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Abstract

Flavonoids are natural substances with a lot of biological activities, including the antioxidant one. Their use in
pharmaceutical field is, however, limited by their aqueous insolubility. As the formation of the inclusion complexes
can improve their solubility in water, the flavonoids hesperetin, hesperidin, naringenin and naringin have been
complexed with B-cyclodextrin (B-CD) by the coprecipitation method and studied in solution and in solid state by
NMR, FT-IR, differential scanning calorimetry and X-ray techniques. The effects of complexation on the chemical
shifts of the internal and external protons of B-CD in the presence of each flavonoid were observed. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Flavonoids are diphenylpropane derivatives
that include flavanols, flavanones, anthocyanidins,
flavons and flavonols [1]. More than 4000
flavonoids have been found in plants, fruits and
vegetables. They are frequently components of the
human diet and have gained recent interest be-
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cause of their broad pharmacological activities,
including the antioxidant [2-9].

Cyclodextrins (CDs) are cyclic o (1-4) linked
glucose oligomers having six (o), seven () and
eight (y) glucose units. Their molecules have a
torus shape and characteristic dimensions which
increase from o-CD to y-CD. Because of their
geometry, and as the surface of the internal cavity
is relatively hydrophobic, in contrast to the hy-
drophilic character of the external hydroxyl faces,
CD molecules easily form inclusion complexes
with a wide variety of molecules and molecular
ions [10]. This property is the main base for their
wide application in chemistry and in separation
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technology [11]. These complexes were employed
to increase the aqueous solubility of drugs [12,13]
and the stability of labile drugs [14,15] and to
improve their bioavailability [16,17].

In this work were prepared inclusion complexes
of hesperetin, hesperidin, naringenin and naringin
in PB-cyclodextrin (B-CD), that were analysed,
both in solid state and in aqueous solution, by
using NMR, FT-IR, differential scanning
calorimetry (DSC) and X-ray techniques. Studies
aimed to value characteristics of pharmaceutical

Table 1

interest, such as solubility in aqueous media, dis-
solution rate, chemical stability and bioavailabil-
ity are being carried out.

These flavonoids were chosen because of their
well known pharmacological activities [18-20],
but their use in pharmaceutical field is limited by
their low aqueous solubility.

Proton NMR spectroscopy was used to deter-
mine the stoichiometry of the complex and to
obtain useful information about the complex ge-
ometry in solution. In fact, insertion of a guest

Chemical shifts (ppm) for the protons of hesperetin and of B-CD in the free state and in the pure complex (complex 1:1)

H hesperetin 3 free de A8 (ppm)
Hqe Hg 6,311 6,189 0,122
H,, Hs:e Hy: 6,931 6,746 0,185
H B-CD Ofree Oy Ad (ppm)
H, 5.060 5.053 0.007
H, 3.638 3.632 0.006
H; 3.956 3.946 0.010
Hy 3.575 3.570 0.005
Hs 3.838 3.816 0.022
Hs 3.870 3.851 0.019




R. Ficarra et al. /J. Pharm. Biomed. Anal. 29 (2002) 1005-1014 1007

Table 2

Chemical shifts (ppm) for the protons of hesperidin and of B-CD in the free state and in the pure complex (complex 1:1)

RHAMNOSE—GLUCOSE-O

Hg
H hesperidin Ofree
H5 (S Hg 6,253
Hg’, H5‘ (S HG’ 7,089

H B-CD Ofree O Ad (ppm)
H, 5.060 5.036 0.024
H, 3.638 3.615 0.023
H; 3.956 3.912 0.044
H, 3.575 3.559 0.016
H; 3.838 3.759 0.079
He 3.870 3.839 0.031

molecule into the hydrophobic cavity of a CD
results in the modification of the NMR signals
of both the drug and the host molecule [21]. In
this case they form 1:1 complexes.

