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Abstract Quercetin is an antioxidant flavonol very sensible to light and oxidants that can benefit
from stabilisation by encapsulation into cyclodextrins. In this work we study the solid inclusion
compounds of quercetin with B- and y-cyclodextrins (B-CD and y-CD) obtained by freeze-
drying. Combined results from microanalysis, FT-IR, powder X-ray diffraction, '*C{'H} CP/
MAS NMR spectroscopy and thermogravimetry demonstrating that y-CD, having a larger cavity,
is the most adequate host to form a stable inclusion complex with quercetin. The anti-peroxidation
capacity of the compounds was determined and followed the order B-CD-quercetin > quercetin >
v-CD-quercetin. Both y-CD-quercetin and f-CD-quercetin are able to inhibit DPPH radicals at a
rate three times faster than pure quercetin, but their ECs is higher (50 uM vs 17 pM for quercetin).
The practical applicability of the two CD-quercetin adducts as nutraceutical additives in fresh
cheese was established. Fortified fresh cheese had a firmer texture and yellowish colour, but no sig-
nificant changes in the overall sensorial qualities were found by a panel of non-trained tasters when
compared with the control (non-treated fresh cheese).

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A growing topic in food research is the fortification of food with
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nutraceuticals or other health promoting ingredients, such as probi-
otics or vitamins, to obtain functional foods. Flavonoids, for their
antioxidant properties, are among the most widely used phytochemi-
cals, appearing in cookies (Paul and Bhattacharyya, 2015) and a
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variety of beverages (Rothe et al., 2015; Lanilai.com, 2016; Yehuda
and Anglea, 2010). Quercetin is a well-established nutraceutical, partic-
ularly suited for food fortification since it allows obtaining products
with superior antioxidant and medicinal properties (Boots et al.,
2008). Quercetin has a ubiquitous and high-quantity presence in natu-
ral sources, which makes it easy to obtain, and it offers the effective
antioxidant action within the family of flavonols due to its singular
chemical structure. Quercetin occurs in fruits such as cowberries, lin-
gonberries, blueberries, vegetables such as red onions and peppers
(chilli or sweet), herbs such as levisticum, dill and tarragon and even
in green tea and cocoa (Koztowska and Szostak-Wegierek, 2014;
Quercetin.com, 2016; Stobiecki and Kachlicki, 2006). Chemically,
quercetin features a cathecol B-ring and three additional hydroxyls
on carbons 3, 5 and 7 (Fig. la). It is the third most active flavonoid,
following epicatechin gallate and epigallocathechin  galate
(Thilakarathna and Rupasinghe, 2013). Quercetin has a relatively
low bioavailability from oral ingestion (Hollman et al., 1996), which
varies strongly with the food source and with the degree of cooking
(Hollman et al., 1997a, 1997b), but it remains in the plasma for a
few days, which allows bioaccumulation from repeated ingestion. It
is proposed to act as cardiovascular protecting agent (Hollman
et al., 1997a) and other medicinal properties are under study, namely
leishmanicidal activity (Sen et al., 2008) and antitumor action against
PC-3 prostate cancer cells (Senthilkumar et al., 2010). The absorption,
gastrointestinal stability and bioavailability of quercetin can be
improved by encapsulation techniques, namely with liposomes
(Rasaie et al., 2014) and cyclodextrins (CDs), cyclic oligosaccharides
of six to eight 1,4-linked a-D-glucose units (a-CD, B-CD and y-CD)
obtained by enzymatic fermentation of starch. By inclusion of
hydrophobic compounds into their ring cavities, CDs act not only as
solubilisers but also as molecular capsules with protective action
against oxidation, hydrolysis and degradation by UV radiation or heat
(Pereira and Braga, 2015). Native cyclodextrins are in the spotlight for
food modification technologies as a result of their GRAS status (‘gen-
erally recognised as safe’) awarded by the FDA and the WHO-FAO
joint committee. They are very useful in increasing the stability of
antioxidant molecules, namely a-tocopherol (Koontz et al., 2009),
polyphenols such as rutin, phloridzin and chlorogenic acid (Ramirez-
Ambrosi et al., 2014) and, of course, quercetin. Cyclodextrin inclusion
of quercetin was previously observed in the solution state (Bergonzi
et al., 2007). When B-CD is used, the solubility of quercetin in water
was demonstrated to increase by roughly 10-fold (Pralhad and
Rajendrakumar, 2004). In turn, in phosphate buffer with 20% DMSO,
quercetin interacts faintly with p-CD and small shifts in the '"H NMR

