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Fig. 1.7. Rapidly interconverting circular systems of hydrogen
bonds in §-CyD 2 (flip-flop, HO2 — O3 simultaneously and

reversibly changing to O3H — 02).



OYZIKE2 KYKAOAE=TPINE2

Chemical-physical properties of native CDs.

aCD BCD ~CD
Number of glucopiranose units 6 7 8
Molecular weight 972 1135 1297
Solubility in water (% w/v) 25°C 145 1.85 23.2
Inner cavity diameter (nm) 0.47-0.53 0.60-0.65 0.75-0.83
Outer cavity diameter (nm) 1.46 1.54 1.75
Cavity height (nm) 0.79 0.79 0.79
Cavity volume (nm?) 0.174 0.262 0.472
Crystal water content (wt.%) 10.2 13.2-14.5 8.13-17.7
Water molecules in cavity 6 11 17
Melting temperature range (©C) 255-260 255-265 240-245




OYZIKE2 KYKAOAE=TPINE2

Regulatory status (2004)

Food Approval Pharmacopoeia Monographs

US Europe | Japan | USP/NF | Ph.Eur. JP

. In . . .
aCD . Planned Yes No Yes Yes

Preparation

, - Food . i . .
pCD GRAS Additive Yes Yes Yes Yes
yCD GRAS Pending Yes No n Yes

Progress




EOAPMOI'EZ KYKAOAE=TPINEZ

[Nedia EQApUoywv:

d To 80-90% TNnC naykoouiac napaywynge
onuepa npoopiletal yia Tnv Biounyavia Tpo@iwy
(oTaBepoTnTa O LWNAEC B ene€epyaaiac,
avOEKTIKOTNTA apWHATWY OE 0EEidWOT, OEpUIKN

anodiaTagn, oTabepoTNTa XPWHATIOHOU, EUKOAIA
XeIpiopou, evoeign GRASS)H!

3 Biopnxavia ¢pappakwv (popepn TapnAeTac)i2!,
3 AvaAuTikn xnueia (TLC,GC,HPLC)
3 BiotexvoAoyia (Biopiuntika popia)

1. Loftson, Expert Opin. Drug Deliv., 2005, 2, 335-351
2. Sjetli, Chem. Rev., 1998, 98, 1743-1753

0 dapuakohoyia
B Xnusia oupmAdkwv CDs

O Xnpeia, ev{upoAoyia kai
04 70 A . Bod
11% 1% 7% 24% BioAoyiké emBpdoeic

O AvaAumkn xnueia

B Xnuikég kai Proynuikég
diadikaoieg

19%

16% O MikpoBioktova

B Tpogipa kar kaAMuvnikd

KaTtavoun Twv 1706 dnpooleloEwY Navw oTnV XNHEIQ Twv
CDs kal epappoywv, nou dnuooieutnke oto Cyclodextrin
News 10 1996




H ENTYTIQ2IAKH ANATMNTY=H THX
TEXNOAOTTAZ TQN CDs O®EIAETAL:

Eival nui-puoika npoiovra. AnAr napaywyr ano avavewolUeG UAEG
(QUUAO)

Napaywyn @IAIKN Npog To nepiBariov. H B-CD napayeral og
noootnTeg 1500 TOVwY KATa €T0G, EVW N TIUN TNG OEV Eival
anayopeUTIKN

Meiwon TV apyIKa uynAwv TIHWV TOUG, pa arnodeKTES YIa TOUG
NEPIOCTOTEPOUC BIOKNXAVIKOUC GKOMOUG

H 1kavoTNnTa TOUG OXNUATIOPOU CUMNAOKWV WE diagpopa popia. O
HOPIaKOG EYKAEIOLOG XPNOIKOMOIEITAl NON EUPEWG OE NMOAAG
BlounNxavika nNpoiovTa, TEXVOAOYIEC Kal aVAAUTIKEC UeBOOOUC

O1 To€IkeC eMOPACEIC TOUC Eival QUEANTEEC

O KUKAODEETPIVEG UNOPOUV VA KAaTavaAwBouv wG CUCTATIKA TPOPWV
(a- kai B-CD) kai va xpnoigonoindouv o€ ¢apuaka n KaAuvTikalll

1.Szejtli, Encyclopedia of Nanoscience and Nanotechnology, 2004, 283-304
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amphiphilic R1 = R2 = OH, R3 = CH.S(CH:)sCeF1s “capped”
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TPONOMNOIHMENE2 KYKAOAE=TPINE2

2:2 complex formed by the CyD dimer
with porphyrin and zinc ion

peptide appended

n=6,7 R = Glycyl-L-Phenylalanyl



TPOTTONMOIHMENE2 KYKAOAE=TPINE2

B-CyD ——  6-mono-tosyl CyD [15] ——— 6-mono-X-CyD

S ™ g N.-CyD [18
3 . . . . \ -1Mono- ‘3- -y ) [ ] x = ‘l [2()].—NH; |2l.22|
Modification Reactions at the Primary Side 6-mono-CHO-CyD [16,17] SR [23.28]
Mono-modification at the C6-Position -CHO [19,24]

-NH, [29-35,37,38]
-NHR [25-27,36,39-44]

Scheme 2.1. Mono-modification at the Cé-position of f-CyD.

0} — :
R - So— CH,~CH, p n 6-HyCiO-0-CD

Ll
(2]

— / \

hydrocinnamoyl n=7 6-HyCiO=B-CD

o —

R n=6 6-Ci0-a-CD
Je—cH=cH—

cinnamoyl n=7 6CiO-p-CD
0/\\C-CHT-CH @-—Nﬂz n=6 6-p~AminoCiO-g-CD

Ll
~

6-p-AminoCiO-g-CD

p-aminocinnamoyl "

Fig. 3.4. Structures of hydrocinnamoyl- and cinnamoyl-modified CDs.



TPOTTOMOIHMENE2 KYKAOAE=TPINE2

Competitive Guest

= OH

Fig. 3.3. Schematic representation of a fluorescent chemo-
sensor involving an intramolecular complex bearing a
chromophor.



TPOMOMOIHMENEZ KYKAOAE=TPINE2
Supramolecular dimers

’a : .;
o)

Fig. 3.9. Structures of Liu's intermolecular dimeric complexes
formed by p-nitrobenzoyl-substituted f-CDs and p-hydroxy-
benzoyl-substituted f-CDs [36, 37).




TPOMOMOIHMENEZ KYKAOAE=TPINE2
Supramolecular trimers

Fig 302 Hamda's dassy chain meciace cyclc mdrotaane conmnng «L0 47)



Supramolecular polymers

SO;Na

Fig. 3.26. Proposed structure for the supramolecular polymer
formed by 3-p-*BocCiNH-2-CD in aqueous solution [45, 46]

Fig. 3.15. Structure of Kaneda's cyclic tetra[2]rotaxane formed ol
by permethylated z-CDs with an azobenzene derivative [32]. : o0

Fig. 3.25. STM image of 3-p-*BocCiNH-2-CD from concen-
trated aqueous solution on a MoS, substrate (a) and its
schematic structure (b).
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TPONOMNOIHMENE2 KYKAOAE=TPINE2

Methyl-B-cyclodextrin
(2-Hydroxypropyl)-B-cyclodextrin
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OPI2MENE2 EMIMTOPIKA AIAOE2IME2
KYKAOAE=TPINE2

Cyclodextrin Substitution® MW"  Solubility in Indicative bulk
water (mg/ml)‘ pl‘il‘f_‘d (USD/Kg)

o-Cyclodextrin 972 145 45

p-Cyclodextrin (BCD) 1135 18.5 5

2-Hydroxypropvl-p-cyclodextrin 1400 =600

Randomly methylated p-cyclodextrin . 1312 =

p-CD sulfobutyl ether sodium salt . 2163

v-Cyclodextrin 1297

2-Hydroxypropyl-y-cyclodextrin : 1576

* Average number of substituents per glucopyranose repeat unit.

"MW illllDﬂlltﬂllrS. Expert Opin. Drug Deliv. 2, 335351 2009). | .

