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In this research host-guest complex formation of melatonin (MT) with randomly meth-
ylated P-cyclodextrin (RMPCD) in aqueous solutions and in solid state has been investi-
gated by differential scanning calorimetry, Fourier transform infrared spectroscopy analy-
sis, fluorescence and ultraviolet-visible absorption spectroscopy and phase solubility meas-
urements. The phase solubility data indicate a linear increase in the solubility of MT with
RMPBCD pointing to the Higuchi’s AL-type phase solubility profile. According to the
continuous variation Job’s method applied to spectroscopy measurements, a 1:1
stoichiometry has been proposed for the complex formed. Stability constants for the
RMPCD/MT inclusion complexes have been calculated by fluorescence spectroscopy using
the Benesi-Hildebrand method, while the thermodynamic parameters have been estimated
using the Van’t Hoff equation. The data obtained indicate that the binding process of
RMPCD with MT is exothermic and enthalpy-driven. The superiority of the RMBCD/MT
inclusion complex in photostability has been revealed.

Keywords: randomly methylated B-cyclodextrin, melatonin, inclusion complexes, stabil-
ity constant, complexation thermodynamics.

C nomomiesio guddepeHInaIbHON CKanupyooieili kamsopumerpun, MK-cekTpockonuu ¢ mpe-
obpazoBanuem Pypbe, QuryopeciieHTHON u Y P-BUI CIEKTPOCKOIINH, U3MepeHns (Pa30BoOil pacTBO-
PUMOCTH M3Yy4YEHO 00pPa30BaHME KOMILICKCA IOCTb-XO3SMH MEJIATOHUH CO CAYYAHO METHIHPO-
BaHHBLIM [3-IUKJIOIEKCTPUHOM B BOJHEIX PACTBOPAX U B TBEPIOM COCTOSHUU. JlaHHEBIE 10 (ha3oBOM
PACTBOPHMMOCTH YKAa3bIBAIOT HA JUHEHHOe YBeJIMUeHNe PACTBOPUMOCTHA MeJAaTOHNHA IpU nobaBiie-
HUU METHJIMPOBAHHOIO [-IUKJIONEKCTPUHA, AeMOHCTPUPYA Ipoduiu pactsopumoctu (az AL
Tuna mo merony Xuryun. B coorBercTBum ¢ meromom [ikoGa moaTBepskaeHa crexuomerpus 1:1
IJIsT 00pa30BAHHOIO KOMILIEKCA BRJIOUEHMWA. KOHCTAHTLI yCTOMUMBOCTH IJIsI KOMILIEKCOB BKJIIO-
YeHNsA MeJaTOHWH/MeTUINPOBAHHLIN B-IUKJIOZeKCTPUH PACCUYUTAHEI ¢ ITOMOIILI0 (hIyopecIeHT-
HOM CIIEKTPOCKOIIMM € MCHOJbL3oBaHmeM MeToma Bememn-XuinaeOpanga, TepMOIUMHAMUYECKUe
mapaMeTphl OIEHEeHBbI ¢ TOMOIIbI0 ypaBHenus Bawut-Todda. JanHble yKasplBAIOT HA TO, YTO
TIpoIlece CBABBIBAHNA METUJIMPOBAHHOTO P-IUKJIOAEKCTPUHA C MEJaTOHWHOM SBJAETCA DK30Tep-
MUYECKHUM U O0yCJIOBJIEH SHTAJAbIINElN. PesyabTaThl IPOAEMOHCTPUPOBAIN yBeanmdyeHue hoTocTa-
OMIIBHOCTH MEJATOHMHA B COCTABE KOMILICKCA BKJIIOUEHUS.
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KoMmekcu BKJIIYEHHS MEJATOHIHY 3 BHNATKOBO METHIbOBAHHM [-IHKJIOIEKCTPHHOM:
cuekrTpockoniune pocaimxenns. .B.I'puzoposa, C.J.€Pimosa, B.K.Knrouros, JI.B.Bydancvka,
H.C.Copponos, O.B.Koaecrixosa, FO.B.Manwxin.