signals of quercetin protons at the positions 8, 2’ and ¢’, meaning that
the inclusion may occur at one of the two terminal rings of quercetin
(ring A or ring C). Furthermore, a preferential 1:1 inclusion stoichiom-
etry was determined (Zheng et al., 2004).

The present work deals with the preparation and characterisation
of a solid inclusion compound of y-CD with quercetin. In addition,
B-CD-quercetin in the solid-state was also prepared. This inclusion
compound was previously isolated as an amorphous solid, which did
not allow a detailed solid-state structural characterisation (Pralhad
and Rajendrakumar, 2004). In the present report, it is observed the
behaviour of B-CD-quercetin upon recrystallisation and the geometries
of inclusion are postulated for both B-CD-quercetin and vy-
CD-quercetin. Furthermore, the effect of the cyclodextrins on the
antioxidant activity of quercetin is evaluated for the first time, by
means of the DPPH and TBARS assays. The application of the
adducts as nutraceuticals in a food matrix was investigated. Fresh
cheese was chosen as model food since cheese products are much
appreciated foods and therefore excellent candidates to convey
nutraceuticals to the consumers. Cyclodextrins are suitable carriers
for use in dairy products (Marcolino et al., 2011) and they have been
widely used in dairy technology, either to remove cholesterol from milk
(Tahir et al., 2013) and from cheese varieties such as gouda, camembert
and feta (Bae et al., 2008, 2009; Jung et al., 2013), or as taste-masking
agents in goat’s cheese and yogurt (Young et al., 2012). In light of the
ability of CDs to modify the organoleptic characteristics of cheese, a
sensorial evaluation of the fresh cheese fortified with CD-quercetin
was conducted.

2. Materials and methods

2.1. Chemicals

B-CD and y-CD (pharma-grade Cavamax W7 and W§, manu-
factured by Wacker-Chemie) were kindly donated by Ashland
Specialty Ingredients (Diisseldorf, Germany). Quercetin was
obtained from Discovery Fine Chemicals (UK), potassium
bromide (KBr, >99%), thiobarbituric acid (TBA), 2,2'-azo-
bis-(2-amindinopropane)  dihydrochloride (AAPH) and
1,1diphenyl-2-picrylhydrazyl (DPPH) were from Sigma-—
Aldrich (Sintra, Portugal) and trichloroacetic acid (TCA)
was from Farbwerke Hoechst AG (Frankfurt, Germany). All
the solvents were of analytical grade and used as received.

Figure 1

Quercetin: structure and proposed hydrogen bonds in the solid state. (a) Common labelling used for the aromatic rings of

quercetin and its atom numbering scheme; (b) intramolecular hydrogen bond existing in quercetin according to Briggs and Colebrook
(1962); (c) intra- and intermolecular hydrogen bonding pattern of quercetin according to Filip et al. (2013).
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2.2. Equipment

Freeze-drying procedures were carried out in a 1.51
MicroModulyo Freeze Dryer from Thermo Electron Corporation.

Microanalyses for CHN were performed at the University
of Aveiro (Department of Chemistry) on an LECO Elemental
Analyser. Samples were combusted under an oxygen atmo-
sphere at 975 °C for 1 min, and helium was used as purge gas.