“ Solubility 1n pure water at approx. 25°C.

¢ Approximate bulk price given as the price of one kilogram in US dollars. Cyclodextrins in drug delivery

Thorsteinn Loftsson!, Pekka Jarho, Mdr Misson & Tomi Jarvinen
'University of Iceland, Faculty of Pharmacy, Hagi, Hofvallagasa 53, IS-107, Reykjavik, lceland



MeEOBoboL mapaoKeUNC POLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

Various methods are used and widely reported for the formation of the
cyclodextrin inclusion complexes.

The selection of the method and its effectiveness highly depends on
the nature of the drug and/or cyclodextrin.

* Physical mixtures (PM)
- prepared mainly to perform comparative evaluations
- Weighted amounts of drug and cyclodextrin (in molar ratios of 1:1 or
1:2 or other) are simply blended in a mortar during a time period of

about 15 min (or 30 min or other)



MeEOBoboL mapaoKeUNC POLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

* Kneading method (KN)
Drug and cyclodextrin are accurately weighed in different
stoichiometric ratios (e.g. 1:1, 2:1, 3:1 and 1:2) and are wetted with
appropriate quantity of water so as to obtain a paste. Then they
subjected to different trituration timings ranging from 15 min.to 1 hr
(to study the effect of trituration time over the effective
complexation). After that it was dried at 50 °C, for one day, crushed,
sieved and stored at temperature of 25° + 2.0° and relative humidity
between 40-50%. For small scale mortar and pestle is used while for
large scale rapid mass granulator was used. The kneading method

was repeated at 75 °C.



MeEOBoboL mapaokeUNC MPOLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

e Co-evaporation method (CE)

Drug and cyclodextrin (usually in equimolar ratio 1:1) are completely
dissolved in a solution of ethanol and water (v/v = 1:20). The dispersion
of drug in the aqueous cyclodextrin solution is mechanically shaken at
room temperature and 100 rpm for a time period varying from 1h to 4
days to achieve equilibrium of the complexation reaction. After
evaporation of the ethanol from the reaction mixture, the
uncomplexed drug is removed by filtration. The filtrate is evaporated
under reduced pressure to remove the solvent and dried in vacuum to
give the drug/cyclodextrin complex.



MeEOBoboL mapaokeUNC MPOLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

» Co-precipitation method (CP)

Drug is dissolved in minimum quantity of ethanol and is added drop
wise to the solution of 8-CD (in equimolar ratio 1:1 or other ratios like
1:2 etc ) in minimum quantity of water previously maintained at 75 °C
while stirring. Stirring is maintained for about 1 h at 75°C. Then
gradually it is cooled to room temperature while stirring. The
precipitates are then filtered, dried and stored at temperature of 25° +
2.0° and relative humidity between 40-50%.

The experiment is carried out both at small and large scale in various
molar ratios



MeEOBoboL mapaokeUNC MPOLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

* Spray-drying (SD)
Spray-drying is carried out in a Spray-Dryer Drying _, i %Mm‘w E

equipment. For this purpose, the guest is /1 \ Liquid feed
dissolved in an organic solvent (e.g. ethanol) Drying | %
and an amount of cyclodextrin e 5 Extinunt
(guest:cyclodextrin molar ratios 1:1 or 1:2) is u a
separately dissolved in purified water. The ¥ | cyclone
solutions are next mixed for about 20 min by ,

Dry particles

sonication to produce a clear solution which collector
is spray-dried under specific conditions.



MeEOBoboL mapaokeUNC MPOLOVTWY EYKAELOUOU
OUCLWV 0€ KUKAOOEETPLVEC

* Crystallization (slow cooling or slow heating)

The drug is mixed in an aqueous solution of native or methylated B-CD
(equimolar ratio) and the mixture is stirred for a two hours period at 65-
70 °C. In some cases ethanol is added (ethanol/water v/v = 1:20) in order
to dissolve the insoluble drugs. Then the mixture is left to cool gradually
to room temperature over a period of one or two weeks.

The solutions of guests in methylated CDs hosts (they present reverse
solubility) are stirred for 30 min at 45°C and then maintained at 50°C for
some days. At the end of these time periods transparent crystals of the
complexes, suitable for X-ray data collection are obtained.



[Mopaokeun TPOIOVTWY EYKAELOPOU OUCLWV OE
KUKAOOEETPLVEC

 T[looa g B-kukhodettpivne (B-CD) mpemel va mpooBeooupe o 5 ml vepou (dLoamootayuEvVo) wote
va TtpoKU P EL KOPESUEVO SLAAU A,

e [loon moocotnta BUUOANC TIPETEL va TIPOoBECcOoUE WOTE va TtpokU P eL LoopopLako (thymol:6-CD
molar ratio 1:1) peiyuo;

e [16on moocotTNTA EVYEVOANG TIPETEL VA TIPOOBECOUE WOTE va TtpokU L LoopopLlako (eugenol:6-CD
molar ratio 1:1) peiyuo;

eugenol

Properties

thymol

Properties
; Chemical formula |CqgH4209
Chemical formula |CqgH 140

Molar mass 164.20 g-maol™"

Molar mass 150.22 g-mol™?

_ Density 1.06 glem?
Density 0.96 gicm®
: : . s Melting point ~7.5°C (18.5 °F: 265.6 K)
Melting point 49to 51 °C (120 to 124 °F; = - . —
322 10 324 K) Boiling point 254 °C (489 °F; 527 K)

Acidity :

Boiling point |232 °C (450 °F; 505 K) Acidity (pKs) 10.19at25°C
Magnetic -1.021 = 107* cm3¥mol

Solubility in water |0.9 g/L (20 *C){"! suscepRbiy (1)



EVKAELOUOC 0€ KUKAOOEETPLVEG

In aqueous solutions cyclodextrins are able to form
inclusion complexes with many drugs by taking up a drug
molecule, or more frequently some lipophilic moiety of
the molecule, into the central cavity.

" o 2% _ " 4" No covalent bonds are formed or broken during the

| o complex formation and drug molecules in the complex
are in rapid equilibrium with free molecules in the
solution.

The driving forces for the complex formation include

a5 - release of enthalpy-rich water molecules from
- the cavity,

- electrostatic interactions,

- van der Waals interactions,

- hydrophobic interactions,

- hydrogen bonding,

- release of conformational strain and
- charge-transfer interactions.




DUOLKOXNULKOC XAPAKTNPLOUOC TWV ITPOLOVIWV
EVKAELOLLOU OUOLWYV O KUKAOOEETPLVEC

The starting crucial point for a suitable and careful characterization of
an inclusion complex is to assess the value of the formation constant
(K:), also called stability or binding constant. This task requires the
application of the appropriate analytical method and technique.

Inclusion
complex

Host Guest



DUOLKOXNULKOC XAPAKTNPLOUOC TWV ITPOLOVIWV
EVKAELOLLOU OUOLWYV O KUKAOOEETPLVEC

K: values are determined mainly to answer two different types of questions.

* The first one, which deals with the encapsulation in an absolute mean, is,
can a CD encapsulate the guest?

* The second question is a comparative one, that is, what is the binding
strength? Which inclusion complex is more stable?

Inclusion
complex

Host Guest



DUOLKOXNULKOC XAPAKTNPLOUOC TWV ITPOLOVIWV
EVKAELOLLOU OUOLWYV O KUKAOOEETPLVEC

* The physicochemical properties of free drug molecules are different from
those bound to the cyclodextrin molecules. Likewise, the physicochemical
properties of free cyclodextrin molecules are different from those in the

complex.

* In theory, any methodology that can be used to observe these changes in
additive physicochemical properties may be utilized to determine the
stoichiometry of the complexes formed and the numerical values of their
stability constants.

* |n fact, to fully exploit the potential of CD inclusion complexes, it is
important to have at disposal adequate analytical techniques for their
suitable and careful characterization. In particular, the determination of
the stability constants of the inclusion complexes is a crucial point for the
evaluation of their effectiveness, since the different possible effects related
to the complex formation all rely on the stability of the complexes formed.