3a momomoroio gudepeHIiaNbHOI cKanyouol Kamopumerpii, IY-cuekTpockoiii 3 meperso-
penusam Pyp’e, dhayopecnenTHol Ta YP-BuA CIEKTPOCKOIil, BuMipoBanHa (asoBOi PO3UMH-
HOCT1 BUBYEHO YTBOPEHHS KOMILJIEKCY ' IiCTh-TOCIOAP MEJATOHIH 3 BHIIALKOBO METUJILOBA-
HUM [-IUKJIOIEKCTPUHOM y BOJHUX DO3UMHAX i B TBepgomy crami. /laHi 3 (as3oBoi posuun-
HOCTI BKasylTh Ha JiHiliHe 30iablIeHHA PO3UYMHHOCTI MeJaTOHIHY @Hpu JgOoxaBaHHIL
METUJIBOBAHOIO B-IUKJIOJEKCTPUHY, AEMOHCTPYIOUM Hpodini posummmocTi das AL Tumy sa
metogoM Xiryui. Bigmosiguo mo meromxy d:xoba miaTBepm:keHo crexiomerpiro 1:1 gma yTeo-
PEeHOTO KOMIIJIEKCY BKJIOUeHHA. KoHcTamTy CTifiKOoCTi AJMA KOMIJIEKCIB BKJIIOUEHHS MeJja-
TOHIH/MeTUILOBAHUH [-IIMKJI0LEKCTPUH PO3PAXOBAHO 34 JOIIOMOT0I0 (DJIyOPECIeHTHOI CITeKT-
pockotii 3 BukopucTanuaMm metony Bememri-Xinngebpamga, TepMoIMHAMIUHI TapaMeTpu OIi-
HeHi 3a gomomorow piBuanHa Baut-T'odda. Hami BKasywoTh Ha Te, IO TpOIEC 3B’ A3yBaHHSA
MeTUJILOBAHOTO [-IUKJIOMEKCTPUHY 3 MEJATOHIHOM € eK30TePMiuHMM i O0yMOBJEHWH eH-
Tanpnico. Pesyiabrary mpogeMoHCcTpyBadau 30iabinenus dorocTabinbHocTi MemaToHiHy Y

CKJIAIi KOMIIJIEKCY BKJIIOUEHHS.

1. Introduction

Melatonin (MT) is more commonly known
as the sleep hormone, which regulates the
circadian rhythm and sleep cycles. MT is
mainly prescribed as a sleeping aid, while
various studies have reported other useful
effects of MT (Scheme 1). One of the most
interesting properties of MT is its antioxi-
dant activity [1-8]. It was shown the ability
of MT neutralize different types of toxic
free radicals directly and via stimulation of
antioxidant enzymes or suppression of
redox enzymes activity [4, 5]. Moreover,
MT can regulates the reduction/oxidation
system in stress conditions suppressing
chronic oxidative stress [4]. Such actions of
MT are responsible for its protective role in
several disease states including reduction of
amyloid plaques in Alzheimer’s disease [5—
7]. It is interestingly that due to its am-
phiphilic properties, MT can diffuse easily
cross all morpho-physiological barriers,
such as the placenta or the blood-brain bar-
rier, and it can enter all cells of the body,
influencing the function of a variety of tis-
sues [13]. Several studies have reported that
MT remarkably inhibits the growth of vari-
ous types of tumors, such as breast, ovary,
endometrium, prostate, liver, and bone [4,
5, 8-10]. It was revealed that MT restrains
the uptake of linoleic acid, which is a tumor
growth factor [10] and inhibits telomerase
activity of cancer cells [11, 12]. Moreover,
stimulating DNA damage responses, MT in-
creases the tolerance of normal tissues to
toxic effect of ionizing radiation may reduce
the risk of genomic instability in patients
who under go radiotherapy [4].