2. Experimental
2.1. Materials

All the flavonoids (hesperetin, hesperidin,

naringenin and naringin), potassium bromide
and deuterium oxide, (D,0O, deuterium content
99.9%) were supplied by Sigma-Aldrich Chemie
(Germany). B-CD was purchased from Fluka
Chemie (Switzerland). Aceton and methanol
were purchased from Merck (Darmstadt, Ger-
many). All solutions were prepared using dis-
tilled deionised water and filtered through a
0.22 um Millipore Filters (Bedford, USA).
All other materials were of analytical reagent
grade.
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2.2. Apparatus

22.1. NMR

Proton NMR spectra were recorded at 25 °C
on a Varian Gemini 300 MHz spectrophotometer,
in D,0. The chemical shifts are referred to D,O
signal at 4.8 ppm at 296 K.

Table 3

2.2.2. Fourier transform infrared
spectrophotometry

An IR spectrophotometer (FT-IR Perkin Elmer
1600) interfaced to a Pentium II 350 MHz proces-
sor was used for the analysis IR. The spectra were
performed in KBr disks in a frequency range
between 4000 and 450 cm ~'.

Chemical shifts (ppm) for the protons of naringenin and of B-CD in the free state and in the pure complex (complex 1:1)

H naringenin Sfree O Ad (ppm)
Hg¢e Hg 6,777 6,731 0,046
H, e Hg: 7,353 7,205 0,148
H; e Hs 7,330 7,184 0,146
H B_CD 8free 8c A8 (ppm)
H, 5.060 5.006 0.054
H, 3.638 3.588 0.050
H; 3.956 3.857 0.099
H, 3.575 3.528 0.047
H; 3.838 3.669 0.169
Hg 3.870 3.794 0.076
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Table 4

Chemical shifts (ppm) for the protons of naringin and of B-CD in the free state and in the pure complex (complex 1:1)

RHAMNOSE-GLUCOSE-O

H
H naringin 3 free de A (ppm)
Hge Hg 6,241 6,125 0,116
H, e He: 7,430 7,153 0,277
H;. e Hs 6,967 6,696 0,271
H 3-CD Ofree Sy Ad (ppm)
H, 5.060 5.053 0.007
H, 3.638 3.633 0.005
H; 3.956 3.923 0.033
H, 3.575 3.575 0
Hs 3.838 3.756 0.082
Hq 3.870 3.847 0.023

2.2.3. Differential scanning calorimetry

The DSC curves of the different samples were
recorded on a Perkin-Elmer DSC-4 differential
scanning calorimeter calibrated with indium
(3.21 mg, 99.99% pure, melting point 156.6 °C)
at heating rates of 10 °C min~'. The thermal
behaviour was studied by heating 1-5 mg of
samples in aluminium crimped pans under nitro-
gen gas flow over the temperature range 30—
250 °C. Measurements were made in duplicate.

2.2.4. X-ray powder diffractometry (XRD)

Powder X-ray diffraction patterns were ob-
tained with a Philips PW 1050/25 diffract-
ometer system with CuKo radiation (4= 1.5418
A) over the interval 2-45°/20. The measure-
ment conditions were as follows: target, Cu;
filter, Ni; voltage, 40 kV; current, 20 mA; time
constant, 4 s; angular speed 1° (20) min; 1°,
—0.1° and —1° slit; angular range 2° <260 <
45°,
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2.3. Preparation of samples

The inclusion complexes of hesperidin, narin-
genin and naringin with the B-CD were prepared
by the coprecipitation method.

The solvents utilized for the complex formation
were water-miscible organic solvents, that allow
the flavonoid dissolution and give clear solutions
when added to CD.

The procedure consisted in mixing an aqueous
solution of B-CD with an organic solution of
hesperidin, naringin or naringenin, in order to
obtain equimolecular amounts of the substances
used.

Aceton was the employed organic solvent for
naringenin and naringin, methanol for hesperidin.

4000 3000 2000 1500 1000 4500
cm™

Fig. 1. FT-IR spectra: (a) hesperetin, (b) B-CD, (c) equimolec-
ular physical mixture of hesperetin and B-CD, (d) inclusion
complex.
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Fig. 2. DSC curves: (a) hesperetin, (b) equimolecular physical
mixture of hesperetin and B-CD, (c) B-CD, (d) inclusion
complex formed between B-CD and hesperetin.