Analytical techniques to characterize drug—
cyclodextrin complexes in solution

* The assessment of the formation of a drug—CD inclusion complex and its
full characterization is not a simple task and often requires the use of
different analytical methods, whose results have to be combined and
examined together, since each method explores a particular feature of
the inclusion complex.

* The concomitant use of different techniques can allow a better and more
in-depth understanding of host—guest interactions and help in selection of
the most appropriate CD for a given guest molecule. The different available
methods are generallx based on the detection of the variation in any
suitable physical or chemical property of the guest as a consequence of
the inclusion complex formation. Obviously, it is essential that the
observed variation is large enough to be detected or estimated with
sufficient precision.

* Moreover, any measurement method suffers from its own drawbacks,
which should be well known and held into due consideration, in order to
evaluate how much they can affect the reliability of the results.



DUOLKOXNULKOC XAPAKTNPLOUOC TWV ITPOLOVIWV
EVKAELOLLOU OUOLWYV O KUKAOOEETPLVEC

The changes in the physicochemical properties of both host and
guest molecules include:

- changes in solubility,

- changes in chemical reactivity,

- changes in UV/VIS absorbance,

- changes in fluorescence,

- NMR chemical shifts,

- changes in drug retention (e.g. in liquid chromatography),
- changes in pKa values,

- potentiometric measurements,

- changes in chemical stability and

- effects on drug permeability through artificial membranes.



DUOLKOXNULKOC XAPAKTNPLOUOC TWV ITPOLOVIWV
EVKAELOLLOU OUOLWYV O KUKAOOEETPLVEC

Furthermore, since complexation will influence the
physicochemical properties of the aqueous complexation media,
methods that monitor these media changes can be applied to
study the complexation.

For example,
- measurements of conductivity changes,
- determinations of freezing point depression,
- viscosity measurements and calorimetric titrations.

However, only few of these methods can be applied to obtain
structural information on drug/cyclodextrin complexes.



Main analytical techniques
used for characterization of
CD inclusion complexation

In solution:

* Spectroscopic techniques:
(a) Ultraviolet/visible (UV)
(b) Circular dichroism
(c) Fluorescence
(d) Nuclear magnetic resonance (NMR)
(e) Electron spin resonance (ESR).
* Electroanalytical techniques:
(a) Polarography
(b) Voltammetry
(c) Potentiometry
(d) Conductimetry.

e Separation techniques:
(a) High performance liquid chromatography (HPLC)
(b) Capillary electrophoresis (CE)

* Polarimetry

* |sotermal titration calorimetry (ITC)

* Phase solubility studies

In the solid state:
* Infrared spectroscopy (FTIR),

* X-ray diffraction (XRD),
* Powder XRD
* Single crystal XRD

* scanning electron microscopy (EM)
 differential scanning calorimetry (DSC).



Main analytical techniques used for
characterization of CD inclusion complexation

* Applicability of each technique

* Advantages, inconvenient and limits of each applied method

(improvement of the current methods and to the development of
new techniques).



In Solution: Spectroscopic techniques

All the spectroscopic methods are based on the measurement of a variation,
upon inclusion complex formation, in a given property (absorbance, NMR
shift, fluorescence intensity, etc.) of the system.

Therefore, for their applicability, it is necessary that this variation can be
detectable with sufficient precision.

Moreover, these methods usually consist in working at a fixed guest
concentration and varying the concentration of the CD host, thus requiring
the preparation of a large number of sample solutions. This implies a
considerable waste of time and material and it could be a disadvantage in the
initial development phases.



Ultraviolet/visible (UV-Vis) spectroscopy

Simple, economic, fast and useful method of studying the formation of host—
guest complexes in solution, when the complexation gives rise to a
significant modification of the absorption spectrum of the guest molecule.

Depending on the position of the drug chromophore, the transfer of the guest
molecule from an aqueous medium to the non-polar CD cavity can modify its
original UV absorption spectrum, due to partial or total replacement of the
salvation shell of the molecule by the CD molecule, which leads to new solute

environment interactions.

Modifications of the UV spectrum of a drug in presence of CDs can provide
evidence of the formation of an inclusion complex. However, the method is
not specific and suffers from the presence of interfering substances and it
does not provide a direct evidence of the actual inclusion complex

formation.




Oswpia TwvV poplakwyv Tpoxlakwyv (Molecular Orbital Theory)

- HAEKTPOVIOKEG HETABAOEIC QVAPECO OTA HOPIA TWV XNMIKWY EVWOEWYV KAl EVEPYEIOKES METABOAEG TTOU CUNBaivouv
KaTtd TN Anywn acudtwyv UV-VIS.

- O YPAUMIKOS OUVOUACONOG DUO OTOMIKWY TPOXIOKWY dNUIoUpPYEi dUO HOPIaKA TPOXIOKA DIAPOPETIKNG EVEPYEIAG,
OTTOU TO MOPIAKO TPOXIAKO XOUNANG evépyelag ovouadletal d0souiko (bonding orbital) kal autd pe TNV uwnAoTEPN
evépyela avTideouiko (antibonding orbital). MNa Tv TTAEIOWPN@ia TWV OPYAVIKWY HOPIWV Ta NAEKTPOVIA KATATACCOVTAI
O€ TPEIC KATNYOPIEG: Ta QECMIKA O- Kal TT-NAEKTPOVIA, KAl TA N-NAEKTPOVIA 1) un 0o uIKA (non bonding) TTou dgv
TTAiPVOUV PEPOG OTOV OXNUATIONO XNMUIKWY OECUWYV KAl CUYKPATOUVTAlI GO0BEVESTEPA WOTE VA UTTOPOUV VA UTTOOTOUV
METATTTWOEIG.

- H ToodTnTO TG EVEPYEIAC TTOU ATTAITEITAI YIa TN DIEYEPON TWV NAEKTPOVIWY ATTO TN OECHIKY OTNV AVTIOEOUIKI)
KAtdoTaon avTIOTOIXE oTNV eupavion atmmoppopnocwyv otnv UV kai VIS trepioxn) Tou @aouatoc. ‘ETol, n yetdfaon
a1To £va OEOMIKO O-NAEKTPOVIO O€ EVa AVTIOEOUIKO O*-NAEKTPOVIO (0 — o*) ATTAITE UPNAR TTOOOTNTA EVEPYEIAC TNG
OTTOIAG TO MNKOC KUMATOC EVTOTTICETAI OTNV ATTW UTTEPIWDN TTEPIOXH, EVW OI DIEYEPOEIC TOU TUTTOU T — 1%, . — o * KAl
n — mx EYPAvICovVTal O€ HEYOAUTEPA UNKN KUPATOG, AOYW TNG MIKPOTEPNGS DIAPOPAC EVEPYEIAC, TTOU EKTEIVOVTAI ATTO
TN dIAXWPEICTIKN YPAMMA TNS atTw utreplwdouc (far UV) kair eyyucg utrepiwdoucg (near UV) we tnv opatn (VIS) tTEpIoxn

Evepyelako d1aypappa NAEKTPOVIOKWY HOPIOKWY TPOXIOKWY
W — Far UV | Near UV VIS Ta 0-nAekTpOVLA, TIOU €lval TTILo oTABEPA KOl TIPOCKOAANUEVA OTOUG
‘ TIUPAVEC, ATTALTOUV PEYOAUTEPN EVEPYELA YL va PETABOUV o€ AAA
EVEPYELOKA eTimeda, EVW YLA TO TT- KOLL TAL N-NAEKTPOVLO ATTALLTE (TOL
n (un decuixo) 6—~G* n—m* n—m* HLKPOTEPN EVEPYELA. ZUVABWC, AAAA OXL TTAVTOTE, TA N-NAEKTPOVLA
QIALTOUV XOUNAOTEPN EVEPYELA IO TA TT-NAEKTPOVLAL.