Therefore, MT has potential therapeutic
implications for treatment various disease
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states associated with MT production. De-
spite its promising properties, MT applica-
tion is limited due to its low water solubil-
ity (0.96 mg/L) with slow dissolution char-
acteristics [14, 15]. Oral administration of
MT has poor bioavailability with an erratic
kinetic profile due to high liver metabolism
(=90 %) and short half-life [14]. That is
why a variety of attempts to improve MT
water solubility and bioavailability has been
made. For this purpose, a lot of MT capsu-
lated formulations have been proposed in-
cluding MT encapsulated polycaprolactone
microspheres [16] and nanoparticles [17],
poly(lactide-co-glycolide)-monomethoxy-pol
y-(polyethyleneglycol) nanoparticles loaded
with melatonin [18], melatonin-encapsulated
niosomes composed of nonionic surfactants
[19], alginate beads loaded with MT [20],
liposomal forms of MT [21], silica nanopar-
ticles modified with diamine polymer and
loaded with MT [22] and cyclodextrins-con-
taining matrices and cyclodextrin:MT com-
plexes [14, 15, 23, 24]. All these formula-
tions enhance MT cellular uptake and ensue
its prolonged systematic delivery.
Cyclodextrins (CDs) are family of cyclic
oligosaccharides with a hydrophilic outer
surface and a lipophilic central cavity.
Their internal cavity is relatively hydropho-
bic, while their outer surface is hydrophilic.
This characteristic structure of CDs enables
the inclusion of poorly soluble, non-polar or-
ganic molecules inside the hydrophobic cavity
to form inclusion complexes [23—-25]. That is
why CDs are widely used as "molecular
cages” in the pharmaceutical, agrochemical,
food and cosmetic industries [25]. In its turn,
the amphiphilic structure of MT makes it
suitable for the formation of inclusion com-
plexes by insertion into the hydrophobic cav-
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Scheme 1. Structural formula of MT.

ity of CDs. Therefore, MT:CDs inclusion
complexes can increase melatonin solubility
and thus improve its application [12, 14, 15].

In this study, the complex of MT with
randomly methylated B-CD (RMPBCD) was
prepared to improve the hydrophilic prop-
erty of MT. The comlpexation of MT with
randomly methylated [-cyclodextrin in
aqueous solution was analyzed by means of
UV-vis and fluorescence spectroscopy. The
stoichiometry, apparent binding constants
and thermodynamic parameters of the aque-
ous solutions of the RMPCD/MT complex
were calculated. Physicochemical properties
of the obtained complex in solid state were
also characterized by FT-IR, DSC.

2. Experimental

2.1. Materials. Randomly methylated
B-cyclodextrin and melatonin were pur-
chased from Sigma-Aldrich (Saint Louis,
MO, USA) and used as supplied. Phosphate
buffer solution (pH = 7.5) was prepared in
the usual way by the addition of appropri-
ate amounts of 0.0667 M disodium hydro-
gen phosphate to 0.0667 M potassium dihy-
drogen phosphate. All other chemicals were
of reagent grade, and deionized water was
used throughout the experiments.

2.2. Preparation of lyophilized inclusion
complexes of MT with RMPCD. The lyophil-
ized inclusion complex of MT with RMBCD
(RMBCD/MT) was prepared by the co-evapo-
ration method. Two samples with the differ-
ent molar ratio of MT to RMPBCD were pre-
pared as follows. 0.285 g of MT and
1.715 g of RMPCD were dissolved in 50 ml
of isopropanol (Sample 1). Similarly,
0.153 g of MT and 1.847 g of RMBCD were
dissolved in 50 ml of isopropanol (Sample
2). The solutions were shaken for 4 h at
25°C. Isopropanol was then removed using a
rotary vacuum evaporator at 55°C. The ob-
tained white powders were dried and stored
in a desiccator for 24 h, after which the
samples were transferred in sealed glass
containers for further investigation.
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2.3. Phase solubility studies. To deter-
mine the feasibility of the RMBCD/MT com-
plex formation and its stoichiometry phase
solubility studies of MT and RMPBCD were
carried out according to the method of
Higuchi and Conors at room conditions [26].
Excess amount of melatonin were added to
screw capped vials containing various con-
centrations of RMPCD solutions ranging
from O to 0.08 M. These solutions were
stirred during 48 h at room conditions.
After equilibrium was attained, the solu-
tions were filtered (0.45 um membrane fil-
ters) and the concentration of MT was ana-
lyzed using SPECORD 200 (Analytik Jena)
spectrophotometer at characteristic wave-
length A,,. =278 nm. The calibration
curve of MT absorption in water was estab-
lished. The calculated MT concentration val-
ues were used to draw the phase solubility
diagram and the stability constants of the
inclusion RMPCD/MT complex were calcu-
lated from the Eq. (1):

K = SZOBQ (1)
*  S,(1 - Silope)’

where K, is the stability constant of the
RMPCD/MT inclusion complex and S, is the
apparent solubility of free MT without

RMPBCD in aqueous solution.

