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We report the synthesis and evaluation of inclusion complexes between mefenamic acid (MFA)
and 2-hydroxypropyl-B-cyclodextrin (HP-B-CD). The phase solubility studies reveal that MFA forms a
complex with the HP-B-CD at a 1:1 molar ratio that was also confirmed by UV-vis spectral data (Job’s
plots). Characterizations of the prepared host-guest type solid complexes using a reliable spectroscopic
and calorimetric methods indicate that MFA is found inside the cavity of the HP-B-CD. Obtained
thermodynamic parameters for MFA/HP-3-CD complex formation show that MFA inclusion in HP-B-CD
cavities is favorable, spontaneous exothermic and enthalpy-driven process. The stability constant K for
MFA/HP-B-CD complexes determined from the Benesi-Hildebrand equation using fluorescence spectral
data is adequate for the formation of an inclusion complex indicates that a fast MFA drug release from
MFA/HP-B-CD complex should be expected. The presented results show the MFA/HP-3-CD complex as
an effective new approach to design a novel formulation for pharmaceutical applications.

Keywords: 2-hydroxypropyl-B-cyclodextrin, mefenamic acid, inclusion complexes,
phase solubility, stability constant.

CynmpamMoNeRyasipHi KOMILUIEKCH BEJIIOYEHHA 2-TiJpOoKCHIPONWI-B-IUKIONEKCTPUHY 3
medeHaAMIHOBOIO KHCIOTOI: OTPUMAaHHA Ta xapakrepusauin. I.B.[puzoposa, B.K.Kaouros,
H.O.Kacan, II.B.Mameiivenrxo, II.C.Copporos, CJI.Epimosa

ITpoBegerHo cuHTe3 Ta OIiHKY KOMIIJIEKCIB BKIIOUeHHA MiK MedeHaMiHOBOIO KUCJO-
Tow (M®K) ta 2-rigpokcunponun-p-iuriaogexcrpuraom (T'TI-B-ITM). Hocnigsxenuam daso-
Bol posumHHOCTI BuspjgeHo, mo M®K yreopioe xommiaexc iz T'TI-B-IIJ] y moxspHOMY
cuiBBigmomenni 1:1, i mixgTeepaxeno manumu Y®@-cuekTpockomii (rpadiku [H:xoba). Xa-
PAKTEPUCTUKN OTPUMAHUX TBEPAMX KOMILJIEKCIBE TUNy 'rocmogap-TicTh 3 BUKOPUCTAH-
HAM HAZiMHWX CHEeKTPOCKOIIUHMX Ta KaJOPMMETPUUYHUX METOLIB BUABIAKTH, 1o MOK
sHaxoguThesA Beepemuui mopoxuuHu I[TI-B-ITM. Orpumani TepmogmHamiuni mapamerpu
BKa3yIOTh Ha Te, IO BKJIHUYEHHSA MOJIEKYJ KHUCJIOTU y IOPOKHUHY ITUKJIOLEKCTPUHY €
CHPUATINBUM, CAMOBILILHUM eK30TePMIiYHUM Ta eHTAJbIiHuMM nporecom. KoncrauTty
crabinbHocTi musa kKommiaexcis M@K /TTI-B-11M BusHaueHo 3a piBHAHHAM Bememu-Xinbge-
OpaHga 3 BUKOPUCTAHHAM CIEKTPalbHUX ZaHUX 3a (IHOPeCIeHITiel0, BOHA € aJeKBATHOIO
LA YyTBOPEeHHA KOMILJIEKCY BKJIOUEHHS, IO BKAa3ye Ha Te, IO MOKHA OUiKyBaTH IIBUIKE
BUBLIBHEHHA JiKapcbKoro s3acoby M@K is xommmexcy M®K/TTI B-I110.
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ITpoBemennbl cuHTede 1 OIleHKA KOMILJIEKCOB BKJIOUEHNA MeXXKAY MedeHaMMHOBOHI KIUICJO-
rori (M®K) u 2-rugporcunponui-p-uurmogexcrpuaom (III-B-I1M). Wccaegopanus dasoBoii
PACTBOPUMOCTH TIOKAa3bIBaiOT, uTo M@K obpasyer xommerc ¢ I'TI-B-I[J B MOJSAPHOM COOTHO-
megun 1:1, YTO TaK:Ke IOATBEP!KIEHO TaHHBIMU YD CIIEKTPOCKOTIHH (rpadurn [:xoba).
XapaKTepUCTUKN TOJIYYEHHBIX TBEP/BIX KOMIIJIEKCOB THUIA  XO3AWH-TOCTH € HCIIOJb3OBAHNEM
HAJEMKHBIX CIIEKTPOCKOINYECKUX U KAJIOPUMETPUYeCKNX MeTOAOB HoKaswBaiT, uro MMK mHaxo-
mutes BHyTpu mosoctu I'TI-B-ITMI. TlosyueHHBIEe TEPMOAUHAMIUYECKNE MIAPAMETPHI TOKA3BIBAIOT,
YTO BKJIOUEHWE MOJIEKYJLI KUCJOTHI B IIOJIOCTH ITUKJIOZEKCTPUHA SABIAETCA OJIaTOIPUATHBIM,
CaMOIIPOVBBOJIBHBIM SK30TePMIYECKUM U SHTAJBINIHBIM IpoleccoM. KoHeranTa crabuibHOCTI
mis Kommiekcos M®PK/TTI-B-IJ, ompexenentas mo ypasHeHuo Benemu-XuiabaebpaHga ¢ uc-
TIOJIL30BAHMEM CIIEKTPANBHELIX JAHHBIX IO (JIYOPECIIeHIIN, ABIAETCA aIeKBATHON AiA 00pasoBa-
HIA KOMILJIEKCa BKJIIOUEHIA, UTO YKAaSLIBAET HA TO, UTO MOIKHO OMKUZATH OBICTPOe BBICBOOOIKIE-
Hue JeKapcrBeHHOro cpenctBa M@K us xommiaexca M@K /TTI-B-111I.

