (TDZ)whichwas proposed as a novel drug compound for the
prevention and treatment of Alzheimer's disease [32,33]. The structure
of TDZ under study is represented in Scheme 1.

In order to solve the problem of TDZ poor solubility, the solubiliza-
tion in the aqueous solutions of polymers such as polyvinylpyrrolidone
K29–32 (PVP), polyethylene glycol 6000 (PEG) and triblock copolymer
pluronic F127 (F127) was investigated by phase solubility method.
The influence of the polymer structure on the manifestation of the sol-
ubilizing effect was analyzed. The TDZ–polymer intermolecular interac-
tions determining the enhancement of TDZ solubility was examined
using 1H NMR and UV-spectroscopy. The influence of the polymers on
the TDZ permeation across the Permeapad™ barrier and distribution
in the 1-octanol/buffer pH 7.4 system was evaluated to reveal the
solubility-permeability and solubility-distribution interplays.

2. Material and methods

2.1. Materials

1,2,4-Thiadiazole derivative ((R,S)-1-[5-(3-сhlorophenylamino)-
1,2,4-thiadiazol-3-yl]-propan-2-ol) was synthesized in the Institute of
Scheme 1. The structure of TDZ.
Physiologically Active Compounds of the Russian Academy of Sciences
based on the method of Vivona et al. [34]. Synthetic approaches and
scheme were described by us before [35]. TDZ – yield 73%; mp
115–117 °C; 1H NMR [200 MHz, CDCl3] δ: 1.34 (3H, d, J = 6.2, CH3),
2.87 (1H, dd, J = 6.2, 15.5 Hz, CH), 3.05 (1H, dd, J = 3.0, 15.5 Hz, CH),
4.20 (1H, br s, OH), 4.31 (1H, m, CH), 7.12–7.44 (4H, m, ArH), 8.59
(1H, br s, NH). Anal. (C11H12ClN3OS) C,H,N. The purity of the compound
was 98%.

Polyvinylpyrrolidone K29–32 (Mw = 58,000 Da) was purchased
from Acros Organics, polyethylene glycol 6000 (Mw = 6000 Da) and
pluronic F127 (Mw=12,600 Da) were from Sigma-Aldrich. Buffer solu-
tion pH 1.2 was prepared on the basis of HCl (0.06 mol/L) and phos-
phate buffer pH 7.4 – on the basis of KH2PO4 (16.5 ± 0.1 mmol/L) and
Na2HPO4·12H2O (53 ± 0.2 mmol/L). Buffer solution pH 7.4 for the per-
meability studies was prepared accordingly to [30]. All chemicals for
buffers preparation were of analytical grade. The pH of the solutions
wasmonitored using theMettler Toledo Five Easy pH-meter. The osmo-
lality of the buffers was controlled bymeans of Semi-Micro Osmometer
K-7400 (Herbert Knauer GmbH, Berlin, Germany). Bidistilledwater was
used throughout the experimental work.

2.2. Equilibrium solubility in buffers of physiological pH

The solubility study was carried out using the shake-flask method
reported by Higuchi and Connors [36]. The dissolution medium –
12 mL of the buffered solutions of different concentrations of PVP
(0–15% w/w), PEG (0–15% w/w) or F127 (0–15% w/w) was added to
an excess amount of TDZ in screw-capped vials. Suspensions were
shaken in a thermostated chamber for 72 h until equilibrium was
reached. Then the suspensions were centrifuged (Biofuge pico, Thermo
Electron LEDGmbH, Germany) at 6000 rpm for 20min at 25 °C. Concen-
trations of TDZ in the samples were determined spectrophotometrically
(Shimadzu 1800, Japan) at λ = 284 nm. The experiments were per-
formed in triplicate with the accuracy of 2–4%.

2.3. 1H NMR spectroscopy

1H NMR experiments were performed on a Bruker-AV-500 spec-
trometer at 500 MHz at 25 °C. Deuterated water (D2O of 99.9% isotopic
purity) was used as solvent. The 1H NMR spectra of TDZ were recorded
at different polymer concentrations. Changes in the chemical shift Δδ
were calculated as follows:

Δδ ¼ δpolymer−δfree ð1Þ

where δpolymer and δfree are the chemical shifts of TDZ protons with and
without polymer in solution, respectively.