2.4. Spectroscopic measurements.
RMBCD/MT complex formation was moni-
tored by UV—-Vis and fluorescence spectros-
copy. The absorption spectra were measured
with a SPECORD 200 (Analytik Jena) spec-
trophotometer. The temperature inside the
sample compartment of the spectrophotome-
ter was 2510.25°C. The fluorescence spectra
were measured with a Lumina (Thermo Sci-
entific) spectrofluorimeter. The excitation
and emission wavelengths were 278 and
350 nm, respectively. For registration of
the absorption spectra and fluorescence
spectra, a quartz cuvette with an optical
path length of 1.0 cm was used.

2.5. Fourier-transform infrared spectros-
copy (FT-IR). Infrared (IR) spectra of the
samples were recorded with a Spectrum One
(PerkinElmer) IR-Fourier spectrophotometer
in the range of 400—4000 ecm™l. The samples
were previously mixed thoroughly with KBr.

2.6. Differential scanning calorimetry
(DSC). The differential scanning cal-
orimetry studies were performed using a
DSC 1 calorimeter (Mettler Toledo, Switzer-
land). The samples (approx. 7 mg) were
placed into aluminum crucibles, sealed and
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were scanned between 25 and 300°C. The
DSC thermograms were processed using a
DSC 1 calorimeter software.

2.7. Determination of RMPBCD/MT com-
plex stoichiometry. The stoichiometry of the
formed complexes was examined by apply-
ing the continuous variation (Job plot)
method [27]. A set of solutions of MT with
RMPCD was prepared varying the mole frac-
tion of the MT in the range 0—1 and keep-
ing constant the total molar concentration
of the species (1-1075 M). After 48 h sam-
ples were filtered (0.45 pm membrane fil-
ters) and their absorbance was measured at
279 nm, having as blank the solution with
the respective CD concentration. Job’s plots
were generated by plotting AAXR against R,
where AA values were calculated by measur-
ing the absorbance of MT solution in the
absence and presence of the corresponding
concentration of the CD and R = [MT]/([MT]
+ [RMfBCD])) [28, 29].

2.8. Determination of RMPCD/MT stability
constants. To determinate binding and stabil-
ity constants for RMBCD/MT complexes, a set
of MT fluorescence spectra in phosphate buffer
solution (pH 7.5) with a fixed concentration of
MT (1-1075 M) and varying concentration of
the RMBCD (5.0-107°-1.0-10"2 M) were re-
corded. Since the observed intensity was al-
ways proportional to the concentration of the
emitting species, the binding constant (Kp)
could be determined according to the Benesi-
Hildebrand method [80]. K, of the
RMBCD/MT complex formation can be deter-
mined from the plot of 1/AI versus
1/[RMBCD] according to Eq. (2) [31]:

11 . 1 L1 (2)
AT~ o[MTIK, [RMBCD] a[MT]’

AI was calculated according to Eq. (3):
Al=1-1,, (3)

where I and I are the intensities of the MT
fluorescence maxima in the solutions with
and without RMPBCD/MT, respectively.
[MT], [RMBCD], and a are the concentration of
MT, RMBCD, and a proportionality constant,
respectively. As seen in Eq. (2), the binding
constant K, can be determined by plotting
1/AI versus 1/[RMPBCD] as a line slope.

The stability constant (K ) was deter-
mined according to Eq. (4).
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Fig. 1. Phase-solubility diagram for the
RMBCD/MT host-guest system in water at
20°C.