1.Introduction

Non-steroidal anti-inflammatory drugs
(NSAIDs) constitute an important class of
compounds to alleviate inflammation and
pain associated with disease or injury etc.;
they exert their therapeutic effects by in-
hibiting the release of prostaglandin and
thromboxane hormone produced in human
body by enzymatic transformation [1-3].
Mefenamic acid (2-[N-(2,3-dimethyl-
phenyl)amino]benzoic acid, MFA), which
structural formula is shown in Fig. la, be-
longs to a family of NSAIDs with antipy-
retic and strong analgesic properties which
is a derivative of N-phenylanthranilic acid.
This compound is of specific interest be-
cause of its biological activity-it is a poten-
tial inhibitor of prostaglandin synthesis,
the presence of which is closely associated
with inflammatory processes [4]. Also, me-
fenamic acid has shown neuroprotective ef-
fects, therapeutic effects in neurodegenera-
tion Alzheimer’s disease and anticancer
agents (particularly colon and liver cancer
cell lines) [5—-8]. However, the poor water
solubility of MFA causes difficulties related
to the design of pharmaceutical formula-
tions for oral or parenteral route admini-
stration, leading thus to low oral bioavail-
ability. The aqueous solubility of mefenamic
acid at pH 7.1 is 0.0041 g/100 ml (25°C)
and 0.008 g/100 ml (37°C) [9].

Drug dissolution in gastric and intestinal
fluids is an essential step for drug absorp-
tion in the human body and ultimately a
therapeutic effect [10, 11]. So, poor dissolu-
tion leads to limited absorption resulting in
lower plasma concentrations than expected.
Higher doses of drugs are often given to
achieve the desired plasma concentration
which eventually will result in adverse ef-
fects. These side-effects have a negative im-
pact on patient compliance [12]. This area
poses the challenge for the pharmaceutical
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industry to discover new methods to in-
crease solubility and, therefore, potentially
bioavailability. Complexation with cyclodex-
trins is an approach that can be used to
solve this problem.