Powder X-ray diffraction data were collected at ambient
temperature on a X'Pert MPD Philips diffractometer
(Cu Koty X-radiation, A = 1.540598 A and
Ay = 1.544426 A), equipped with a X’Celerator detector and
a flat-plate sample holder in a Bragg-Brentano para-focusing
optics configuration (40 kV, 50 mA). Intensity data were col-
lected by the step-counting method (step 0.02°), in continuous
mode, in the ca. 3.0 < 260 < 50.0° range.

SEM images were acquired using a scanning electron
microscope Hitachi SU-70 Schottky emission instrument
working at 15 kV.

TGA studies were conducted on a Shimadzu TGA-50 sys-
tem. Samples of mass ~1-5 mg were placed on a 5 mm (¥ plat-
inum crucible and heated at 5°C/min with an air flow of
20 mL/min.

FTIR spectra (range 4000-380 cm ') were collected as KBr
pellets using a Unican Mattson Mod 7000 FTIR spectropho-
tometer (64 scans, 2 cm™ ' resolution); in a typical preparation,
2 mg of sample were mixed in a mortar with 200 mg of KBr.

Raman spectra (range 4000-200 cm ') were acquired at
ambient temperature in a Bruker RFS-100 Fourier transform
Raman spectrometer with a 180° geometry (3 x 600 scans,
1 cm ™! resolution), equipped with an InGaAs detector and a
Nd:YAG near-infrared excitation laser (1064 nm) by Coher-
ent, model Compass-1064/500 N) yielding 30-50 mW at the
sample position.

Solid-state nuclear magnetic resonance spectra with '°C
{'H} cross-polarisation and magic angle spinning (CP/MAS
NMR) were recorded at 125.72 MHz on a (11.7 T) Bruker
Avance 500 spectrometer, with an optimised /2 pulse for 'H
of 4.5us, 2ms contact time, a spinning rate of 7 kHz and
12 s recycle delays. Chemical shifts are quoted in parts per mil-
lion from tetramethylsilane.

Absorbance readings for the thiobarbituric acid reactive
substances assay (TBARS) assay were collected in a pQuant™
Microplate Spectrophotometer from BioTek Instruments, Inc,
at a working wavelength of 532 nm.

2.3. Preparation of the solid inclusion compounds

2.3.1. B-CD-Quercetin (1:1)

100 mg (0.076 mmol) of B-CD were dissolved in 10 mL of
water at 37 °C. Separately, 23 mg (0.076 mmol) of quercetin
were dissolved in 13 mL of ethanol at 37 °C. After full dissolu-
tion of both compounds, solutions were mixed, stirred for 3 h
and subject to snap freezing (with liquid nitrogen). Solvent
removal by freeze-drying afforded a voluminous pale-yellow
solid in quasi-quantitative yield.

Anal. Calc. for (C42H70035)(C15H1007)'18(H20) (17606)
C, 38.85; H, 6.640%; Found: C, 38.62; H, 6.813%.
Thermogravimetric analysis up to 135 °C shows a mass loss
of 13.7%, corresponding to the evaporation of 13 water
molecules.

FT-IR (KBr, cm™!): v(tilde) = 3386vs, 2929m, 1660m,
1612m, 1560m, 1523m, 1450m, 1410m, 1383m, 1324m,
1305sh, 1263m; 1201m, 1157s, 1102sh, 1080s, 1029vs, 1002sh,
947m, 939m, 864m, 843m, 826m, 794w, 756m, 706m, 668w,
656w, 639w, 606m, 578m, 531m, 478w, 445w, 419w, 408w,
400w, 385w, 376w, 359w, 354w, 336w, 328w, 314w, 303w,
297vw, 290w.

Raman: v(tilde) = 1660w, 1605vs, 1589m, 1547s, 1439s,
1399m, 1371m, 1327m, 1316m, 1294w, 1267w, 1219w, 1174w,
1112w, 1093vw, 1014vw, 994vw, 942m, 843m, 784m, 721w,
706w, 685 w, 660w, 639m, 603s, 574m, 520m, 478m, 471m,
253w, 231w, 209 vw.