_ 1 (4)
K, =—.
S Kb

2.9. Photostability studies. The photo-
stability of inclusion RMPBCD/MT complex
in aqueous solutions was evaluated as fol-
lows. 4 mL freshly prepared solutions of
pure MT and RMBCD/MT complex ((MT] =
11073 M) were poured into two quartz cu-
vettes and irradiated using a broadband UV
lamp (250 W mercury lamp, light flux
43 W/ecm?2) at room temperature (25°C) for
20 min. The distance between a cuvette and
a UV lamp was 5 cm. The UV absorption
spectra of the solutions were analyzed be-
fore and after irradiation using a UV-vis
spectrophotometer. The photostability of
the RMPBCD/MT inclusion complex was ex-
pressed as percentage relative to absorbance
at the maximum absorption wavelength of
the MT. Percentage photostability was cal-

culated as follows:
absorbanceof irradiatedample
absorbance of unirradiated sample”

percent photostability=

3. Results and discussion

3.1. Characterization of the MT/RMPBCD
complex in liquid state. The phase solubility
diagram for MT/RMPCD complexes is
shown in Fig. 1. The solubility of MT in-
creases linearly as a function of RMBCD
concentration that points to the water-sol-
uble AL-type complex formation [26]. More-
over, a slope of the straight line lower than
unity can be indicative of 1:1 stoichiometry
of the formed MT/RMBCD complex [26]. In
the presence of 0.08 M RMPCD, the MT
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Fig. 2. UV absorption spectra: I — RMpCD,
2 — MT, 3 — inclusion complex RMBCD/MT.

solubility is 8.5 times higher than that of
MT itself. The apparent stability constant
(K,) of the RMPCD/MT complex was calcu-
lated from the linear plot of the phase solu-
bility diagram (Fig. 1) using Eq. (1) and is
272.0 M~11. As the value of K, is within
the range of 200-5000 M1, that indicates
stability of the complex formed between MT
and RMBCD [26]. Such values are consid-
ered to be adequate for the formation of an
inclusion complex which may contribute to
improving the bioavailability of poor water
soluble drugs. Obtained high stability con-
stant value K, for the RMBD/MT complex
indicates spatial compatibility of MT and
the strength of the interaction by the
RMBCD cavity. In [32], for RMBCD/MT com-
plex in pure water K, value obtained by the
solubility method was reported to be 263.9 M1
that is in agreement with our data.

The RMPCD/MT complex formation in
aqueous solution was characterized by UV-vis
spectroscopy. Fig. 2 shows the absorption
spectra of MT in water in the absence and
presence of RMPCD. The obtained curves
show that RMBCD has no absorption within
200-400 nm. The MT reveals a charac-
teristic absorption peak near 278 nm, which
is slightly shifted toward long-wavelengths
(~ 280 nm) in the solution containing
RMBCD/MT, indicating that the MT mole-
cules penetrate into the RMPBCD cavities by
hydrophobic interactions.

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
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Fig. 4. The plot of 1/AI vs 1/[RMBCD] for
RMPBCD/MT complex formation at different
temperatures.

see from Fig. 3, the Job’s plot for
RMBCD/MT complex formation is symmet-
ric with the maximum at R = 0.5 that
points to the 1:1 stoichiometry of formed
complex [27].

The apparent stability constants (K,) of
the RMPCD/MT system were determined by
measuring the changes in fluorescence spec-
trum at 350 nm of MT, AI, in presence of
variable concentration of RMBCD using Eqg.
(4) at different temperatures 293, 298,
310 K. The fluorescence intensity increases
with increasing concentration of RMPCD.
Moreover, the fluorescence spectra become
blue-shifted (350 to 835 nm) upon addition
of RMBCD (data not presented). Since the
observed intensity was always proportional
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Fig. 5. Van’t Hoff graph for RMACD/MT
complex formation.

to the concentration of the emitting species,
the K, and K, values were calculated from the
modified Benesi-Hildebrand equation (Egs. 2
and 3, 4) by non-linear least squares fitting
under the condition of a 1:1 binding model.
Fig. 4 depicts the plot of 1/Al versus
1/[RMBCD]. For the considered tempera-
tures good linear correlations were obtained
confirming the formation of 1:1 complexes.
The K, values for different temperatures
are given in Table 1. As one can see the K,
value for the RMPBCD/MT complex decreases
with increasing temperature, as expected
for an exothermic process [33]. Decreasing
K, with increasing temperature points to
the key role of hydrogen bonds in
RMBCD/MT complex formation, which are
usually weakened by heating, suggesting a
lower interaction between MT and RMBCD
at higher temperatures. Similar tempera-
ture effects on the stability constants were
shown in [84]. The stability constants K, of
the complex at 293 K are in agreement with
our value 272.0 M~! obtained at this tem-
perature by using phase solubility method.
The values of enthalpy (AH?) and en-
tropy (AS9) changes of RMBCD/MT complex
formation were determined from the tem-