- n* (avtideoiiko) =¥

|

Evépyawa

T (Ocouixo) n—|{-o¢*

6 (0couiko) | | \ \ . !
100 200 300 400 500 600 700 800 nm




UV-Visible Absorption Spectra

* Ultraviolet radiation having wavelengths less than 200 nm is difficult to handle, and
is seldom used as a routine tool for structural analysis. Conjugation generally moves
the absorption maxima to longer wavelengths, so conjugation becomes the major
structural feature identified by this technique.

Oewpia TWV HOPIOKWYV TPOXIOKWV
(Molecular Orbital Theory)

Y1rapgn ouluyioKwyY OITTAWY OECUWY | HH | st
N XPWHOPOPWV Kal AUEOXPWHWV

OMAdwV OTa POpIa

H C=0 i,
H g=C H o [ '
ﬂzﬂi " 111 kcalimaal
H H t

bsorbanc

] I.TL

o (LUMOD)

1 ™ LY I||_:||I

{111 )

L o (HOMO)

common food coloring Red #3: the extended system of
conjugated pi bonds causes the molecule to absorb light
in the visible range. Because the A, of 524 nm falls
within the green region of the spectrum, the compound
appears red to our eyes.

¥ (LMY

LW light

(165 nm}

—— 1 (HOMO)

In molecules with extended n-systems, the HOMO-LUMO energy
gap becomes so small that absorption occurs in the visible rather
then the UV region of the electromagnetic spectrum. Beta-
carotene, with its system of 11 conjugated double bonds,
absorbs light with wavelengths in the blue region of the visible
spectrum while allowing other visible wavelengths — mainly those
in the red-yellow region - to be transmitted. This is why carrots
are orange.

https://chem.libretexts.org/Bookshelves/Organic_C
hemistry/Supplemental_Modules_(Organic_Chemis
try)/Spectroscopy/Ultraviolet_and_visible_spectros

copy



Ultraviolet/visible (UV-Vis) spectroscopy

Both hypsochromic or bathochromic shifts of the absorption maximum of the
guest UV spectrum, and/or increase or decrease in its intensity can be
observed as a consequence of the inclusion complex formation.

R{CH=CH) R {

100,000F

Terminology for Absorption Shifts

a—

Nature of Shift Descriptive Term

- M

To Longer Wavelength || Bathochromic

50,000}
S To Shorter Wavelength || Hypsochromic

To Greater Absorbance || Hyperchromic

To Lower Absorbance || Hypochromic




UV-Vis spectroscopy

Phenolphthalein

colorless pink/magenta

— =~

Conjugation and color



UV-Vis spectroscopy

Taguchi (1986) has demonstrated that upon the binding of phenolphthalein to B-CyD cavity in aqueous
solution at pH 10.5, the red-colored dianion form is rapidly transformed into a colorless lactonoid form.
This effect and some other similar spectral changes may reflect the altered polarity of the cavity

microenvironment and preferential or specific guest—host interactions and stabilization of the preferred
form and suppression of the other form in equilibrium.
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Proposed mechanism for the colour change of phenolphetalein in the presence of B-CyD



UV-Vis spectroscopy

* Stoichiometry of the complex can be calculated from such spectral
changes using, the mole ratio or the continuous variation methods (Job’s
plot)

* Stability constant of the complex (Ks) can be calculated from the spectral
shift methods (Benesi—Hildebrand or Scott equation)



Determination of the stoichiometry. Job’s
method

* One of the first methods used for the determination of the stoichiometry of inclusion
cgr;gp)lexes was Job’s method, also known as the continuous variation method (Job,
1 .

* The experiments use stock solutions with equimolecular concentrations of H and G
components. The samples are prepared by mixing different volumes of these two
solutions in such a way that the total concentration [H]+[G] remains constant and the
molar fraction of the guest, X varies in the range 0-1.

* The variation of the experimental measured property, AP, in presence of the host in
respect with the value for the free guest is plotted vs. X; or X,,. The value of X for
which the plot presents the maximum deviation gives the stoichiometry of the
inclusion complex (X; = 0.5 for 1:1 or 2:2 G:H complexes; X,, = 0.33 for 1:2 G:H
complexes).

* In most cases, in a Job plot AP represents the change of the absorbance of the guest
during addition of the host, AA (other properties correlated with the concentration of
the complex, like the change in the NMR chemical shifts (Ad) or the enthalpy changes
(AH) can be used as well)



Determination of the stoichiometry. Job's
method

* Two typical schematic Job’s plots for 1:1 and 1:2 inclusion complexes
Considering AP as the absorbance change, AA, for the complexes.

* In the case of 1:1 complexes, the maximum deviation is obtained for X, = 0.5,
while for the second type of complexes the maximum is reached for X, ~ 0.37.
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Determination of both the stoichiometry and
the association constant

* The determination of the stoichiometry in the host—guest interaction is strongly
correlated with the estimation of the association constant. Excepting Job’s
method which gives indications only on the stoichiometry of the inclusion
complexes, for all other methods the following procedure is applied. Several
stoichiometries are assumed and the experimental data are fitted to the
corresponding linear or nonlinear models.

 Starting with the equations of the assumed chemical equilibria, the general idea
is to monitor the changes of an experimental property (Pobs) directly
correlated with the concentration of the former or the new-formed species, at
gradual host addition. The function Pobs = f(Ci, parameters), where Ci
represents the equilibrium concentration of the species |, is called the binding
isotherm. As for Job’s plot, this property can be the absorbance (A),
fluorescence quantum yield or fluorescence emission (® or F), ellipticity (0) or
NMR chemical shift (Ad).



Determination of both Siciomety

GZ+H— CGH

the stoichiometry and S S —

o (B — B JEp[H] (Fe —E )
HIGK _[Ch, 1 .

the association constant R

AP, i|[1r-1]-[a:.]r_;| J-:[H]-[G]-_;F A H]IG]) (4
2 En Eqn

Equations corresponding to some widely used

linear (eqgs. 1, 2, 5) (Benesi & Hildebrand, 1949; G+2H & GHz
Scott,1956) and nonlinear (eqgs. 3, 4, 6-9) (Liu et 2 o o ©
al., 2001; Park et al., 2002) models. e

1+ K [HT

 The most used equations are the Benesi-

C+H—— GH: CH+H —— GH:

Hildebrand linear or double reciprocal equations.

E:... ' E"-IL'I[H:-'-EW- E‘:Z'I'E”'IE['i'ri.]:

However, their reliability was the subject of many | =2 P L E R EEE

discussions, especially to differentiate the G+H = GH: GH+G r— G

formation of 1:1 and 1:2 complexes. -
21

(K, [H]+ 1)+ 4f B [H]+ 1) + 8K K, [HIIG),
4K, En[H]

where []

G+H —— GH: GH+GCH— GH,

P=E,, —(Cl,~[C1-E,[HIC] ©

(K [H]+ 1) 4 (K [H]+ 17 + SEEK=[HFIGL

where [&] = =
4K K [H]

Table 1. INonlinear and linear fiting models for the determination of the stoichiometry and
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Scheme 1. Molecular structures of (a) metoclopramide hydrochloride and (b) cyclo-
dextrin molecule with interior and exterior protons (n = 6, 7 for 2-CD and B-CD

respectively).
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Fig. 1. Job plots of (a) MP:2-CD system and (b) MP:B-CD system at 4., = 272 nm at 25815 K. B = [MP]/{|MP] + [CD|}, AA = absorbance difference of MP with and without CD.