Solutions were shaked at room temperature for 72
h and then dried under reduced pressure.

A 4x10-° M solution of hesperetin in
methanol was prepared and stored in the dark at
4 °C for about an hour. Evaporation of the sol-
vent was done in a water bath. An appropriate
amount of B-CD solution was added and the
mixed solution was shaken for 72 h.

2.4. Preparation of the physical mixture

The calculated and exactly weighed (1:1 molar
ratio) amounts of flavonoids and B-CD were pul-
verised in a ceramic mortar and carefully mixed.
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3. Results and discussion
3.1. '"H-NMR spectra

In the present work, the NMR technique was
used to elucidate in detail the structures of the
inclusion complexes of flavonoids with B-CD in
aqueous solution.

The smooth variation of chemical shifts as a
function of variation of the B-CD: flavonoid ratio
and the absence of new peaks arising from the pure
complex indicated that, on the NMR time scale,
the inclusion process is a fast exchange regime.

Table 5

1011

This implies that any determination or comparison
of spectral parameters dedicated to an estimation
of the amount of complex present is not relevant
unless the association constant is known; so the
value of Ad observed may be used as a physical
parameter related with the complex concentration,
because it represents the chemical shifts difference
between the free and bound states [22-24].

The peak assignments of free flavonoids, B-CD
and their complexes in the 'H-NMR spectra are
summarised in Tables 1-4 where Ad = 0 omplex —
Oree Assignment of all signals was previously
performed.

X-ray diffraction images for hesperetin, hesperidin, 3-CD and their complexes

Hesperetin Complex B-CD Hesperidin Complex
d@A) °20 11, d@A)y 20 1/, dA) 20 11, d@A) 20 I, d@A) 20 I,
1194 74 6733 1962 45 4386 1962 45 54 1027 86 1287 1962 45 1835
8.04 110 8.33 834 106 6140 1424 62 7 722 122 4012 982 9.0  19.27
623 142 2133 713 124 100 982 9.0 37 643 137 1976 826 107  57.80
6.02 147 7333 6.04 146 2982 826 107 29 567 156 100 707 125 100
564 157 1033 575 154 4737 749 118 14 542 163 3293 600 147 1927
515 172 100 521 170 5614  7.02 126 100 450 197 3653 571 155  40.37
498 178 58.66 503 176 3860  6.50 13.6 5 424 209 1677 515 172 50.46
439 202 7.33 492 180 4035 598 148 18 413 215 2515 492 180  37.6l
421 211 41 472 188 5263 571 155 19 397 223 1976 469 189 4587
403 220 1133 455 195  66.66 547 162 8 392 226 3293 450 197 6238
390 228 22 427 208 4561 518 171 30 373 238 1377 425 209  37.61
383 232 3933 390 228 5438 500 177 10 356 249 2994 413 215 2110
375 237 54 3.68 241 3860 492 180 29 340 262 1198  3.88 229  41.8
354 251 2833 329 271 3684 479 185 14 309 288 1347 364 244 2385
345 258 26 469 189 44 278 321 1437 353 252 2385
337 264  86.66 450 197 48 326 273 2936
321 278 15 427 208 29 311 287 16.51
312 286 10.66 391 227 37 279 320  16.51
301 296 7033 386 230 34
251 358 7.66 377 236 14

3.66 243 23

353 252 14

346 257 20

329 271 24

312 286 7

301 296 6

296 30.2 5

279 320 11

258 348 26

255 351 19

249 359 11
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Table 6
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X-ray diffraction images for naringenin, naringin, f-CD and their complexes