The stability constants of TDZ/polymer complexes were obtained
from the concentration dependences of Δδ using the non-linear least-
squares fitting.

2.4. UV-spectroscopy

The UV-spectra of TDZ solutions were recorded on Shimadzu 1800
spectrometer (Japan) using the 1.0 cm optical path length quartz cu-
vettes. Concentration of TDZ was constant (6·10−5 M), whereas the
polymer concentration was changed from 0 to 10% w/w.

2.5. In vitro permeability assay

Vertical type Franz diffusion cell (PermeGear, Inc., PA, USA) of 5 mL
volume was applied to permeability study. An artificial phospholipid
Permeapad™ barrier of 0,64 cm2 effective surface was used as a mem-
brane. The donor compartment (bottom) was filled with 5 mL of the
thiadiazole solution of the predetermined concentration in the phos-
phate buffer pH 7.4. The system was thermostated at 37.0 ± 0.1 °С,
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and the donor solution was stirred vigorously. The receptor compart-
ment (upper) was filled with 1mL of fresh buffer. Thus, the permeation
process followed the reverse dialysis [30]. An aliquot of 0.5 mL was
withdrawn from the receptor compartment at 30 min intervals, and re-
placed with an equal amount of fresh buffer at each respective time
point. The samples of the solutionwere analyzed via spectrophotometer
(Shimadzu UV-1800, Japan) at λ = 284 nm. The permeation profiles
were plotted as the amount of permeated compound over the surface
area (dQ/A) versus the time (t). The flux (J) was calculated as slope of
permeation profiles according to the equation:

J ¼ dQ
A� dt

ð2Þ

The apparent permeability coefficient (Papp) was calculated by nor-
malizing the flux measured over the concentration of the drug in the
donor compartment (C0) as described by the equation:

Papp ¼ J
C0

ð3Þ

Each permeability experiment was repeated at least 3 times and the
average value of Pappwasdetermined. The experimentswere performed
under the sink conditions; that is, thedrug concentration in the acceptor
chamber did not exceed 10% of the drug concentration in the donor
chamber at any time.

2.6. Distribution coefficient determination

The distribution coefficients of TDZ in 1-octanol/buffer system were
measured at 25 °C by standard shake-flask method according to the lit-
erature papers [37–39]; the experimental procedure was followed by
some specific features described in [27,28] for the solutions containing
the solubilizing additives. Taking into account a poor solubility of TDZ
in buffer solution, two phase ratios were applied: 0.75 mL octanol
phase: 10 mL (buffer pH 7.4 + F127 of different concentrations), and
0.75mLoctanol phase: 15mL (buffer pH7.4+F127 of different concen-
trations). The concentrations of F127 were: 0.05; 0.7; 1; 2; 3; 5; 10% w/
w. Solution of TDZ was prepared in 1-octanol, which previously had
been saturated with buffer during 24 h. The initial concentration of
TDZ in 1-octanol before partitioning was 1.95·10−2 M. The
predetermined volumes of TDZ in 1-octanol solution and buffer solution
of the predetermined concentration of F127 were transferred to 20 mL
vials. The vials were mixed during 24 h at 25 °C to equilibrate the
phase-distribution. After that, the phases were left to separate at least
24 h at 25 °C. The samples from both phases were centrifuged for
20 min at 14000 rpm and analyzed by UV-spectroscopy (spectropho-
tometer Cary-50, USA). At least three parallel experiments were carried
out. The distribution coefficients (D) were calculated from the absor-
bance of themolecules before and after partitioning according to the fol-
lowing equation:

D ¼ C0−Coctð ÞVoct

CoctVbuf
ð4Þ

where C0 and Coct are the TDZ concentrations in 1-octanol phase before
and after partition experiment, respectively; Voct and Vbuf are the vol-
umes of 1-octanol and aqueous phases, respectively.

The accuracy of the distribution coefficient value was verified by
checking the mass balance of the starting amount of compound i com-
pared to the total amount of the compound partitioned between two
phases.