Association constants from UV-vis spectroscopy i ST et S
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The absorption intensity of MP gradually increased with the stepwise Siti Barman, Biraj Kumar Barman, Mahendra Nath Roy’
addition of CDs [Figs]. This change might be partly 6 ’

attributed to the shielding of chromophore groups of MP in the CD | | —_
cavity. . . :
Benesi-Hildebrand equation:

A_A, AeMPK, [CD] = Ae[MP)

10
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where [CD] and [MP] refer to the total concentration of R ,, T
cyclodextrin and metoclopramide drug respectively, A€ is the 2 T ) | _
change in molar extinction coefficient of the chromophore MP as .\ Al A & =
the MP molecules go from the polar aqueous environment to the f;o. A\ 4 \ Em /
apolar cavity of a or B-CD making the ICs. A-A, denotes the K &
absorption changes of MP on the addition of CDs. B me w0 3% iooo 70000 30000 4aces
Wb G 1o

The values of Ka for each of the complexes were evaluated by
dividing the intercept by the slope of the straight line of the

Values of Association constants (K, ) obtained by Benesi—Hildebrand method both

double reciprocal plot. The change of absorbance (A-A,) was energy change (3G of 1he MP.CD inclusion complenes ar 29815 Koo
measured as a function of concentration of a and B-CD molecule KO T £ W SR
to find out the association constant (Ka). The good linearity of the MPach 47 385 333 -28
plot shows the formation of a 1:1 complex between MP and CDs. , Standard moertdmies I spegwe .2 AT) - 4001 X



Fluorescence spectroscopy

* Fluorescence spectroscopy is a simple, fast and very sensitive
method, particularly useful for investigating the formation in solution
of CD inclusion complexes of fluorescent guests.

 An enhancement in fluorescence is generally observed upon
inclusion of a fluorescent guest molecule into the CD cavity, due to
shielding from quenching and non-radioactive decay processes.

* The fluorimetric method benefits of a high sensitivity, but its
application field is limited to fluorescent molecules. Moreover, the
preparation of samples for fluorimetry is tedious and time-
consuming, because a very strict care is required to avoid spurious
interferences



Fluorescence spectroscopy o v g
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Fig. 7. (a) Fluorescence emission spectra of MP (5 uM) in different }-CD concentrations (uM):
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Circular dichroism spectroscopy

 Circular dichroism can represent a powerful technique to prove the CD inclusion
complexation of both chiral and non chiral guest molecules and obtain information
about the structure of the complex in aqueous solution. In the case of chiral guest
molecules, changes in their circular dichroism spectra may be detected,
attributed to the increased optical activity induced by the formation of inclusion
complexes with CDs. The effect is only observed when the chromophore moiety of
the guest molecule is actually included in the CD cavity.

* Induction of circular dichroism in an achiral chromophore by complexation with a
chiral receptor is a well known phenomenon. Accordingly, due to the chiral
environment of CDs, when an achiral guest molecule is included within their cavity,
induced circular dichroism bands can %e observed also in the spectrum of optically
inactive guests, as a consequence of their inclusion complexation. Inclusion of an
optically inactive compound within the CD cavity generates an extrinsic Cotton
effect in the wavelength region of the drug chromophore.



Circular dichroism spectroscopy

e Atenolol

a beta-blocker drug used in the treatment of cardiovascular diseases. Is a
very flexible molecule, consisting of fragments with different features: an
amido-substituted aromatic ring, a flexible three-carbon chain and a
dimethyl-substituted amino group.

While in absence of CD no signal is recorded for atenolol, upon
CD addition a negative dichroic signal appears at 275 nm. The
corresponding calculated transition moment is located in the

MH 2<

1
300

A
plane of the aromatic ring, perpendicular to the long molecular 00] ( }\ m e e o
axis (vide infra). The appearance of an induced circular s *-v\%‘*\i.:\cﬂ\\ﬂfmw”; {%)},@‘a
dichroism signal of atenolol confirms its inclusion into the ' Jﬂ:\\ .\‘I'-v L /‘"‘\jf,-"j-;»
asymmetric CD cavity and indicates that the aromatic ring is B -1.04 I\t'afx i B ,f'Il.'l::';F
perturbed by CD incorporation. Moreover, its negative sign £ 5] N\, \x.\ \ / A i
indicates the perpendicular orientation of the transition moment = A \/*' /)
with respect to the symmetry axis of £-CD. 20 \ Q\w
The data for the system atenolol/B-CD were fitted with eq. 3, 251 \ jf \/
revealing the formation of complexes of 1:1 stoichiometry. One ol M\
can observe the greater scattering of the experimental points, 250 260 270 280 290
characteristic to the measurements by circular dichroism. The A (nm)

data were also analyzed using the Scott model (eq. 2), which
yielded a K11 value in good accordance with the results of the
nonlinear model, although the fit was of somewhat lower
quality. The value of the association constant also correlates to
that obtained from UV-vis absorption data. (110+22 M, Scott’s
model).
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Fig. 15. (A) The circular dichroism spectra of atenolol (5%x104 M in pH 7.4 phosphate
butfer) in absence (1) and presence (2-7) of increasing concentrations of f-CD (up to 2x10-
2M). (B) Determination of the stoichiometry and association constant of the atenolol-f-CD



Phase Solubility Studies

* Solubility measurements are performed
according to the method developed by
Higuchi and Connors, 1965.

* Excess amounts of guest are added to
agueous solutions containing various
concentrations of CD and agitated until
equilibrium. Thereafter, the solutions are
filtered and the amount of the solubilized
guest could be determined using various
analytical methods (HPLC, UV-Visible, etc.).
Phase solubility diagrams are obtained by
plotting the solubility of the guest as a
function of the CD concentration.

Concentration of dissolved guest (M)

Cyclodextrin concentration (M)



If one drug molecule forms a complex
with one cyclodextrin molecule then:

=

- o] Z==Cle] ;

D-CD

KC — [ ] (@)
D] |[CD] >

Conc. of Cyclodextrin [M]
T. Higuchi and K.A. Connors: Phase-solubility techniques.

Adv. Anal. Chem. Instrum. 4, 117-212, 1965.



Phase Solubility Studies

Phase—solubility diagrams fall into two major types:
A and B

* A-type profiles

In A systems, the apparent solubility of the substrate
increase as a function of CD concentration.

Three subtypes have been defined:

- A profiles indicate a linear increase in solubility
as a function of solubilizer concentration,

- A, systems indicate an isotherm wherein the
curve deviates in a positive direction from linearity
(i.e. the solubilizer is proportionally more effective at
higher concentrations) and

- A relationships indicate a negative deviation
from linearity (i.e. the CD is proportionally less
effective at higher concentrations).

Conc. of dissolved drug [M]

>
Conc. of Cyclodextrin [M]




Phase Solubility Studies

* A -type relationships

are first order with respect to the CD and may
be first of higher order with respect to the
drug (i.e. DeCD, D,*CD, D,*CD, etc). If the
slope of the A  isotherm is greater than unity,
higher order complexes are assumed to be
involved in the solubilization.

Although a slope of less than one does not
exclude the occurrence of higher order
complexes, a one-to-one complex is often
assumed in the absence of other information.

Conc. of dissolved drug [M]

>
Conc. of Cyclodextrin [M]




Phase Solubility Studies

* A, systems

suggest the formation of higher order complexes
with respect to the CD at higher CD concentrations
(i.e. DeCD, D*CD,, D*CD,, etc). The stoichiometry
of the formed complexes has historically been
implied by the extent of curvature of the phase—
solubility profile. Thus, an isotherm best fit to a
guadratic function suggest the formation of a one-
to-two (DeCD,) complex, one best fit to a cubic
function suggests a one-to-three complex (D¢CD;),
and so forth.

* A, profiles

have several explanations including bulk changes
imparted to the solvent by the solubilizer at
various concentrations and/or self-association of
the solubilizer at high concentrations.

Conc. of dissolved drug [M]

>
Conc. of Cyclodextrin [M]




Phase Solubility .
Studies D+CD =—= D/CD 0

Under such conditions an A;-type phase-solubility diagram, with slope less than
unity, would be observed and the stability constant (K;.;) of the complex can be
calculated from the slope and the mtrinsic solubility (S,) of the drug m the aqueous
complexation media (1.e. drug solubility when no cyclodextrin 1s present):

K, - leope 2)
S, (1= Slope)

The value of K,.; is most often between 50 and 2000 M™' with a mean value of 129,

490 and 355 M for o-, B- and y-cyclodextrin, respectively (Connors KA. The

stability of cyclodextrin complexes 1n solution. Chem. Rev. 97: 1325-1357 (1997)).