Recently cyclodextrins (CDs), being
regularly built cyclic oligosaccharides, have
been intensively used as an auxiliary sub-
stance in biochemical researches and phar-
macology, mainly, for the encapsulation of
different drugs. Such encapsulation usually
protects drugs from biodecomposition, pro-
motes its solubility in water promoting the
effective and selective target druge delivery
[18—-15]. It is necessary to mark that B-cy-
clodextrin (B-CD) appears to be the best
natural cyclodextrin for pharmaceutical ap-
plications due to its efficient drug com-
plexation, but relatively low aqueous solu-
bility (1.85 g/100 mL) [16] and nephro-
toxicity limited his use in pharmaceutical
compositions [17, 18]. To overcome indi-
cated problems CDs are subjected to various
chemical modifications. Some chemically
modified CDs such as 2-hydroxypropyl-B-cy-
clodextrin (HP-B-CD) includes seven D-gly-
copyranose fragments, containing hy-
droxypropyl groups in the positions 2, 3,
and 6. HP-B-CD is a more water-soluble and
less toxic than naturally occurring B-CD
(Fig. 1b) [19]. The HP-B-CD has a hydropho-
bic central cavity and a hydrophilic outer
surface and can encapsulate various inor-
ganic/organic molecules of appropriated
sizes and polarity to form host-guest com-
plexes or supramolecular species. According
to literature, the main forces involved in
the inclusion of guest molecules into the CD
cavity are van der Waals, hydrogen bond-
ing, hydrophobic interactions, electrostatic
interactions, charge-transfer interactions,

release of bond water from CD cavity
[20-22].

Functional materials, 28, 4, 2021
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b)

Fig. 1. Chemical structure of mefenamic acid (a) and 2-hydroxypropyl-B-cyclodextrin (b).

Recently various studies involving inclu-
sion complexation phenomena have been re-
ported for new generation of NSAIDs,
which are almost insoluble in water, primar-
ily to enhance the oral bioavailability and
dissolution behavior [23, 24].

The objective of this study was to carry
out a systematic investigation of the host-
guest complexation between MFA and HP-B-
CD in both liquid and solid states. The
evaluation of MFA/HP-B-CD complex for-
mation and its stoichiometry and stability
in both states have been examined by vari-
ety of methods and indicates that this
method is prospective to increase MFA sta-
bility and bioavailability.

2. Experimenial

2.1 Materials

2-Hydroxypropyl-B-cyclodextrin (MW ~
1396) and mefenamic acid (MW~241.28) were
purchased from Sigma-Aldrich (Saint Louis,
MO, USA) and used as supplied. Universal
buffer (pH = 7.5) was prepared using acetic
acid, boric acid, phosphoric acid (0.04 M) sol
ution titrated with 0.2 M NaOH. All other
chemicals were of reagent grade, and deionized
water was used throughout the experiments.

2.2 Preparation of inclusion complexes of
MFA with HP-B-CD in solution

The stock 4.107% M solution of mefenamic
acid was prepared by dissolving the powder in
10 ml of 0.2 M NaOH followed by adjusting
the acidity of the MFA solution to pH 7.5
using a universal buffer mixture of acids.
Exactly 1 ml of this stock solution was trans-
ferred into each of the 10 ml volumetric
flasks, and different concentrations of HP-B-CD
solution (ranging from 1.0-1073 to 21072 M)
were added. The mixed solution was diluted
to 10 ml with deionized water and shaken
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thoroughly. The final concentration of the
drug in all the flasks was 4-107® M. The
solutions were prepared just before each
measurement.

2.3 Preparation of lyophilized inclusion
complexes of MFA with HP--CD

The lyophilized inclusion complex of MFA
with HP-B-CD (MFA/HP-B-CD) was prepared
by the co-evaporation method. Co-evaporated
systems at molar ratios of 1:1 (MFA to HP-B-
CD) were obtained by dissolving calculated
amount of MFA in 5 mL of ethanol and HP--
CD in 20 mL of ethanol. MFA solution was
slowly added to the HP-B-CD solution with
continuous agitation for 4 h at 25°C. Then
the mixed solution was titrated with 0.1 M
NaOH to obtain the solution with the pH is
10. Ethanol was then removed using a rotary
vacuum evaporator at 55°C. The obtained
white powders were dried and stored in a
desiccator for 24 h, after the samples were
transferred in sealed glass containers for fur-
ther investigation.

Physical mixtures: A physical mixture of
MFA and HP-B-CD (at the same molar ratios)
were prepared by thoroughly mixing the two
components in an agate mortar for 30 min.

24 Phase solubility studies

Phase solubility studies of MFA and HP-
B-CD were carried out by the method of
Higuchi and Conors at room conditions [25].
Excess amount of MFA was added to screw
capped vials containing various concentra-
tions of HP-B-CD solutions (from 0 to
0.1 M). These solutions were stirred during
48 h at room conditions. After equilibrium
was attained, the solutions were filtered
through 0.45 um membrane fillters to re-
move undissolved solid. An aliquot from
each vial was diluted by alcohol and the
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concentration of MFA was analyzed using
SPECORD 200 spectrophotometer at charac-
teristic wavelength A,,, = 286 nm. The
calibration curve of MFA absorption in
water solutions was established.