2.7. Determination of micelle aggregation number

Static light scattering (Zetasizer Nano ZS, Malvern Instruments) was
applied to determine the aggregation number of the F127 micelles. The
principle of proportionality of the intensity of scattered light that a par-
ticle produces to the weight-average molecular weight (Mw) and the
concentration of the particle lies in the basis of themeasurement proce-
dure. The intensity of scattered light (K/CRӨ) of various concentrations
of F127 (10–50 g/L) at one angle was measured and compared with
the scattering produced from a standard (toluene was used as a stan-
dard). A Debye plot was then constructed and absolute molecular
weight was determined from the intercept point on the x-axis (K/CRӨ

= 1/Mw in Daltons). The Debye plot uses the following equation:

Hc=ΔR Δ; cð Þ ¼ 1=Mw þ 2A2c ð5Þ

H ¼ 4π2n2
0 dn=dcð Þ2

N0λ4
0

� � ð6Þ

where H is an optical constant; n0 is equal to the refractive index of the
solvent; dn/dc is the specific refractive index increment of the solution;
N0 is Avogadro's number; λ0 is the wave length of the laser, which is
equal to 633 nm; c is the polymer concentration; ΔR is the Rayleigh
ratio which is calculated at different concentrations and it is propor-
tional to the corrected scattered light intensity (the proportionality con-
stants determined by calibration against a substance with a known
Rayleigh ratio); Ө is the scattering angle in degrees, which is fixed at
90°; Mw is the molar mass; A2 is the second virial coefficient. The solu-
tions of F127 at different concentrations were prepared by dissolving
appropriate amounts of F127 in buffer pH 7.4 under vigorous stirring
and filtered with 0.22 μm polycarbonate membrane filters (Millipore)
directly into the light scattering cell. The aggregation number of a mi-
celle was determined from the molecular weights of the micelle and
the surfactant monomer.

2.8. Measurement of apparent viscosity

The apparent viscosities of PVP, PEG and F127 solutions were mea-
sured using a rotation Brookfield viscometer with measuring system
“cone-plate” (Brookfield Engineering Laboratories, USA, model
DV2ТLV + СР) with a small sample volume adapter and spindle CPA-
40Z. The spindle was rotated at 40 rpm. The viscosity experiments
weremade in triplicate for each sample. The uncertainty of the viscosity
measurements was estimated to be (±0.08) cPs.

3. Results and discussion

3.1. Phase solubility study

Solubility is an important parameter determining the bioavailability
of drugs, so the study of solubility is a prior task in the characterization
of new drug candidates. Previously, we obtained the TDZ solubility in
buffer solutions with physiological pH (pH 1.2 and 7.4) [40]. On the
basis of these data, it has been shown that TDZ solubility is rather low
in both acidic and alkalinemedia (0.17mg/mL and 0.14mg/mL, respec-
tively) and it is slightly dependent on pH. The TDZ molecule has two
ionization centers – the nitrogen atom in the heterocycle (H+-acceptor)
and the hydroxyl group (H+-donor). The dissociation constants were
calculated using ACD/ChemSketch program as pKa1 = 2.33 and pKa2
=14.03. Taking into account these values one can conclude that the cat-
ionic (93%) and neutral (7%) forms of TDZ are present in the buffer so-
lution pH 1.2, while there is only a neutral form of TDZ molecule
exists at pH 7.4.

The possibility of increasing the TDZ solubility by means of water-
soluble polymers which are often used in the pharmaceutical industry
as solubilizers [21,22,41] was investigated in this work. The effect of
polymers on the TDZ solubility in buffer solutions pH 1.2 and pH 7.4 is
depicted in Fig. 1. As one can see from Fig. 1, the TDZ solubility increases
with the rise of polymer concentration. Among the polymers under
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study, the solubilizing effect of F127 was found to bemore pronounced.
For example, the TDZ solubility in buffer pH 1.2 showed a 14.8-fold in-
crease in aqueous F127 (5%) whereas it exhibited a 4.2-fold and 1.4-
fold increase in solutions of PVP (5%) and PEG (5%), respectively. Thus,
the solubilizing effect of polymers changes in the following order:
F127 ≫ PVP N PEG.

Considerable difference in the solubilizing power of polymers under
consideration is explained by their nature and different state in solution.
Solubilization by PVP and PEG is mainly caused by the ability of these
polymers to change the hydration state of solubilizate and to form
water-soluble complexes with solubilizate [21]. In this case, van der
Waals interactions and hydrogen bonding are responsible for the com-
plexation and solubility increase [20,42]. On the contrary, F127 forms
micelles in the aqueous solutions andmicellar solubilization occurs [43].