Heat flow, W/g
S

40 80 120 160 200 240 280
T,°C

Fig. 6. DSC curves of MT (a), RMBCD (b), com-
plex RMPBCD/MT, Sample 1 (c) and complex
RMPBCD/MT, Sample 2 (d).

perature dependence of the stability con-
stant i.e. In K, against 1/T (Fig. 5) using
the van’t Hoff equation [35]:
_ _AHO ASO (5)
InK, = - RT T R

where K, is the stability, R is the gas con-
stant and T is absolute temperature.

Obtained data are listed in Table 1. The
resulted values of enthalpy and entropy
were used in Gibbs-Helmholtz equation (Eq. 6)
to calculate the free energy change (AG?)
and the obtained thermodynamic parameters
are presented in Table.

AG® = AHO — TASO. (6)

The AG? values provide information
about whether the reaction condition is fa-
vorable or unfavorable for organic mole-
cules solubilization in the aqueous carrier
solution. The negative AGY value suggests
that the binding process is favorable and
spontaneous, the formation of RMPCD/MT
complex is an exothermic reaction accompa-
nied with negative AH?. The formation of
an inclusion complex with cyclodextrin is
classically caused by such interactions as
hydrogen bonding with the —OH groups at
the periphery of the CD cavity, van der

Table. Values of thermodynamic parameters (the stability constant K, the standard molar
enthalpy of binding AHO?, the standard Gibbs free energy change AG? and the standard entropy
change AS?) of 1:1 complex formation of MT with RMPCD in water

T, K K, M! AG®, kJ/mol AHO, kJ/mol A8, kJ/mol
293 278.6 -13.56
298 215.3 -13.22 -33.19 -0.067
310 131.1 -12.42
Functional materials, 26, 4, 2019 669
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Fig. 7. FT-IR spectra of MT (a), RMBCD (b),
complex RMBCD/MT, Sample 1 (¢) and com-
plex RMBCD/MT, Sample 2 (d).

Waals interactions and hydrophobic effects
[86]. The negative AHY for RMBCD/MT in-
clusion complex formation indicates that
the binding forces include strong van der
Waals-London dispersion interactions asso-
ciated with a negative value of AS?, related
to the apparent low degrees of freedom of
the solute in the rigid cyclodextrin cavity.
Thus, the driven forces for RMPCD/MT
complex formation are hydrogen bonding
and hydrophobic interactions.

3.2. Characterization of the RMBCD/MT
solid complex. Inclusion complex formation
between MT and RMBCD was also verified
by the DSC method using two samples with
different RMBCD contents (Sample 1 and 2,
respectively, see the experimental section).
In DSC thermograms effects of inclusion
complex formation could be monitored as
shifting, broadening of characteristic peaks
and an appearance of new peaks or a disap-
pearance of some peaks [37]. In the pure
MT thermogram (Fig. 6a), a sharp endother-
mic transition at 120°C, which corresponds
to its melting point, is observed, whereas in
the RMPBCD thermogram a broad endother-
mic peak associated with water loss is ob-
served at 80°C (Fig. 6b). For the RMBCD/MT
thermogram (Sample 1), the endothermic
transition of MT is shifted toward the higher
melting point range (Fig. 6¢). Since the indi-
vidual MT peak is still separated in the
melting thermogram, this effect could be
associated with the weak organic molecule
— cyclodextin interactions, which are not
sufficient to ensue the MT inclusion into
RMPCD cavity and the presence of unbound
MT molecules in the solution. For Sample 2,
prepared with higher RMBCD concentration,
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Fig. 8. MT photodegradation under UV light
irradiation.