The apparent stability constants (K,) of
the complexes were calculated from the
phase-solubility diagrams according to the
following Eq. (1):

_ Slope 1
S So(1 — Slope)’ M

where Kg is the apparent stability constant

of the MFA/HP-B-CD inclusion complex and
S is the apparent solubility of free MFA

without HP-B-CD in aqueous solution, which
can be obtained from the straight-line of
the phase solubility diagram.

Complexation efficiency (CE) was defined
as the solubilizing efficiency of CDs for guest
molecule. Based on the results of the phase
solubility studies, CE of HP-B-CD for MFA
was determined using the following Eq. (2):

MFA
. Ep —B-CDl @)
[HP - B - CD] ,

Slope
=S x K. = —2tope
0 X &s So(1 — Slope)

where [MFA/HP-B-CD] referred to the con-
centration of the inclusion complex and
[HP-B-CD] was the concentration of free
HP-B-CD and Slope is the slope of the phase
solubility profile [26].

2.5 Spectroscopic measurements

MFA/HP-B-CD complex formation was
monitored by UV-Vis spectroscopy. The ab-
sorption spectra were measured with a SPE-
CORD 200 (Analytik Jena) spectrophotome-
ter. Measurements were done at room tem-
perature (2510.5°C) in the spectral range of
220-450 nm. The fluorescence spectra were
measured with a Lumina (Thermo Scien-
tific) spectrofluorimeter. The excitation and
emission wavelengths were 350 and 400 nm,
respectively. For registration of the absorp-
tion spectra and fluorescence spectra, a
quartz cuvette with an optical path length
of 1.0 cm was used.

2.6 Scanning Electron Microscopy (SEM )

The morphology of HP-B-CD, MFA and
the inclusion complex were recorded using a
scanning electron microscopy SEM JSM-
6390LV (JEOL Company, USA). The powder
samples were fixed on a silicone supports.
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The samples were scanned by an electron
beam of acceleration potential of 15 kV.

2.7 Fouriertransform infrared spectros-
copy (FTIR)

Infrared (IR) spectra of the samples
(MFA, HP-B-CD, inclusion complexes and
physical mixtures) were recorded in the
range of 400-4000 cm™! using Spectrum
One (PerkinElmer) IR-Fourier spectro-
photometer. The samples were previously
mixed thoroughly with KBr.

2.8 Differential scanning calorimetry (DSC)

The differential scanning calorimetry
studies were performed using a DSC 1 calo-
rimeter (Mettler Toledo, Switzerland). The
samples (approx. 7 mg) were placed in flat-
bottomed aluminum crucibles and heated at
a scan rate of 10°C min~! in the range of
25-300°C under a nitrogen purge. The DSC
thermograms were processed using a DSC 1
calorimeter software.

2.9 Thermal gravimetric analysis (TGA)

The content of volatile impurities was deter-
mined by the methods of thermogravimetric
analysis using a Mettler TA 3000 thermoana-
lytical device (Mettler, Switzerland). A 20 mg
sample was incubated at a temperature of
105°C for two hours in an open aluminum
oxide crucible with a volume of 160 uL. Each
obtained thermogram contained about 600 ex-
perimental points. The specific weight loss (as a
percentage of the initial mass of the substance)
was determined immediately after the drying of
the sample (at 105°C), after cooling down the
sample to room temperature (at 30°C), and also
24 h after the end of the experiment.

2.10 Determination of MFA/HP-3CD
complex stoichiometry

The stoichiometry of the formed com-
plexes was examined by applying the con-
tinuous variation (Job plot) method [27].
The stoichiometry of the inclusion com-
plexes was assessed by continuous variation
method (Job’s method) by varying the mole
fraction of  each component (R =
[MFA]/(IMFA] + [HP-B-CD]) from 0 to 1
and the total molar concentration of the
species is kept constant (4-107% mol/L) [28, 29].
After 48 h samples absorbance was meas-
ured at 283 nm, having as blank the solu-
tion with the respective CD concentration.
The difference in absorbance (AA) measured
at 283 nm between solutions containing
only guest and the MFA/HP-B-CD mixtures,
multiplied by the molar ratio of MFA was
plotted as a function of the R of guest [30,
31].