BC{'H} CP/MAS NMR: 174.1 (guest, C,), 163.8 (guest,
C,), 157.2 (guest, Cs), 154.6 (guest, Cy), 147.9 (guest, C,),
146.2 (guest, C,), 141.5 (guest, Cyz), 135.1 (guest, C3), 125.9
(guest, C,), 122.0 (guest, Cyx), 115.5 (guest, Cs/), 112.1 (guest,
Cy), 104.2, 103.3, 102.2, 101.4 (all B-CD, C;), 95.9 (guest,
Css), 84.2, 83.3, 82.3, 81.2, 80.4, 78.4 (all B-CD, Cy), 76.3,
75.2, 73.8, 73.0, 72.6, 71.6 (all B-CD, C,35), 63.7, 62.2, 60.3,
59.6, 58.7 (all B-CD, C¢) ppm.

NOTE: For comparison, the *C{'H} CP/MAS NMR spec-
trum of quercetin was also collected. The resonances of pure
quercetin are as follows: 174.4 (C,), 164.0 (C,), 157.4 (Cs),
154.7 (Cy), 148.2 (Cy), 146.1 (C,), 141.3 (Cz), 135.2 (C3),
125.9 (Cy), 121.8 (Cy), 115.6 (Cs), 112.2 (Cy), 101.2 (Cyp),
95.7 (Cgs.5) ppm (see Fig. la for carbon labelling of quercetin).

2.3.2. y-CD-Quercetin (1:1)

A solution of 200 mg of y-CD (0.14 mmol) in 30 mL of water:
ethanol (1:2), at ambient temperature, was added stepwise with
solid quercetin (42 mg, 0.14 mmol). After full dissolution, the
solution was stirred for 2 h, snap-frozen and freeze-dried to
obtain a pale yellow solid in quasi-quantitative yield.

Anal. Calc. for (C48H80040)(C15H1007)'16(H20) (18866)
C, 40.07; H, 6.517%; Found: C, 39.46; H, 6.178%. Thermo-
gravimetric analysis up to 115°C shows a mass loss of
16.2%, corresponding to the evaporation of 17 water
molecules.

FT-IR (KBr, cm™") v(tilde) = 3388vs, 2928m, 1657m,
1630m, 1602m, 1566m, 1518m, 1446m, 1416m, 1374m,
1324m, 1250m; 1200m, 1159s, 1126sh, 1102s, 1080s, 1052s,
1026vs, 1002sh, 942m, 936sh, 860m, 843m, 815m, 760m,
706m, 668w, 638w, 605m, 583m, 529m, 479w, 446w, 413w,
362w, 290vw, 283w.

Raman: v(tilde) = 1564w, 1606vs, 1590m, 1567m, 1548m,
1441s, 1401s, 1371m, 1318s, 1267w, 1217w, 1175w, 1112m,
1084w, 995w, 942w, 843w, 784w, 721w, 707w, 687w, 659w,
638m, 602s, 575m, 518m, 479s, 442w, 401w, 355w, 331w,
228w, 200w.

BC{'H} CP/MAS NMR: 174.7 (guest, C,), 164.3, 163.2
(guest, C;), 160.2 (guest, Cs), 156.4 (guest, Cy), 146.9, 146.0
(guest, Cy), 144.9, 144.1 (guest, C,), 143.5 (guest, Cy), 134.6
(guest, C3), 121.6 (guest, C;), 120.0 (guest, Cy), 115.0 (guest,
Cs+2), 103.1 (y-CD, C;), 97.5 (guest, Cy), 95.0 (guest, Cy),
81.5 (y-CD, Cy), 72.8 (y-CD, C;35), 60.2 (y-CD, Cg).