In order to describe the effectiveness of the solubilization of TDZ by
PVP and PEG the Setschenow constants were calculated using the fol-
lowing equation [44]:

log
S0
S
¼ KSm ð7Þ

where KS is the Setschenow constant, m is the molality of the buffered
polymeric solution, and S0 and S are the TDZ solubility in pure buffer so-
lution and in buffered polymeric solution of a given molality, respec-
tively. The Setschenow constants were calculated as the slope of a plot
correlating log S0

S and m expressing in molality (plots not shown). The
Setschenow constant values were obtained to be −22 ± 1 kg·mol−1

and −24 ± 1 kg·mol−1 for PEG; −255 ± 16 and −301 ±
28kg·mol−1 for PVP at pH1.2 and 7.4, respectively. The obtained values
of the Setschenow constant confirm themore visible enhancing effect of
PVP as compared to PEG on the TDZ solubility behavior.

Binding of TDZ with polymers was studied by means of UV-
spectroscopy and 1H NMR. To this end, the UV-spectra of TDZ solutions
were recorded in the presence of variable concentration of polymers in
buffer pH 1.2. Fig. 2 shows the concentration dependences of the absor-
bance change. As one can see, the absorbance is slightly changed with
an increase of PEG concentration and the binding isotherm is linear.
These facts point out the weak intermolecular interactions of TDZ with
PEG. Probably, PEG possesses the cosolvent properties and does not dis-
play the complexing capability towards to TDZ. It can be assumed that
PEG reduces the polarity of water [21] and, consequently, this results
in an enhancement of TDZ aqueous solubility. On the contrary, concen-
tration dependences are not linear in the case of PVP and F127 and it
confirms the binding of these polymers with TDZ. It is interesting to
note that absorbance increases under addition of F127, while it
decreases in the presence of PVP. The observed difference can be caused
by the different binding modes and driving forces of complexation as
well as by the change of TDZ chemical environment. More probable,
complex formation of TDZ with PVP is realized thought the H-
bonding, whereas the TDZ incorporation into F127 micelle core takes
place.

To reveal the binding mode of TDZ with the polymers, the 1H NMR
experiments were carried out. The 1H NMR spectra of TDZ were re-
corded at variable concentrations of polymers. Dependences of the
chemical shift changes of TDZ protons on polymer concentration are
given in Fig. 3. Comparative analysis of the chemical shift changes
shows that less pronounced chemical shift changes (Δδ b 0.1 ppm)
were observed for binding of TDZ with PEG. We tried to calculate the
binding constant of TDZwith themonomeric unit of PEG. The nonlinear
fitting of the binding isotherms (Fig. 3) applied for this purpose and de-
scribed in detail in our previous work [45] gave K b 1 M−1. This result
confirms the low binding affinity of PEG to TDZ. For system with PVP,
the significant shifting of the signal from the H-1 proton placed near
to the TDZ polar groups (see Scheme) was detected. This can corre-
spond to the participation of TDZ in the hydrogen bonding with PVP.
As consequence, more stable complexes are formed between TDZ and
PVP. Binding constant of TDZ with PVP monomers was found to be
8 M−1. As follows from Fig. 3, the signals of the TDZ protons H-1, H-2,

Image of Fig. 1
Image of Fig. 2
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H-4 and H-6 exhibited the considerable shifting in the presence of
F127 at concentration above CMC. Such behavior is linked to the pene-
tration of TDZ into micelles. We suggest that benzene ring of TDZ mol-
ecule is preferably inserted in the hydrophobic core of the micelles
while the TDZ remaining part is located in the hydrophilic corona. The
binding constant of TDZ with F127 micelles was estimated as K =
19,240 M−1.

Taking into account the results of 1H NMR and UV-spectroscopy we
can conclude that more pronounced enhancement of TDZ solubility in
the presence of F127 (Fig. 1) is due to the micellar solubilization of
this polymer. To confirm this fact we measured the TDZ solubility in
the premicellar and postmicellar regions of F127. The slow increase of
TDZ solubility up to CMC followed by abrupt increase in the postmicellar
regionwas observed. The CMC of F127 in TDZ solution determined from
these dependences was equal to 0.67 mM and 0.65 mM at pH 1.2 and
7.4, respectively. As can be seen, these values are not sensitive to pH.
A good agreement between CMC obtained herein and available in the
literature was detected. Particularly, CMC values of 0.69 mM (at
pH 7.4), 0.56 mM and 0.72 mM (25 °C) have been reported for pure
F127 by Sezgin et al. [46], Alexandridis et al. [47] and Croy & Know
[48], respectively.