Functional materials, 28, 4, 2021
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2.11 Determination of MFA/HP-B-CD sta-
bility constants

To determinate binding and stability con-
stants for MFA/HP-B-CD complexes, a set
of MFA absorption spectra in universal
buffer solution (pH 7.5) with a fixed con-
centration of MFA (4107 M) and varying
concentration of the HP-B-CD (1.0-1073-
2.0-1072 M) were recorded. The HP-B-CD so-
lutions of corresponding concentrations
were used in the reference cuvette. Since
the observed optical density was always pro-
portional to the concentration of the absorp-
tion species, the apparent binding constant
(Kp) could be determined according to the
Benesi-Hildebrand method [32]. The quanti-
tative determination of the K, of the inclu-
sion complexes was done at four different
temperatures (298 K, 298 K, 310 K). K, of
the MFA/HP-B-CD complex formation can
be determined from the plot of 1/Al versus
1/[HP-B-CD] according to Eq. (3) [33]:

11 1 L1 (3)
[HP - B -CD] a[MFY

Al o[ MF]~
AI was calculated according to Eq. (4):
AL =1 -1, (4)

where I and I, are the absorbance of the
MFA in the solutions with and without HP-
B-CD, respectively. [MFA], [HP-B-CD] are
the initial concentration of MFA, HP-B-CD,
and Aa is the difference between the molar
absorption coefficient of MFA and HP-B-CD,
respectively. As seen in Eq. (3), the binding
constant Kb can be determined by plotting
1/AA versus 1/[HP-B-CD] as a line slope.

The stability constant (Kg) was deter-
mined according to Eq. (5).

1 5
KS:E. ()

3. Results and discussion

3.1. Characterization of the MFA/HP-
CD complex in liquid state

The MFA/HP-B-CD complex was prepared
as described above and effects of HP-B-CD
on MFA solubility and some other parame-
ters were analyzed.

The phase solubility diagram for the cre-
ated MFA/HP-B-CD complexes is shown in
Fig. 2 and indicates that the water solubil-
ity of the MFA drug increases linearly as a
function of the HP-B-CD content.
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Fig. 2. Phase-solubility diagram for
MFA/HP-B-CD host-guest system in water at
25°C.

This type of phase solubility diagram of
drug and B-CD can be considered as AL type
according to Higuchi and Connors [25]. The
slope is less than 1 (0.00185), so the solu-
bility enhancement can be attributed to the
formation of the first-order MFA/HP-B-CD
complex with 1:1 stoichiometry [26]. In the
presence of 0.1 M HP-B-CD, the MFA solu-
bility increases in 4 times. Our data corre-
late with the data of some authors. Similar
phase solubility profiles and solubility en-
hance ratio have been found by Urszula Do-
manska et al. [84]. The authors observed an
increase in the solubility of MFA to
4.6 times in the presence of HP-B-CD at pH
7.0 and a temperature of 298 K. Dounia Sid
et al. [35] also reported other similar solu-
bility enhance ratio for MFA and p-cy-
clodextrin, solubility was increased up to
3.8-fold for MFA in water.

The apparent stability constant (Kg) of
the MFA/HP-B-CD complex was calculated
from the linear plot of the phase solubility
diagram (Fig. 2) using Eq. (1), and is equal
to 88.0 M~1. Small K¢ values indicate weak
interactions, whereas high Kg values indi-
cates the limited drug release from the com-
plex. The optimal values of Kg are consid-
ered to be in the range of 100-1000 M1
[36]. The complexation efficiency of MFA
with HP-B-CD was calculated to be 0.002
indicating that approximately one of every
500 cyclodextrin molecules forms a complex
with MFA (25°C+0.1°C). Thus, obtained Kg
value for MFA/HP-B-CD complex points to
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Fig.3. UV absorption spectra: MFA, HP-3-CD
and inclusion complex MFA/HP-B-CD.

the weak interaction between the compo-
nents of the host-gest system. At the same
time, a fast drug release should be ex-
pected.