2.4. Inhibition of lipid peroxidation in buffered egg yolk —
TBARS assay

The anti-peroxidation evaluation followed an adaptation of
the TBARS assay (Daker et al., 2007). The method relies on
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the colorimetric monitoring of the malondialdehyde formed by
polyunsaturated lipids degradation by reactive oxygen species
(Pryor and Stanley, 1975). Treating malondialdehyde with
thiobarbituric acid (TBA) produces a coloured compound.
Chicken egg yolk, with a high content in lecithin, is used as
a cost-effective source of unsaturated lipids.

Three independent assays were conducted for each sample.
The reaction mixture contained 1 ml chicken egg yolk emulsi-
fied with 0.1 M phosphate buffer to obtain a final concentra-
tion of 0.1g/ml, 100pul of 0.12M 2,2"-azobis(2-
amidinopropane) dihydrochloride (AAPH, an accelerant of
the radical formation reactions), and 100 pl of the test sample.
Stock solutions (6 mL each) of 300 mg/ml of quercetin, in
ethanol at 96% (*/,), and 1.2 g/ml of both B-CD-quercetin
and y-CD-quercetin, both in ethanol 70% (*/,), were prepared
and diluted in each assay to obtain final sample concentrations
ranging between 0.1 mM and 1.0 mM. The mixture was incu-
bated at 37 °C for 1 h, treated with 500 pl of freshly prepared
15% (¥/,) TCA and 1.0 ml of 1% (*/,) TBA and it was kept at
95 °C for 10 min. Upon cooling, the tubes were centrifuged at
3500 rpm for 10 min to remove precipitated protein and the
absorbance of the supernatant was measured at 532 nm. The
control comprised buffered egg with ethanol and AAPH.
The percentage of inhibition of peroxidation was calculated
using a simple formula (1)

AO - Ax

0

%inhibitinn = x 100 (1)
where A4, is the absorbance of the control and A, is the absor-
bance of the sample.

2.5. Anti-oxidant capacity by the DPPH method

The antiradical activities were measured against the coloured
free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH") (Brand-
Williams et al., 1995). A methanol stock solution of DPPH"
(15.0 mL) was prepared to have Abssis,, within 0.9-1.0 (in
our experimental conditions this was achieved with 500 uM).
Three independent assays were carried out for each sample.
In a 96-well plate, 0.1 mL of sample is mixed with 0.1 mL
diluted DPPH". Seven dilutions were tested: 0.5-40 uM for
pure quercetin and 10-100 uM for the inclusion compounds
(which have lower activity). DPPH" bleaching was followed
at 515 nm at 0 min, 5 min, and every 5 min until steady state
is reached (20 min under our experimental conditions). The
ECs is the sample concentration causing, at the steady state,
50% reduction of the DPPH" initial concentration.

Antiradical efficacy. The antioxidant/radical action deter-
mined by the DPPH assay is best expressed as antiradical effi-
ciency (AE) (Sanchez-Moreno et al., 1998). This parameter is
evaluated by using, for each sample, a solution with a concen-
tration equal to its ECsy value. A mixture of 0.1 mL of the test
sample and 0.1 mL of DPPH- (500 uM) and the Abssignm 1S
read at 0 min, 2 min, and every 2 min until reaching 50% dis-
coloration (the Abssjgnm is half of the value at time zero). At
this time point, the test compound is expressing 50% of antiox-
idant activity, and it is thus deemed tgcso. The antiradical effi-
cacy (AE) is calculated using the formula (2):

1

AE=—
ECsy X tgeso

2

2.6. Incorporation of -CD-quercetin and y-CD-quercetin into

fresh cheese

Bovine raw milk was pasteurised at 74 °C for 30 s. After cool-
ing to 34 °C, it was added with powdered milk (40.0 gL™"),
sodium chloride (9.0gL™"), calcium chloride solution
(0.7mgL™") and animal rennet (0.035gL™'), comprising
roughly 90% of chymosin and pepsin. The mixture rested at
32-33 °C for 15-20 min to allow the curd to be formed. The
curd was then roughly cut to start the whey release process,
drained under rest for 5 min and kneaded to further remove
whey and other liquids. The incorporation of the inclusion
compounds was carried out after this step. Finally, the curd
mass was divided, placed into individual fresh cheese moulds
and stored in the refrigerator until its consumption. The final
concentrations in the fresh cheese were 0.029% (™/,) for B-
CD-quercetin and 0.043% (™/) for y-CD-quercetin, values
that are fully safe for human ingestion.