For 1:1 drug/cyclodextrin complexes the complexation efficiency (CE) can be

calculated from the slope of the phase-solubility diagram:

slope
(1- Sfope))

|[D/cD]

CE =
[cD]

=5, K, =

(3)




Phase Solubility Studies

In the general case where the intrinsic drug solubility is given as Do and a formed complex is

represented by DeCD.

D] = D, (4)
D = D, + m|Dy® CD,] (5)
CD, = CD + n|D,, ® CD,] (6)

then the values for [D,,®CD,,], [D] and [CD] can be derived as:

Dy — D,
-
m ()

|[CD| = CDy — n|D,, ® CD,| (8)

[Dm b CDn] o

where D, is the equilibrium solubility of the drug in the absence
of the CD, D; is the total concentration of the drug (i.e. the sum
of the complexed and uncomplexed forms) and CD, is the total
concentration of the solubilizer. For equilibria that are first order
with respect to the solubilizer (n= 1), the following equation can
be obtained:

B mKD7”CD, ;

' 14 KDm + D, %)

For Ap-defined profiles, the equilibrium constants can also
be calculated. For a system in which a drug interacts with two
CD species:

_[pecD]

SHES (13)
[DJ[CD]
De (CD, De(CD, ,
(12 = | 2 01'[ Q] (14)
|D e CDJ|[CD]  [D][CDJ*
where the mass balance equations are given by:
D, = [D| + [DeCD| + [D e CD,| (15)
[D] = D, (16)
CD, = [CD| + [DeCD]| + 2[D ® CD;] (17)
which when combined gives:
CDy|K 1Dy + K11 K12D, |CD :
D, = ll 11 + KK 2 [ ”+Dn (18)

= 1 + Kl:lDu +2Kl:lh’|:2DU[CDJ

This equation indicates that a plot of D, versus CD, will give
a graph with an y-intercept of D, and a slope which is
increasing as function of [CD] yielding the observed curvilinear



Phase Solubility Studies

An overall binding constant estimation

@ Free drug molecule

> Drug in a non-inclusion complex
I Drug in an inclusion complex

3 “Empty” cyclodextrin molecule

Drug/cyclodextrin inclusion complex




Some methods that can be applied to en

nance the complexation efficiency

Effect Consequences

Dz wondzation Unionizad drugs do wmally form more stable complaxes than
their jonic counterparts. However, lonization of & dmug
IncTeases its appansnt infminsic solubility resnling in enhanced
complexanon.

Salt fonmation It 1= sometimes possible to enhance the apparent intrinsic
splability of a dmug through salt formation.

-10- It 1= sometime possible to mkrease the apparent indminsic
complex sohability of a dmue throush formation of metal complexas.
The acidbase It has been shown that cerain orzanic hydresy acids (such as

ternary complexes

complexas

citric acid) and certain organic bases are able to enhance the
complexaton efficiency by fonmation of termary
drug/cyclodexirin/acid or base complexas.

Water-soluble polymers form a termnary complex with
drugicvclodexrin commplexes Increasing the observed stabiliny
constant of the dmg/'cyclodeximn complex. This observed
mcrease in the valwe of the constant mcreases the complexation

Effect Consequences

Solnbilization of — Organic cations and anions are knowmn to solubilize uochargad

cyclodextrin drug/cvclodexirin complexes that have imited agueous

AFETeZates solubtlity. This will enhance the complexation eficiency
during preparation of, for example, solid dme/cyclodexirin
complex powder.

Combination of Freguently the complexstion efficiency can be enhanced even

WO O mors further my combining two or more of the above mentioned

methods methods. For example drug jonization and the pohyvmer method.
or solubilization of the cyclodextrin agzregates by adding both
pohvmers and cations or amons to the agueous complexaton
miedinm




NMR*

Classic 'H NMR or 3C NMR experiments

The simplest NMR experiment to fast obtain direct evidence of the inclusion of a guest into the CD cavity is the observation
of the difference in the proton (1H NMR) or carbon (13C NMR) chemical shifts (1) between the free guest and host species
and the presumed complex.

Analysis of chemical shift changes of both host and guest molecules can not only give evidence of the complex formation
but also supply useful information about the stoichiometry, stability, mechanism and geometry of the complex.

Measurements of chemical shift changes of the guest as a function of increasing CD concentration (NMR titrations) allow
the evaluation of the complex association constant, providing at the same time insight into the stoichiometry and
conformation of the formed complex.

The main drawback of this technique is the poor solubility of the samples in deuterated water (1H NMR) or in water
(13CNMR), requiring often the use of other solvents, which could modify the host—guest interactions with respect to the
simple aqueous medium. Moreover, the induced shifts are sometimes too small and may suffer from signal broadening.

OHz2 OH3
As a consequence of a guest inclusion into their cavity, the
1HNMR spectra of CDs exhibit an upfield shift of their H-3 and <
H-5 protons, directed toward the interior of the cavity, H2
indicative of the complex formation. H
CEHZCIHE

* There is also Solid-state NMR spectroscopy. This technique complements X-ray crystallography in that it is frequently applicable to molecules in an amorphous or
liguid-crystalline state, whereas crystallography, as the name implies, is performed on molecules in a crystalline phase.



https://en.wikipedia.org/wiki/X-ray_crystallography
https://en.wikipedia.org/wiki/Liquid_crystal

1H-NMR (1D)

Chemical shifts (ppm) for the protons of hesperetin and of 3-CD
in the free state and in the pure complex (complex 1:1)

H hesperetin B free Be AS (ppm)
H, e Hg 6,311 6,189 0,122
Ha, He e Hy 6,931 6,746 0,185
CH20H
17
H |3-C D ﬁ'l‘tl.' ﬁ}’ .-J\LB {Ppl“}
H, 5.060 53.053 0.007
H. 3.638 3.632 0.006
H; 3.956 3.946 0.010
H, 3.575 3.570 0.005
H: 3.838 3.816 0.022
H, 3870 3.851 0.019
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Study of flavonoids/B-cyclodextrins inclusion complexes by
NMR. FT-IR., DSC. X-ray investigation
R. Ficarra®. S. Tommasini ®. D. Raneri ®. M.L. Calabro *. M.R. Di Bella .
C. Rustichelli £, M.C. Gamberini <. P. Ficarra »#*
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The spectra for the indiv.idualc':bmponen‘ts are compared to
tBhe spectrum of the solution of hesperitin in the presence of
-CD.

Clear differences are observed.

There is a significant shift of the signals referred to the
phenilic moiety of hesperetin, that indicates the interaction
of this portion of the molecules with the CD.

Only the H3 and H5 protons, located inside the cavity, and
tlp]eng proton, located on the narrow rim are appreciably
shifted.

1H-NMR spectra show upfield shifts, due to the diamagnetic
anisotropy of the included guest, of the H3 and H5 proton
signal joined to little shifts of H6 signal, while H1, H2 and H4
signals, located outside the cavity, are relatively unaffected.

These results indicate the interaction of part of the molecule
with the cavity of the 8-CD and consequently the formation
of an inclusion complex between each flavonoid and the CD.



1H-NMR (1D)

1H nuclear magnetic resonance spectra of BCD (A) and

R BCD-EG inclusion complex (B).

H6
\
H- X
u ik Jl‘ H-$ H2 Hed
f
|

A o

52 81 50 489 &8 47 46 45 44 43 42 41 40 39 38 37 36 3% 34 3
f1 (ppm)

B

(T8 |

i |
LU AU Ml

_____

52 51 50 49 4.8 47 46 45 44 4.3 42 a 4.0 39 38 37 316 35 34 3

11 (ppm)

OHz2

OH3

CeH OHe
2

Contents lists avallable at ScienceDirect

QC
i Food Chemistry CHEMISTRY

journa I homepage: www.olsevier.cam/iocate/foadchem

An inclusion complex of eugenol into f-cyclodextrin: Preparation, and @
physicochemical and antifungal characterization

Liang Gong “, Taotao Li”, Feng Chen", Xuewu Duan “, Yunfei Yuan *, Dandan Zhang~, Yueming Jiang

'H and "C nudear magnetic resonance shifts of the BCD-EG inclusion complex and
BCD free in D;0. The corresponding shifts (A&) represent the chemical shift
differences (ppm) between the two states. Negative values indicate shift to high field.