The MFA/HP-B-CD complex formation in
aqueous solution was also characterized by
UV-vis spectroscopy. The absorption spectra
of aqueous solution of MFA, HP-B-CD,
MFA/HP-B-CD are shown in Fig. 3. The ob-
tained curves show that HP-B-CD has no
absorption in the range of 200-400 nm. In
aqueous solution, MFA shows a strong ab-
sorption peaks at 286 nm and 335 nm. In
the UV spectra of the MFA/HP-B-CD the
absorption peaks are shifted from 286 to
283 nm and from 335 to 338 nm confirm-
ing the formation of MFA/HP-B-CD inclu-
sion complexes.

The continuous variation method (Job’s
plot) was used to confirm the inclusion
process and 1:1 stoichiometry as suggested
by the solubility experiments. As one can
see from Fig. 4, Job’s plot for MFA/HP-B-
CD complex formation is symmetric with
the maximum at R = 0.5 that points to the
1:1 stoichiometry of formed complex [27].

The apparent stability constants (Kg) of
MFA/HP-B-CD complexes were calculated by
Eq. (5) using the changes in the fluores-
cence intensity of MFA at 400 nm (Al) with
different HP-B-CD concentrations at differ-
ent temperatures (293, 298, 310 K). Fluo-
rescence spectra of MFA obtained for differ-
ent HP-B-CD concentrations and at different
temperature are presented in Fig. 5. Fluo-
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Fig. 4. Continuous variation plot (Job’s plot)
for the complex formation of MFA with HP-j-
CD at pH = 7.5.

rescence spectra of MFA at pH ~ 7.5 con-
sists of the main band centered at 400 nm
and another one centered at 380 nm. The
addition of HP-B-CD to MFA solution
caused remarkable changes in the fluores-
cence spectra: the increase in intensities of
both bands in correlation with increasing
HP-B-CD concentration. Moreover, the
short-wavelength band becomes more in-
tense. The changes in the fluorescence spec-
tra can be ascribed to the formation of the
inclusion complexes between MFA and HP-
B-CD, and transfer of MFA molecule from
the polar environment (water) to the non-
polar cavity of HP-B-CD [87, 38].

Since the fluorescence intensity was pro-
portional to MFA concentration, K; and Kgq
values were calculated using the modified
Benesi-Hildebrand equation (Eq. (3) and (4),
(5)). Fig. 6 shows the plot of 1/Al versus
1/[HP-B-CD]. For the considered tempera-
tures good linear correlations were obtained
confirming the formation of 1:1 complex.

The Kg values for different temperatures
are given in Table. As one can see the Kgq
value for the MFA/HP-B-CD complex de-
creases with increasing temperature, as ex-
pected for an exothermic process. This fact
can be caused by hydrogen bonds which
usually are weakened by heating, suggest-
ing a lower interaction between MFA and
HP-B-CD at higher temperatures.

The values of entropy (AS®) and en-
thalpy (AH?) changes of MFA/HP-B-CD
complex formation were determined from

Functional materials, 28, 4, 2021
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a)

, a.u,

c)

a.u.

the temperature dependence of the stability
constant i.e. In Kg against 1/T (Fig. 7)
using the van’t Hoff equation [39]:

AHC?  ASC 6
InKg = 2T VTR (6)
Table. Values of thermodynamic parame-
ters (the stability constant K¢, the stand-
ard molar enthalpy of binding AH?, the
standard Gibbs free energy change AG® and
the standard entropy change ASY) of 1:1
complex formation of MFA with HP-B-CD

in water

T, K |Kg M| AGO, AH?, AS°,
kdJ/mol | kd/mol |kJ/mol-K

293 184 -12.7

298 84 -11.0 -68.2 | -0.190

310 38 -9.4

Functional materials, 28, 4, 2021

b)

5x10"'—

4x10°+

3x10°
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1

Fig. 5. Fluorescence spectra of MFA in dif-
ferent HP-B-CD concentrations: (1) without
HP-B-CD, (2) 0.001, (3) 0.002, (4) 0.005, (5)
0.010, (6) 0.020 and different temperatures:
(a) 298 K, (b) 298 K, (c) 810 K. Excitation
wavelength ~ 350 nm.

where K¢ is the stability, R is the gas con-
stant and T is temperature in Kelvin de-
grees.

The other thermodynamic parameters
such as the free energy (AG®) of complex
formation were estimated on the basis of
well-known thermodynamic equation:

AG = —RTInK (7

and the obtained thermodynamic parameters
are presented in Table.