Solubilization of TDZ by F127 can be evaluated by the molar solubi-
lization capacity (χ) which represents the amount of compound that
can be solubilized by one mole of micellar surfactant. It is given by the
following equation [49,50]:

χ ¼ St−SCMCð Þ= Ct−CMCð Þ ð8Þ

where SCMC and St are the TDZ solubility at CMC and TDZ total solu-
bility, respectively; Ct is the total surfactant concentration. The χ value
can be obtained from the slope of the dependences (St-SCMC) = f(Ct
− CMC). The χ is equal to 1.95 and 1.97 for buffers with pH 1.2 and
7.4, respectively. It is evident that solubilization power of F127 is not
pH dependent.

In addition to molar solubilization capacity, the partition coefficient
between themicellar and aqueous phases (KM) characterizing the effec-
tiveness of the solubilization of hydrophobic drug in micellar solutions
can be derived using the following equation [51]:

KM ¼ χ
SCMCVwaterð Þ 1þ χð Þ ð9Þ

where KM is the micelle partition coefficient, χ is the molar solubiliza-
tion capacity, SCMC – the solubility at the CMC, Vwater – themolar volume
of water (Vwater= 0.01805 L·mol−1). In the present study, the partition

Image of Fig. 3
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coefficients between the micelle and aqueous phases were determined
(lgKM = 4.80 and lgKM = 4.86 at pH 1.2 and 7.4, respectively). As one
can see, the obtained KM is practically pH independent.

The binding constant (K) serves as the interaction parameter be-
tween the solubilizate and surfactant. It can be obtained from the fol-
lowing equation [52]:

St−SCMCð Þ=SCMC ¼ Ct−CMCð Þ � K=NF127 ð10Þ

where NF127 is aggregation number of F127. The value of K/NF127 is ob-
tained from the slope of the dependence ((St − SCMC)/SCMC) = f(Ct
− CMC). By knowing the aggregation number of a surfactant the bind-
ing constant K can be easily evaluated.

The aggregation numbers were measured in phosphate buffer
pH 7.4 by means of the static light scattering and applying the Debye
equation [53]. The slope of the Debye plots (α) depicted in Fig. 4 is con-
nected with the molecular weight of the micelle (Mmicelle) via the fol-
lowing equation:

α ¼ 1=Mmicelle ð11Þ

For pure F127, the aggregation number is equal to:

N F127 ¼ Mmicelle=Mmonomer ð12Þ

whereMmonomer is the molecular weight of F127 monomer. The aggre-
gation number of F127 in the presence of TDZ was estimated taking
into account the number of thiadiazole molecules loaded into the mi-
celle:

N F127 ¼ Mmicelle= Mmonomer þ χ �MTDZð Þ ð13Þ

where χ is the solubilizing capacity, MTDZ is TDZ molecular weight.
The NF127 values were estimated as 4 and 6 for pure F127 in phos-
phate buffer pH 7.4 and in the presence of TDZ, respectively. The ag-
gregation number of F127 alone has been reported in the literature
and it was ranged from 3.7 [54] to 72 [55]. The observed variability
in NF127 determination is explained in the literature by the differ-
ences in experimental methods [56] as well as by the incompleteness
of the micellar models applied [57]. Our results are more close the
data reported by Attwood et al. (NF127 = 3.7 in water at 35 °C; light
scattering) [54].

In comparison to pure F127, it appears that the presence of TDZ re-
sults in an enhancement of micellar assembly. As it was obtained, the
number of F127 monomers forming the micelle increases under TDZ
0,00 0,01 0,02 0,03 0,04 0,05
0,01

0,02

0,03

0,04

0,05

In
te

ns
ity

 o
f s

ca
tte

re
d 

lig
ht

   
   

 (k
/C

R
oP

)(1
/k

D
a)

C (g/mL)

F127

F127+TDZ
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addition. It was also possible to calculate the number of TDZ molecules
inserted into micelle using the following equation:

NTDZ ¼ χ � N F127 ð14Þ

The NTDZ indicating the number of TDZ molecules per micelle was
found to be 12. The binding constant of TDZ with the surfactant micelle
was obtained using Eq. (14). This value (K=2.4·104M−1) is consistent
with those obtained from 1H NMR experiments. It should be noted that
above considered values are useful parameters which can be used for
quantitative description of the solubilizing efficiency of F127.