the endothermic peak associated with un-
bound MT, in the thermogram of the
RMBCD/MT complex completely disappears
indicating a successful complexation of MT
with RMBCD (Fig. 6d) [14]. Thus, to ensure
the full inclusion of MT into RMBCD cavity,
the higher concentration of RMBCD is neces-
sary (MT:RMBCD = 1:2). The variation of
the shape, position and intensity of the
FTIR absorption peaks of the guest and host
molecules can provide enough information
about the occurrence of the inclusion com-
plex [38]. The FTIR spectra of pure MT,
pure RMPCD, RMPBCD/MT inclusion com-
plexes are illustrated in Fig. 7. The most
distinct peaks of MT lay in the N-H stretch
(8292 ecm 1) and the C=0 stretch (1627 em™
1 twin band). Moreover, the characteristic
absorption bands at 1587 ecm™! represented
the CH=CH indole stretching, 1556 cm™1
(NH-CO bending), 1212 em™! (C-O-CHj,
bending). The most characteristic peaks of
RMBCD lay in the O-H stretch (3300—
3600 cm 1), C—H stretch (2930 cm 1) and the
C-O stretch (1630 cm™1). The broad peak at
3300 cm™! could be attributed to the influ-
ence of hydrogen bond. The FTIR spectra of
the RMPBCD/MT inclusion complexes (both
Sample 1 and 2, Fig. 7c,d) was very similar
to that of RMPBCD and the characteristic
peaks of MT were almost entirely disap-
peared. However, some significant differ-
ences were observed in the spectrum of the
inclusion complex. The NH stretching peak
at 3292 ecm~! belonging to MT is not seen in
Fig. 7c due to the presence of broad OH
band at 3300-3600 cm~1 of RMBCD. In ad-

Functional materials, 26, 4, 2019



G.V.Grygorova et al. / Inclusion complexes of ...

dition, amidic carbonyl group C-O stretch-
ing of MT observed at 1556 cm™! in Fig.
7(a), drastically reduces its intensity and
sharpness in the RMPCD/MT complex. Also,
the characteristic peaks of MT at 1000-—
1215 em™1 are quite disappeared in the in-
clusion complex spectrum (Fig. 7d,c). No
new peak was detected in the spectrum of
complex inclusion, indicating the absence of
any chemical reactions between MT and
RMBCD. The FT-IR results correlate with
the DSC findings indicating encapsulation
of MT into the cavity of RMPCD.

3.3. Photostability studies. Some data
state that the hydrolytic or photolytic de-
composition of guest compounds could be
decelerated through the host-guest struc-
ture in inclusion complexes [39]. The photo-
stability against UV irradiation of the ob-
tained RMPBCD/MT inclusion complex was
compared with that for free MT in water,
Fig. 8. The data presented in Fig. 8 show
that the photostability of MT in
RMPCD/MT complexes increases up to
10 %. That could be due to a protective
action of RMPCD cavity for encapsulated
MT molecules. Taking into account the high
dose of UV irradiation, such values is suffi-
cient and in agreement with the data pre-
sented by another authors for other drug
molecules — CD inclusion complexes [40,
41]. Thus, we can conclude that the ob-
tained RMPCD/MT inclusion complex can
ensue higher photostability of MT also in
lyophilized form at vis-light irradiation and
protects MT from oxidizing environment
e.g. reactive oxygen species.

4. Conclusions

In present paper, the complex formation
between MT drug and RMPBCD in liquid and
in solid state has been studied. The nonco-
valent interaction strength of RMPBCD/MT
complex has been estimated using fluores-
cence and UV-vis absorption spectroscopy.
The obtained results reveals that the com-
plex of MT drug with RMBCD is formed in
a 1:1 stoichiometric ratio. For the
RMPBCD/MT inclusion complex, the stability
constants (K,) calculated using the phase
solubility and the Benesi-Hildebrand meth-
ods have been estimated to be 272.0 and
278.0 M1, respectively. The data confirm
that the RMBCD/MT complex formation is
thermodynamically favorable and exhibits a
negative change in Gibbs free energy. In
addition, RMBCD/MT complex formation is
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exothermic and enthalpy driven process.
The solid complex was prepared by the co-
evaporation method. The host-guest type
solid complex formation has been quantita-
tively estimated by DSC, FT-IR methods
and the obtained results confirm that there
is possibility of energetically favorable in-
teractions between MT and RMACD mole-
cules in solid state. Moreover, MT encapsu-
lated in RMPCD cavity reveals higher pho-
tostability in aqueous solutions than pure
MT. These results identified the
RMBCD/MT inclusion complex as an effec-
tive new approach to design a novel formula-
tion for pharmaceutical applications.
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