The AG® values provide information
whether the reaction conditions are favor-
able or unfavorable for organic molecules
solubilization in the aqueous host solution.
The negative AG® value obtained for
MFA/HP-B-CD complex suggests that the
binding process is favorable and spontane-
ous, whereas negative value of AH? and AS°
indicate that the MFA inclusion into HP-B-
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Fig. 6. The plot of 1/AI vs 1/[HP-B-CD] for
MFA/HP-B-CD complex formation at differ-
ent temperatures.

CD cavity is enthalpy-controlled processes
in which low energy interactions play an
important role.

Different molecular forces are known to
be involved into complex formation between
cyclodextrins and various molecules. The in-
clusion complex formation in an aqueous so-
lution results in the rearrangement and re-
moval of the water molecules from the cy-
clodextrin central cavity accompanied by a
change in the electrostatic interactions. The
formation of an inclusion complex with cy-
clodextrin is usually caused by such interac-
tions as hydrogen bonding with -OH groups
at the periphery of the CD cavity, van der
Waals interactions and hydrophobic effects
[40]. CD-inclusion process is usually associ-
ated with a negative AH?, while AS® change
could be either positive or negative. The
binding event can be decomposed into the
solvent- and solute-associated processes.
During the binding, some fraction of the
surface of both molecules is removed from
the contact with solvent and solvent being
formerly in contact with molecules returns
to the bulk water [41]. The negative values
of ASO for MFA/HP-B-CD complex forma-
tion processes are the result of a decrease in
translational and rotational degrees of free-
dom of the complex formation molecules as
compared with the free ones, giving more
ordered system. Furthermore, the inclusion
complexation involves desolvation of both
MFA and cyclodextrin, which takes place
when MFA penetrate fully inside the CD
cavity [42].
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Fig. 7. Van’t Hoff graph for MFA/HP-B-CD
complex formation.

3.2. Characterization of the MFA/HP-
CD complex in solid state

To obtain more information about the ef-
ficiency of MFA/HP-B-CD complex forma-
tion, the powders of the complexes were
also characterized.

SEM is a qualitative method wused to
visualize the surface texture of raw materi-
als or the prepared products. The SEM im-
ages of the MFA, HP-B-CD and inclusion
complexes are shown in Fig. 8 (a—c). Pure
MFA appeared as irregular-shaped crystals
with the flake-like surface (Fig. 8a),
whereas HP-B-CD are spherical particles
with a cavity-like structure (Fig. 8b). In
contrast, microscopic observation of the in-
clusion complex revealed sufficient morpho-
logical changes. The inclusion complex (Fig.
8c) reveals bulky prismatic shape with a
smooth surface. These morphological
changes are useful evidence of interactions
between molecules.

DSC is an important criterion for the
recognition and characterization of HP-B-CD
inclusion complexes. When guest molecules
are embedded in B-CD cavities, their melt-
ing, boiling or sublimating points generally
shift or disappear completely [43, 44].
Fig. 9 shows the DSC curves of MFA, HP-f3-
CD, and the MFA/HP-B-CD solid complexes
obtained by the physical mixing and co-
evaporation methods. The DSC curve of
pure MFA drug was typical anhydrous crys-
talline substance exhibiting a flat initial
profile followed by a sharp melting en-
dotherm at about 231°C. The DSC profile of

Functional materials, 28, 4, 2021
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Fig. 8. SEM images: (a) pure MFA, (b) HP-B-CD, (c) MFA/HP-B-CD complex.

HP-B-CD showed a large endothermic peak
associated with water loss between 80 and
120°C (Fig. 9b). These results are in accord-
ance with [45]. For the solid complex ob-
tained by the physical mixturing the appar-
ent endothermic MFA transition (the shift
of the endothermic peak to 220°C) was ob-
served (Fig. 9d) indicating the weak interac-
tions between MFA and HP-B-CD. However,
this melting endotherm completely disap-
peared in the thermogram of inclusion com-
plex obtained by co-evaporation (Fig. 9¢)
and this result indicates a successful com-
plexation of MFA and HP-B-CD.