Proton pCD pCD-EG  Ad Proton pCD ACD-EG  Ad

H1 4993 4979 0.014 10250 10259 0.09
H2 3572 3560 0.012 2 72.69 7270 0.01
H3 3.888 3.807 0081 GG 73.73 7387 014
H4 3507 3508 0.001 C4 81.74 81.73 0.01
H5 3.783 3651 0132 G5 72.47 7258 011
HG 3.800 3.772 0.028 (6 60.87 60.76 011

The formation of the BCD—-EG inclusion
complex by insertion of the aromatic ring of
EG into the BCD lipophilic cavity was clearly
demonstrated by the chemical

shifts of H-3 and H-5 resonances of the
BCD.

Significantly high field shifts (Ad) of H-3 and
H-5 of BCD proton resonance in the BCD-
EG inclusion complex were indicated by -
0.081 and -0.132, respectively.

Y D



Another NMR-1D example
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Preparation, characterization and binding behaviors of host-guest
inclusion complexes of metoclopramide hydrochloride with - and B-
cyclodextrin molecules
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NMR = 2D

NOE (Nuclear overhauser effect) is a common phenomenon observed in NMR spectroscopy,
consisting in the transfer of the spin polarization from one population of nuclear spins to
another, occurring between atoms in close Iproximit to each other. The inter-atomic distances
derived from the observed NOE are particularly useful to clarify the three-dimensional structure
of a molecule or of a complex.

NOE-based experiments done in two-dimensions (2D), allow for evidencing in the spectrum all
cross-peak correlations, making easier the data interpretation (*).

The most common NMR techniques exploiting the NOE are:
 NOESY (Nuclear Overhauser Effect SpectroscopY) and
 ROESY(Rotational Overhauser Effect SpectroscopY).

Both NOESY and ROESY experiments have been widely applied for the structural elucidation of
Euest:CD inclusion complexes; they are done through the NOE enhancement measurements

etween the guest nuclei and the CD inner cavity nuclei H-3 and H-5. Besides, NOE cross-peaks
can be correlated to their respective inter-molecular distances, providing more detailed
information about the supramolecular organization of these systems.

(*) In the monodimensional (1D) version, the experiments must be done separately, by applying selective pulses foreach
nucleus, which turn this technique more time requiring. However 1D experiments have higher sensibility, which can be
necessary in case of weak NOE interactions or poor solubility of the complex.



2D-NOESY NMR
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Fig. 2. NOESY spectrum of the BCD-EG inclusion complex (A) and the possible inclusion mode (B).
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An inclusion complex of eugenol into f-cyclodextrin: Preparation, and
physicochemical and antifungal characterization

2D-NOESY NMR spectra of the
BCD-EG inclusion complex showed
that cross-peaks obtained between
H-2 and H-5 of EG and H-5 and H-3
of B CD, are in accordance with the
1H NMR spectra. Thus, it can be
deduced that the formation of the 8
CD-EG inclusion complex involved
interaction of the hydrophobic
aromatic ring side of EG with the
lipophilic cavity of BCD.
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2D-ROESY NMR
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X-Ray Crystallography vs NMR
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Combining NMR and

Molecular Dynamics Studies
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Figure 6. Molecular dynamics simulations: (a) Plot of distances between atom Hi4 (gefitinib) and H3 atoms located in three CD
glucopyranose units of DMECD. The presence of a distance of around 2.9 A most of the time (near the horizontal dotted line),
implies maintenance of the interaction through time. Similar graphs for TMgCD (c) and HPACD (e). (b) Plot of distance between
NH (gefitinib) and three different ether oxygen atoms of the host DMBCD. The presence of a distance of around 3.2 A most of
the time (near the horizontal dotted line), suggests presence of a hydrogen bond. Similar graphs for TMgCD (d) and HPACD (f).
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Molecular Dynamics Studies

10ns

H-bond monitoring between O1 atom of
CBD and 04 atoms of 3-CD

Distance (A)_

we)

H-bond monitoring between O2 atom of

'

Distance (A)

CBD and O4 atoms of $-CD

- 6
- G7

https://www.youtube.com/watch?v=bOR5G8cqAZA

TR o
) ) DM-B-CD (1:1)
m -34.59+2.13 -51.86+2.94 -31.84+5.49 -47.89+7.91 -30.30£2.30
“ -4.86+3.26 -7.39+4.96 -7.2043.20 -5.2542.93 -2.3643.02
“ 19.06+2.96 33.1444.55 19.21+5.00 29.24+5.97 26.04+3.85
-3.67£0.19 -5.57£0.25 -3.95:0.46 -5.95:0.66 -3.83£0.27
AG,,, -39.45+3.7 -59.2545.6 -39.04+7.54 -53.1449.62 -32.6643.63
m 15.38+2.89 27.58+4.48 15.27+4.64 23.2945.42 22214377
- -24.07+2.51 -31.68+3.15 -23.78+3.83 -29.85+5.21 -10.45+2.36
-19.42+1.43 -21.8843.41 -19.26+1.73 -20.15+4.53 -17.40+1.49
m -4.65+2.89 -9.79+4.64 4524421 -9.70+6.90 +6.95+2.80

Binding free energies and their standard deviations (kcal/mole)
resulting from MM/GBSA analysis of the inclusion compounds of
CBD/S-CD (host guest ratio 1:1), CBD/f-CD dimer (2:1),
CBD/DM-4-CD (1:1), CBD/TM-4-CD dimer (2:1) and CBD/HP-4-
CD (1:1) (Legend: AE 4yw=van der Waals contribution from
molecular mechanics, AE =electrostatic energy as calculated by
the molecular mechanics force field, AE;z=the electrostatic
contribution to the solvation free energy, calculated by Gz model,
AE,/nonpolar contribution to the solvation free energy,
calculated by an empirical model *AG(gg)=AG+ AGy,, PAG(,) =
AG(cp)+ (T-AS)).

solv



FT-IR spectra of solid inclusion complexes

* FT-IR spectrum is used to confirm the formation of the solid inclusion
complex by considering the deviation of peak shape position and
Intensity

p-CD

Journal of Maolacular Stnacture 115 2018 3-512
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Fig. 11, FTIR spectra of free f-CD, MP and therr 1)1 inclusion complex (MPf-CDL
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FT-IR spectra of

(i) curcumin,

(ii) simple mixture of curcumin with b-cyclodextrin in a 1:2 molar ratio
(iii) curcumin—b-cyclodextrin complex from co-precipitation and

(iv) b-cyclodextrin
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rom co-precipitation spectra



Coreonts bets svnlahn m
S0 Food Chemistry —
§ ke
- / \ turnsl homapage: wwe slanvier comdngatafugdehnm
, c H,

CH

Curcumin-fl-cvclodextrin inclusion complex: Stability, solubility, (
characterisation by FT-IR, FT-Raman, X-ray diffraction and photoacoustic
spectroscopy, and food application

The spectra region with the most significant variations shows that
the peak at 1510 cm™, which is due to the C=0 stretching and
CCC and CC=0 bending, undergoes a shift to 1514 cm! for

the curcumin—B-CD complex from co-precipitation, which is good i .
evidence of complex formation. The same phenomenon occurs : \/’\/ P s
for the peak at 1602 cm1, which corresponds to the C=C o '

stretching of the aromatic rings, and could be observed in the
simple mixture spectrum. M .

In the spectrum of the curcumin—B-CD complex from co- ',W‘\/\
precipitation, the peak at 1602 cm™ showed a shoulder at 0 ' , : ' , : ' 1
1587 cm™. 1400 1450 1500 1550 1600 1650 1700
Therefore, the FT-IR technique enabled good evidence Wavenumber (cm!)

to be obtained for complex formation between B-CD and

curcumin using the co-precipitation method. The interactions

appeared to occur due to the entry of one or both of the zoom in the 1400—1700 cm-! region of
aromatic rings of curcumin into the CD cavity.