2.7. Sensory analysis

To evaluate possible changes in the organoleptic characteris-
tics of the cheeses resulting from the addition of the inclusion
compounds, a sensory analysis was conducted using a Product
Preference Test on a panel of 30 non-trained tasters. This test
evaluates the preference of a given product by a consumer.
Samples of non-treated fresh cheese and fortified fresh cheese
were presented randomly to each panellist for them to state
their preference for one of the samples and issue a small com-
ment about the products. The results were treated by the Pear-
son’s chi-squared test.

3. Results and discussion

3.1. Preparation of the inclusion compounds

Inclusion of quercetin into B-CD and y-CD was carried out by
co-dissolution procedures. For food applications, and given
the good aqueous solubility of CDs, water is the elected sol-
vent. Quercetin has low water solubility and low wettability,
thus needing ethanol to dissolve. The two solutions are mixed
to obtain a clear co-solution where CD and quercetin interact
to form complexes. The solutions are then subject to snap-
freezing and the frozen solvent is removed by lyophilisation.
The initial host: guest molar ratio was 1:1, and elemental anal-
ysis result that this stoichiometry was maintained in the iso-
lated solid products.

3.2. Solid-state characterisation of the inclusion compounds

The freeze-dried solids were studied by a range of techniques
to confirm quercetin inclusion and to evaluate the purity and
stability of the compounds and study the geometry of inclusion
of quercetin into each CD and the supramolecular packing of
the complex units in the solid state.

3.2.1. Vibrational spectroscopy

Quercetin possesses several functional groups which are likely
to suffer shifts by encapsulation. The carbonyl stretching
band, v(C=0), is particularly well-observed in Fourier
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Table 1 Selected FT-IR bands for quercetin and its - and y-CD inclusion compounds.

Selected bands (cm ") Approximate

Quercetin B-CD-quercetin v-CD-quercetin description’

1664 1660 1657 v(C=0)

1612 1612 1630, 1600 V(C=C)sing ¢

1560 1560 1566 V(C=C)ring B (mode 8a')"

1522 1522 1517 V(C=C)rings A, B

1319 1324 1324 v(C5—OH)

1261 1263 1250 V(C=C)ring B (mode 14), V(O1—C2), V(C3—03), V(C3—C4), v(C4—C10)"

# (Briggs and Colebrook, 1962; Cornard et al., 1997).

® The description of the stretching modes for the substituted benzene ring (B) follows Wilson’s notation (Wilson, 1934).

Transform infrared spectroscopy (FT-IR). It appears at rela-
tively low frequency (1664 cm™") which, in early investigations,
was attributed to an intramolecular C5—O—H- - -O==C hydro-
gen bond (Fig. 1b), referred to as a “conjugate-chelate” type
(Briggs and Colebrook, 1962). The bond would, however, be
quite strong, implying a v(C—O) frequency even lower than
the one observed. A more realistic model was recently pre-
sented. Structural studies of solid anhydrous quercetin using
a combination of molecular modelling, PXRD and solid-
state NMR data (Filip et al., 2013) have proposed that in solid
quercetin there is a network of intra- and intermolecular
hydrogen bonds, with a more homogeneous charge distribu-
tion and lower C—O polarisation (Fig. Ic).