Naringenin Complex B-CD Naringin Complex
dA)y 20 11, d@A)y 20 11, dAy 20 11, d@A) °20 I/, dA) 20 1/,
8.18 10.8 44.59 8.26 10.7 53.33 19.62 4.5 54 19.62 4.5 37.11 19.61 4.5 23.15
7.68 11.5 35.13 7.07 12.5 100 14.24 6.2 7 8.92 9.9 64.95 11.04 8.0 18.94
5.60 15.8 100 6.02 14.7 25 9.82 9.0 37 7.55 11.7 3144  10.09 8.7 36.84
5.13 17.2 23.42 5.71 15.5 38.33 826 10.7 29 6.67 13.2 13.40 9.40 9.4 22.10
4.90 18.1 56.75 5.15 17.2 48.33 7.49 11.8 14 6.00 14.7 100 8.22 10.7 54.73
4.59 19.3 10.36 4.98 17.8 48.33 7.02 12.6 100 574 154 11.85 7.01 12.6 100
5.03 19.9 79.28 4.92 18.0 45 6.50  13.6 5 5.33 16.6 91.24 5.98 14.8 55.79
4.35 20.4 69.82 4.69 18.9 50 5.98 14.8 18 4.99 17.7 20.62 5.73 15.4 37.89
4.16 21.3 28.83 4.52 19.6 51.66 5.71 15.5 19 4.88 18.1 11.85 5.15 17.2 32.63
4.07 21.8 17.56 4.24 20.9 46.66 5.47 16.2 8 4.71 18.8 70.10 4.97 17.8 42.10
3.98 22.3 72.07 4.13 21.5 31.66 5.18 17.1 30 418 21.2 10.30 4.79 18.5 23.15
3.73 23.8 57.20 3.88 229 43.33 5.00 17.7 10 4.08 21.7 38.66 4.69 18.9 46.31
3.63 24.5 37.38 3.64 24.4 30 492 180 29 4.01 22.1 26.80 4.52 19.6 83.15
3.55 25.0 30.63 3.54 25.1 31.66 4.79 18.5 14 3.85 23.0 26.80 423 209 36.84
3.51 253 75.67 3.47 25.6 28.33 4.69 18.9 44 3.75 237 35.05 412 21.5 27.36
3.45 25.8 45.94 4.50 19.7 48 3.67 242 37.11 388 229 31.57
3.30 27.0 12.61 427 208 29 3.54 251 24.22 3.65 243 37.89
3.20 27.8 3243 391 227 37 340 262 54.12 346 257 26.31
3.04 29.3 10.36 3.86  23.0 34 336 26.5 38.14 332 268 26.31
2.96 30.1 19.82 3.77 236 14 3.18  28.0 11.85 327 272 30.52
2.80 31.8 9.91 3.66 243 23 3.09 28.8 35.05 286 31.2 21.05
2.59 34.6 11.71 353 252 14 297 300 12.88
2.47 36.3 10.81 346 257 20 2.73 328 12.37

329 271 24 229 393 12.37

3.12  28.6 7

3.01  29.6 6

296  30.2 5

2.79 320 11

2.58 348 26

2.55 351 19

249 359 11

The spectra for each flavonoid in the presence the diamagnetic anisotropy of the included

of B-CD are compared with the spectra for the
individual components and in both cases there
are clear differences between the spectra with
and without B-CD. There is a significant shift of
the signals referred to the phenilic moiety of
hesperetin, hesperidin, naringenin and naringin,
that indicates the interaction of this portion of
the molecules with the CD.

Only the H; and Hs protons, located inside
the cavity, and the Hy proton, located on the
cavity rim at the narrow end of the molecule,
are appreciably shifted.

'H-NMR spectra show upfield shifts, due to

guest, of the H; and Hs proton signal joined to
little shifts of H signal, while H,, H, and H,
signals, located outside the cavity, are relatively
unaffected (Tables 1-4); these results indicate
the interaction of part of the molecule with the
cavity of the B-CD and consequently the forma-
tion of an inclusion complex between each
flavonoid and the CD.

The order of the upfield shift is found to be
for hesperetin: Hs (Ad /ppm = 0.022) > H, (0.019)

>H; (0.010)>H, (0.007)~H, (0.006)=~H,
(0.004); for hesperidin: Hs (Ad/ppm = 0.169) >
H; (0.099)>H, (0.076)>H, (0.054)~H,
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(0.050) ~H, (0.047); for naringenin: Hs; (Ad/
ppm =0.079) >H; (0.044)>H; (0.031) > H,
(0.024) ~ H, (0.023) > H, (0.016); for naringin: Hs
(A0 /ppm = 0.082) > H; (0.033) > Hy (0.023) > H,
(0.007) ~H, (0.005) > H, (0). The shifts in the
protons located at the exterior of the torus (H,,
H, and H,) are relatively small.