The TGA curves of HP-B-CD, MFA,
MFA/HP-B-CD are shown in Fig. 10. At
105°C HP-B-CD has weight loss of 7.0 %
attributed to water evaporation. Further-
more, for MFA/HP-B-CD water loss (7.5 %)
was slower than for HP-B-CD suggesting
that the water — cyclodextrin interactions
in inclusion complex are stronger. The inho-
mogeneity of the samples in terms of the
content of volatile impurities was 0.4 %.

The interaction between the drug mole-
cules and hydrophobic CD nanocavities in
solid state was investigated by FTIR spec-
troscopy. Inclusion complex formation is
generally identified by intensity changes,
disappearance, and widening, as well as
shifting of peaks. The FTIR spectra of
MFA, HP-B-CD, physical mixture and
MFA/HP-B-CD are shown in Fig. 11. In the
spectrum of HP-B-CD, the major absorption
peaks were observed at 1020, 1070 and
1150 cm™! corresponding to the coupled C—
C/C-0O stretching vibrations and the anti-
symmetric stretching vibration of the C-O—
C glycosidic bridge of HP-B-CD molecules
[46]. The most characteristic peaks of HP-B-
CD relate to OH stretching (3400 cm™1), CH

Functional materials, 28, 4, 2021
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781



G.V.Grygorova et al. / Supramolecular inclusion ...

I

a) " (1)
BememNET
= (2)
o
= (3)
2 M
w
o U\
] wv\/‘ﬁ)

I I ] L 1 ]
500 1000 1500 2000 3000 3500 4000

-1
v, cm

o
—

(1)

()

(3)

Transmittance, %

(4)

T
500 750

T T T T
1000 1250 1500 1750

-1
v, cm

Fig. 11. FTIR spectra of (a) MFA 1), HP-B-CD, 2) physical mixture MFA with HP-B-CD, 3)
MFA/HP-B-CD complex 4) and (b) FTIR spectra in the low frequency region.

stretching (2980 cm™1) and C=0 stretching
(1640 cm™1) [47]. The broad peak at
8400 cm™! could be attributed to the influ-
ence of hydrogen bonding.

The FTIR spectrum of pure MFA is pre-
sented in Fig. 11a. The band at 3312 cm™!
arises from the amino group internally hy-
drogen bonding with the carbonyl group
[48]. Besides, other bands were observed at
1649 cm™! for C=0 stretching vibration and
at 1257 ecm™! for C-N stretching vibration.
The strong C=C stretching vibrations of the
aromatic ring appeared at 1575 cm™!,
1510 cm™1, 1472 cm™! and 1450 cm™! along
with four weak bands for the overtones and
combinations at 2000-1700 cm™l. The
bands at 1198 cm™1, 1162 cm™!, 1083 cm™1,
1064 cm™!, 10836 cm™l, 778 em™! and
754 cm™! are related to CH in-plane bending
and CH out-of-plane bending vibrations of
aromatic ring [48].

The spectrum of the physical mixture of
MFA and HP-B-CD in the range from 1650
to 1257 cm™1 is similar to the combination
of the MFA and HP-B-CD spectra (Fig. 11b).
Remarkably, the NH stretching vibration,
the overtones and combination bands for the
aromatic ring and the strong band for C-N
stretching vibration (1257 cm™1) completely
disappeared in inclusion complexes. Further
the strong band for C=0 stretching
(1650 cm™1) was shifted to 1612 ecm™! in
the MFA/HP-B-CD complexes suggesting
that the methyl substituted aromatic ring
along with the amine (NH) group may be
included into the CD nanocavity.
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4. Conclusions

Taking all experimental results together,
we can conclude that in water solutions
MFA effectively forms an inclusion complex
with HP-B-CD that increase drastically the
solubility of MFA. UV-vis spectral data and
phase-solubility studies indicated that MFA
forms a complex with the HP-B-CD at a 1:1
molar ratio and the apparent stability con-
stant is adequate for the formation of an
inclusion complex that may contribute to
improving the bioavailability of a poorly
water-soluble drug like MFA. The thermo-
dynamic data estimated using the van’t
Hoff equation confirm that the MFA/HP-B-
CD complex formation is thermodynamically
favorable and exhibits a negative change in
Gibbs free energy. In addition, MFA/HP-B-
CD complex formation is endothermic and
entropy driven process. The solid complex
was prepared by the co-evaporation method.
Characterizations of the prepared host-guest
type solid complexes using FTIR, DSC, TGA
and SEM methods indicate that MFA is
found inside the cavity of the HP-B-CD.
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