3.2. In vitro permeability study

It was revealed that the polymers used in the present study promote
the solubilization of TDZ. However, as it was shown by Miller et al. [29],
the enhancement of the solubility in polymer solutions can be accompa-
nied by a dramatic reduction of the permeability, thereby, decreasing
the free, bioavailable fraction of drug compound in gastrointestinal
tract [58,59]. In the present study the in vitro determination of the
TDZ permeability across the Permeapad™ barrier (a thin dry layer of
phosphatidylcholine (S-100) on a support sheet) mimicking the
model biological membrane was carried out in pure buffer pH 7.4
with and without polymers under consideration. The experiments per-
formedusing Franzdiffusion cell. Fig. 5 shows the primary experimental
data of the permeated amount of TDZ in the presence of 2.5%w/w poly-
mer solutions (Fig. 5a) and apparent permeability coefficients (Papp)
(Fig. 5b) calculated using Eqs. (2), (3).

It was obtained that TDZ permeability coefficients decrease in poly-
mer solutions. The comparative analysis revealed that F127 displays
more significant influence on the TDZ permeability. In particular, 6.5-
fold decrease of Papp was observed in the presence of F127. Effect of
PEG on the TDZ permeability is minimal (1.9-fold reduction). Thus,
the permeability coefficients are changed depending on the polymer
nature in the following order F127 N PVP N PEG (Fig. 2b). The results
of 1H NMR and solubility studies confirmed stronger binding of TDZ
with the micelles of F127 than PVP and PEG. Complexation affinity of
TDZ to polymers is changed in the order F127 ≫ PVP N PEG. Due to
the intermolecular interactions of TDZ with polymers the fraction of
free TDZ capable to cross the membrane will be reduced. Besides this,
the viscosity of the donor solutions can play an essential role in the pro-
cess of the diffusion across amembrane, as it was observed by Beig et al.
[60] for the system carbamazepine/PEG-400, for which the decreased
carbamazepine diffusivity was attributed primarily to the increased so-
lution viscosity with increasing PEG-400 concentration. In order to re-
veal the factors influencing the TDZ permeability reduction when the
polymer was presented in the donor solution, the viscosities of 2.5%
w/w solutions of the polymers in phosphate buffer pH 7.4 were mea-
sured. The order of the viscosity values obtained was as follows: PVP
(1.95 cPs) ≥ F127 (1.90 cPs) N PEG (1.73 cPs). Comparative analysis of
complexation ability of polymer and viscosity of polymer solution
shows that the TDZ binding with the polymers plays an important
role in the TDZ permeability variations. It is especially evident from
the comparison of TDZ/PVP and TDZ/F127 systems, viscosity of which
are similar, but a stronger binding of TDZ with the micelles of F127
leads to the maximal permeability reduction.

In order to reveal the effect of the polymer concentration on the TDZ
permeability and to retrace the solubility-permeability interplay, the
system TDZ/PEG was chosen. The obtained concentration dependence
of TDZ permeability coefficient was depicted in Fig. 6 along with the
phase solubility diagram. It should be emphasized that the opposed ef-
fects of the polymer concentration on the permeability and solubility of
TDZ are observed.

As one can see from Fig. 6, permeability coefficients decreasewith an
increase of PEG concentration. This can be caused by two possible fac-
tors. First of them is the reduction of the free fraction of TDZ in the
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donor solution due to weak interaction with PEG. The second one is the
increased viscosity of polymer solution with the PEG concentration
growth [61]. To differentiate the influence of the binding of TDZ with
PEG and viscosity factor we calculate the values of the permeability co-
efficient using the following equation [60]:

Papp ¼ P0
app � S0buf
Sbuf

ð15Þ

where Papp is the permeability coefficient of TDZ at given PEG concen-
tration; Papp0 is the permeability coefficient of TDZ in the absence of
PEG; Sbuf is the solubility of TDZ at given PEG concentration; Sbuf0 is the
solubility of TDZ in the absence of PEG. It is evident from Fig. 6 that
the calculated permeability coefficient values lie higher than the exper-
imental ones. This fact clearly demonstrates that the viscosity factor
mainly affects the permeation behavior of TDZ in the PEG solution.