3.2. FT-IR spectroscopy

The FT-IR spectroscopic analysis confirmed the
interaction and the complex formation between
flavonoids and B-CD.

FT-IR spectra of the complex were compared
to the physical mixture and pure substances ones.
Changes in the characteristic bands of pure sub-
stances confirm the existence of the complex as a
new compound with different spectroscopic
bands.

— Hesperetin characteristic bands, i.e. the aro-
matic at 1581 and 1500 cm ~ !, the ~OH pheno-

F

35 30 s
25 20 15 16 26)

Fig. 3. X-ray diffraction profiles: (a) hesperetin, (b) B-CD, (c)
inclusion complex formed between B-CD and hesperetin.

lic at 1200 and 1350 cm ~!, and the methoxylic
at 1250 cm~ !, disappear in the IR spectrum
relative to the complex.

— Hesperidin characteristic bands, i.e. the aro-

matic at 1605 and 1510 cm ~ !, the ~OH pheno-
lic at 3479 and 1205 cm~ !, the methoxylic at
1277 em~' disappear in the IR spectrum of
complex, while the intensity of the band rela-
tive to the carbonylic group decreases.

— Naringenin characteristic bands, i.e. the aro-

matic at 1510 and 1601 cm ~!, the ~OH pheno-
lic at 1200 cm~' change in the relative
complex: the intensity of the aromatic bands
decreases and the OH band disappears.

— Naringin characteristic bands, i.e. the aromatic

at 1519 ecm !, the -OH phenolic at 1205 and

1361 cm ~! disappears in the relative complex,

while the intensity of carbonylic band at 1649

cm ~! decreases.

Fig. la—d shows, as an example, the IR spectra
of hesperetin, B-CD, hesperetin/B-CD physical
mixture and inclusion complex.

3.3. DSC

The DSC curves of the raw materials,
(flavonoids and B-CD) compared with those ob-
tained by coprecipitation confirm not only an
interaction between the flavonoids and B-CD, but
also a real inclusion.

In fact, the formation of an inclusion complex
was suggested by the absence of the melting en-
dotherm of hesperetin at 226.73 °C, of hesperidin
at 263.19 °C, of naringenin at 247.25 °C and of
naringin at 249 °C in the DSC curves of the
inclusion complexes. The physical mixtures show,
instead, two endothermic peaks, one for the B-CD
(at 125.18 °C) and one for the flavonoid (hes-
peretin at 226.73 °C, hesperidin at 263.19 °C,
naringenin at 247.25 °C, and naringin at 249 °C).

The DSC curves of hesperetin, B-CD, hes-
peretin/B-CD physical mixture and inclusion com-
plex are shown in Fig. 2a—d.

3.4. X-ray diffractometry

The X-ray diffractometry patterns of the physi-
cal mixtures of flavonoids and B-CD are approxi-
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mately the superposition of the patterns of the
raw materials. On the other hand, the coprecipi-
tate products have completely different patterns in
which it is no longer possible to distinguish the
characteristic peaks of flavonoids (Tables 5 and
6), thus confirming the existence of new
compounds.

Results show that flavonoids are completely
included in the B-CD and, in particular, the differ-
ences in the interplanar spacing, relative diffrac-
tion peak intensities and diffraction angles
confirm that the inclusion complexes have differ-
ent crystalline structures.

The powder X-ray patterns of hesperetin, -CD
and inclusion complex, reported as an example,
are shown in Fig. 3.

4. Conclusions

B-CD, for its ability to make complexes with
flavonoids, may be useful in providing promising
applications in pharmaceutical formulations.

All the data obtained from the NMR, FT-IR,
DSC and X-ray studies showed that it is possible
to obtain an inclusion complex (1:1), in solid state
and in aqueous solution, between the cavity of
B-CD and hesperetin, hesperidin, naringenin and
naringin. This could improve, in a therapeutical
formulation, the dissolution and subsequently the
absorption of the drug.
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