Absorbance
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(i) curcumin and

#iii) curcumin—B-cyclodextrin complex
rom co-precipitation spectra
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Curcumin-fl-cvclodextrin inclusion complex: Stability, solubility,
characterisation by FT-IR, FT-Raman, X-ray diffraction and photoacoustic
10000 — - spectroscopy, and food application

5000 — . . .
The diffractogram of the simple mixture was the sum of

-

i the spectral lines of both of the components that were
30000 - (i) present, as expected.
) However, the diffractogram of the curcumin—3-CD
e S ,‘ | 1 ﬂ complex from co-precipitation exhibited the
»‘;’ S % disappearance of some of the curcumin spectral lines at
5 (iii) 7.90, 14.5, 15.2, 15.8 and 18.2 (2h). Additionally, the
15000 — appearance of new lines was observed,
” including weak lines at 5.83, 6.58 and 6.91 (2h) and an
9= = intense line at 14.1 (2h), indicating the presence of new
6000 - (iv) solid crystalline phases that correspond to an inclusion
i complex of the same nature.

Thus, the X-ray diffraction corroborated the results that
= : : i ' were obtained from FT-IR spectroscopy for the
20 (degree) curcumin—B-CD complex that was prepared by co-
precipitation.

o —
n
o
—J

X-ray diffraction patterns of

(i) curcumin, (ii) B-cyclodextrin,
(iii) the simple mixture of curcumin with B-cyclodextrin in a 1:2 molar ratio and
(iv) the curcumin—B-CD complex from co-precipitation.



Single crystal XRD

CH-=1t interaction

van der Waals interaction CH-O hydrogen bond

Fig. 7.12. Host—guest interaction observed also hydrogen bonded to O4 atoms of «-CyD
in the 2-CyD complex with p-nitrophenol. (thin lines). The hydrogen atoms of C-5H
Hydrogen atoms of the phenylene ring are in  methine groups of the two pyranose rings
van der Waals contact with hydrogen atoms of facing to the benzene ring are in the C-H-x
C-5H methine groups (dashed lines) and are  contact as shown by arrows.



Single crystal XRD

(A) (B)

(©)

Fig. 7.13. Schematic drawing of crystal packings: cage-type
observed in the f-CyD complex with hexamethylenetetramine
(A), head-to-head channel-type observed in the »CyD complex
with iodine-iodide (B), and layer-type observed in the 2-CyD
complex with p-nitrophenol (C).



Single crystal XRD
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Fig. 1.9. Head-to-head (a), head-to-tail (b) and tail-to-tail (c) or a CyD dimer.




Single crystal XRD

Fig. 7.20. Crystal structure of the heptakis(2,6-di-O-methyl)-f-CyD complex with p-nitrophenol. Water
molecules are shown with filled circles and thin lines denote hydrogen bonds.
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Research Article

Molecular Inclusion Complex of Curcumin-@3-Cyclodextrin Nanoparticle
to Enhance Curcumin Skin Permeability from Hydrophilic Matrix Gel

Heni Rachmawati,'” Citra Ariani Editvaningrum.' and Rachmat Mauludin'

SEI 15V WOD11mm

Fig. 6. Scanning electron microscope images of a (3-cyclodextrin (x1,000), b curcumin (x1,000), ¢
physical mixture (x350) and d p-cyclodextrin—curcumin inclusion complex nanoparticle (x5,000)

Figure illustrates the surface
morphology of BCD,

CUR, PM and CUR20 (BCD—CUR-N)
under different SEM

magnifications. BCD was observed to be
irregular in shape (Fig. a), while CUR
was rather spherical (Fig. b). PM was
seen as a combination of the
morphology of the parent compounds
(Fig. c). In the case of BCD—CUR-N, the
morphology was parallelogram, in which
the original morphology of

both the components had disappeared
(Fig. d). These changes suggested the
formation of BCD—CUR-N inclusion
complexes. Moreover, the SEM of BCD—-
CUR-N showed a uniform particle size
distribution with no aggregation, and
there was a gap between the particles,
thus suggesting good redispersibility.
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Fig. 3.25. STM image of 3-p-'BocCiNH-2-CD from concen-
trated aqueous solution on a MoS; substrate (a) and its
schematic structure (b).



Differential scanning
calorimetry (DSC)
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Fig. 2. DSC thermograms of (a) cholesterol. (b) HPBCD. (c) physical
mixture, (d) inclusion complex.
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Research paper

Characterization of an inclusion complex of cholesterol and
hydroxypropyl-g-cyclodextrin

Robert O, Williams IT1*, Vorapann Malaguna, Mongkol Sriwongjanya’

weraty of Tewas at Austin, duavww, TX US4

The DSC results presented in figure demonstrate an endothermic peak for
cholesterol at 152°C, which corresponded to the melting point.

Similar results were seen for the physical mixture of cholesterol and
HPBCD in Fig. c. The physical mixture thermogram was nearly identical to
that of pure cholesterol, and showed a strong endothermic peak at
approximately 152°C. The DSC thermogram of HPBCD observed in this
study was similar to previously published studies. As can be seen in Fig.
2b,d, the thermogram of HPBCD and of the inclusion complex did not
show any sharp endothermic peak in the temperature range
investigated. This indicated the amorphous character of both samples.
No cholesterol peak was detected. The disappearance of the endothermic
peak from the thermogram obtained for cholesterol compared with the
thermogram obtained for the complex indicated that the freeze drying
technique produced an inclusion complex between cholesterol and
HPbCD, not a simple physical mixture. Therefore, the endothermic peak
of cholesterol was not detected since the crystalline cholesterol molecule
was contained within the cavity of the HPBCD ring molecule.



Thermogravimetric analysis (TGA)
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+ CQDs have only one weight loss zone (72%) from 30 °C (initial temperature) to about 476 °C, associating with the water evaporation.
* For 3-CD, three stages can be distinguished during the heating process of the sample.

- The first stage (between 30 °C to 105 °C): a slight weight loss (mass loss 11.47% of total weight) due to the loss of adsorbed water and water of
crystallization.

- The second stage (from 105 to 350 °C): a stable curve in the range of approximately 105-300 °C and a rapid curve fall-off in the range of 300-350 °C. The
latter indicates a major weight loss, which corresponds to the B-CD thermal degradation (mass loss 64.3% of total weight).

- The third stage (from 350 °C to the final temperature 950 °C): The solid residuals continuously decompose at a very slow rate as it is indicated by the

slowly continuous loss of weight shown in the 3-CD TG curve (mass loss 10.6% of total weight).
* The curve of NAR has weight reduction between 30 °C to 460 °C and the mass loss is 71.17%.
* The curve of the physical mixture follows that of NAR indicating a similar weight loss behavior.
* The thermogram of the inclusion complex indicates that it is relatively stable between 30 and 300 °C, whereas a weight loss of 45.42% appears from 300 to

395 -C. It is obvious that the thermal stability of NAR is significantly enhanced in the inclusion complex.
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UV /Vis spectroscopy




Diamagnetic anisotropy



SPECTRAL METHODS

SPECIFIC REQUIFEMENTS

Absorption Fluorescence Circular dichroism
Experimental data || *» A very careful study of e Spectra J——— be
must be analysed: the photophysical properties secorded with a large
* In the spectral region of the free guest is a must number of accunmilations
free from band overlap (emission wavelength, e Identify the position of
* On the band | | quantum yield, presence of the dichroic signals, their
showing the largest|| several species, influence of sign and intensity
change in intensity solvent, temperature, etc.)

¢ Perform
using several excitation
wavelengths if the presence

of several species is assumed

e peri_ments

Correlation with the
theoretical results:

¢ The sign of the band
indicates the orientation
of the guest transition
moment

* Comparison of the
experimental and
simulated spectra

GENERAL REQUIREMENTS

® Use several fitting models
* Examine carefully the statistical parameters of the fits

* Compare when possible with theoretical simulations