Taking into account poor solubility of TDZ, the maximal increase in
solubility using the polymeric formulations would be desirable. On the
other hand, an excessive permeability decrease should be avoided. Ac-
cording to the permeability classification proposed by di Cagno et al.
[30] for permeability assay based on the Permeapad barrier (Papp =
9.09·10−5–2.41·10−5 cm·s−1 for highly permeable compounds, Papp
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= 2.01·10−5–1.92·10−5 cm·s−1 for moderately permeable com-
pounds), the concentration of PEG in TDZ/PEG system up to 5% is highly
desirable for the successful solubility-permeability interrelation.

3.3. Distribution experiments

Distribution coefficient in 1-octanol/water system is an important
parameter describing the transport properties of drugs on the way to
the target organ, especially the permeability across the biological mem-
branes. To the best of our knowledge, the distribution phenomenon in
the presence of solubilizing agents is poorly investigated. At that, like
the permeability, the distribution behavior of drug can vary dramati-
cally in the presence of the solubilizing components of the dissolution
medium, such as cyclodextrins [27,28], bile salts, phospholipids and
polymers, especially if these polymers form micelles in the solution
[62–64]. In the present study we investigated the distribution of TDZ
in the 1-octanol/buffer pH 7.4 system in the presence of F127 which
forms the micelles in solution enhancing the solubility and reducing
the permeability of TDZ. The TDZ phase distribution diagram depicted
in Fig. 7 shows the linearity (R N 0.99) in the postmicellar region of F127.

It should be emphasized that the micelle formation process of F127
affects dramatically the distribution of TDZ in the 1-octanol/buffer sys-
tem. The TDZ distribution coefficient changes from the value of D =
1381 determined in the absence of F127 in our previous paper [65] to
D = 19.8 measured in micellar region (70-fold decrease). At that, the
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increase of the distribution coefficient in the F127 concentration range
from CMC to 10% w/w is only 3.5-fold. In spite of the fact, that the
phase-distribution system is more complex than the phase-solubility
system due to the presence of the organic solvent (1-octanol in our
case), it is possible to determine the CMC by the distribution experi-
ment. The CMC value is in accordancewith the value obtained from sol-
ubility measurements. When the distribution is studied only small
amount of thedrug is required in comparisonwith the solubilitymaking
this approach to be advantageous.

As the distribution behavior in 1-octanol/buffer system can predict
the permeability of drug across the biological membranes, the next
step of the study was to construct the dependence illustrating the
solubility-distribution interplay (Fig. 8) similar to the solubility-
permeability (Fig. 6).

Fig. 8 shows the tendency of the distribution coefficient to decrease
with increasing solubility of TDZ when the polymer concentration
grows. Moreover, the distribution-solubility interplay is also useful for
estimating the optimal intestinal absorption. As it is reported in the lit-
erature [66], an ideal range of the intestinal absorption is 1 b lgD b 3. Ac-
cording to these requirements, the concentration of F127 in TDZ/F127
system should be up to 5% (see Fig. 8) for the optimal intestinal
absorption.

As a conclusion, the phase distribution approach can be useful for
screening the permeability of new drug compounds in solubility en-
hancing formulations instead of the permeability assay especially if a
small amount of the drug is available.

4. Conclusions

In this study the effect of different polymers such as PEG, PVP and
pluronic F127 on the biopharmaceutical properties of novel 1,2,4-
thiadiazole derivative designed for the prevention and treatment of
Alzheimer's diseasewas investigated. It was demonstrated that increase
of thiadiazole solubility in the presence of polymers is accompanied by
the decrease of both permeability coefficients through the artificial
Permeapad™ barrier and distribution coefficients in 1-octanol/buffer
system. It was found that effect of F127 capable to micelle formation
in aqueous solutions is more pronounced compared with PVP and
PEG. The mechanisms of TDZ solubilization in the presence of polymers
were proposed. The impact of the polymer nature on the pharmacolog-
ically important properties of TDZ was investigated. The 1H NMR and
UV-spectroscopy studies were carried out to reveal the binding mode
of TDZ with polymers under consideration.
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