After inclusion into the CDs the v(C—O) band of quercetin
suffers a shift, as well as other quercetin bands. These changes
are listed in Table 1. Note how the spectrum y-CD-quercetin
presents several shifted guest bands. These bands are associ-
ated with stretching modes of guest aromatic rings, thus sug-
gesting that the entire quercetin molecule is included into the
wide cavity of y-CD. In comparison, the host-guest interaction
occurring in B-CD-quercetin appears to be weaker, as only two
oscillators present shifts. The C—O stretch is redshifted by
—4cm~! and the C5—OH stretch is blueshifted by +5cm™".
These changes suggest the disruption of the network hydrogen
bonds found in pure quercetin and to the formation of a new
hydrogen bond with B-CD, most likely at the secondary
hydroxyls located at its larger rim of this macrocycle, lowering
the v(C—O) frequency due to the increased degree of polarisa-
tion. The interaction of quercetin with B-CD is thus postulated
to occur superficially, at the larger rim, instead of involving
inclusion of quercetin into the cavity. This proposed interac-
tion model is coherent with previous '"H NMR studies in solu-
tion which show partial inclusion of quercetin into B-CD
(Zheng et al., 2004), and also with the solid-state '*C{'H}
CP-MAS NMR data herein presented (Section 3.2.3).

The Raman spectrum of y-CD-quercetin further confirms
the inclusion. The carbonyl stretch occurs at 1654 cm™", red-
shifted by —6 cm™! in comparison with pure quercetin; other
bands are blueshifted by c.a. +2 cm™!, namely the C-C bands
of rings B and A, found at 1548 and 1441 cm™' for v-
CD-quercetin and at 1546 and 1439 cm™', respectively, for
pure quercetin.

3.2.2. Powder X-ray diffraction and morphology

The diffraction pattern for freeze-dried y-CD-quercetin (Fig. 2)
shows a quasi-amorphous material that crystallises as a new
phase upon rehydration by storing the solid for a few hours

in a vapour-saturated chamber. Note that this phase
(Fig. 2d) is free from reflections of pure quercetin or y-CD hep-
tahydrate, evidencing that y-CD-quercetin is a true and pure
inclusion compound (Caira, 2001). Its stability against disrup-
tion by moisture demonstrates strong host-guest affinity. To
further demonstrate the stability, the inclusion constant of y-
CD-quercetin was determined (see details in section S3 of the
Electronic Supplementary information), having a value of
Kpp = 1805.4 M~

The diffraction pattern of the hydrated sample of y-
CD-quercetin provides information on the cyclodextrin pack-
ing mode. Note that the pattern shares good similarities with
that of y-CD-12-crown-4-ether (Kamitori et al., 1986), a model
compound in which the units of inclusion complex are stacking
to form channels (Fig. 3). According to isostructurality princi-
ple of CD inclusion compounds reported by Caira (Caira,
2001) such similarity implies that the y-CD-quercetin complex
units are also channel-packed.

Intensity / a.u
}o g

=
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Figure 2 Experimental powder X-ray diffraction patterns of (a)
quercetin, (b) y-CD heptahydrate, (c) the freeze-dried y-CD-quer-
cetin product (obtained in an amorphous form) and (d) the same
product after rehydration (in a vapour-saturated chamber).
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Figure 3 Comparison of the experimental powder diffraction
pattern of the rehydrated sample of y-CD-quercetin with that of a
model inclusion complex, y-CD-12-crown-4-ether. The trace of the
model compound was calculated using the software Mercury
(v3.5.1, ©CCDC 2001-2014) on the atomic coordinates of y-
CD-12-crown-4-ether (Kamitori et al., 1986). Structural details of
this model complex are depicted above the diffractrogram, with
the guest highlighted in purple colour.

Freeze-dried B-CD-quercetin is a fully amorphous material,
which, upon rehydration, evidences recrystallisation of a small
portion of B-CD and quercetin, indicative of low host-guest
affinity (Fig. S1 in the Electronic Supplementary Information).
The inclusion constant (K,,,) values for B-CD-quercetin,
obtained from phase solubility studies, varies between
402 M~ (Pralhad and Rajendrakumar, 2004) and 602 M~
(Jullian et al., 2007), indicating a mild affinity. This means that
water molecules in the saturated chamber are able to displace
some of the quercetin molecules out of the B-CD cavities, lead-
ing these to re-crystallise as pure quercetin.

The powdered samples of pure quercetin, y-CD heptahy-
drate (as-received from the manufacturer) and rehydrated v-
CD-quercetin were studied by scanning electron microscopy
(SEM) to evaluate the following: i) crystal morphology, ii)
crystal integrity, and iii) material homogeneity. Quercetin is
entirely composed of very small needle-shaped crystals
(Fig. 4b and e). The pure y-CD host presents a good number
of fragments of crystals and some particles with the rough
shape of parallelepipeds albeit with rounded edges and multi-
ple cracking on the surface (Fig. 4a and d). Given the high sol-
ubility of this cyclodextrin in water, the fragmentation and
cracking are likely to reflect a fast drying method employed
by the manufacturer to obtain it quickly and in a good yield.
Regarding the inclusion compound, it is possible to observe

the formation of microcrystals with plate-like shape through-
out the bulk material (Fig. 4c and f). This morphology is
coherent with the observations made by powder X-ray diffrac-
tion that evidence a new crystalline phase for this inclusion
compound.

3.2.3. BC{!H} CP-MAS spectroscopy

The solid-state '>*C{'H} CP-MAS spectra of y-CD-quercetin,
pure quercetin and y-CD are depicted in Fig. 5. Note how
the resonances ascribed to the host present multiple signals
in the case of pure y-CD and appear as single signals in the
spectrum of the inclusion compound, indicating that the ring
of y-CD has adopted a more symmetric conformation to pre-
sent a larger cavity, able to accommodate quercetin better.

The resonances ascribed to the guest, quercetin, also feature
relevant changes in the spectrum of y-CD-quercetin, as listed in
Table 2. The signals ascribed to the carbons 2’ and 5’ of the
catechol (B ring) are superimposed while other carbons are
presenting two or multiple resonances, namely C2, C4, C7
and the carbons 6 + 8, which give rise to a single resonance
in pure quercetin. This indicates an overall chance in the chem-
ical environment around these molecules and the occurrence of
two or more different geometries of inclusion (Braga et al.,
2002).

In the spectrum of B-CD-quercetin, the resonances of both
the host and the guest carbons appear mostly unchanged in
comparison with those observed in the spectra of pure querce-
tin and B-CD hydrate (see Table 2 and Fig. S2 in the Electronic
Supplementary Information). This indicates a weak host-guest
interaction and further confirms that quercetin is located out-
side the cavity of B-CD, rather interacting with its rim as pos-
tulated from FT-IR data.

3.2.4. Thermogravimetry

Thermal decomposition profiles for the pure CDs, quercetin,
B-CD-quercetin, y-CD-quercetin and their 1:1 physical mix-
tures (PMs) were collected and compared (Figs. 6 and 7).
The TG traces of the pure hosts, f-CD (Fig. 6) and y-CD
(Fig. 7), are characterised by an initial dehydration step, which
starts at ambient temperature and proceeds up to 75 °C for B-
CD and to 95 °C for y-CD. Both CDs have a mass loss from
dehydration of 15%, that translates into 11 hydration waters
for B-CD and 12 for y-CD. Quercetin dehydrates between 65
and 135 °C, having no further mass loss until 290 °C, which
marks the onset of its thermal oxidation (Da Costa et al.,
2002; Masek and Chrzescijanska, 2015). From 360 °C
onwards, there is a second and steeper degradation step and,
at 515°C, all quercetin is decomposed. The steps associated
with quercetin’s oxidative and thermal degradation are absent
in both the PMs and the adducts, evidencing the interaction of
quercetin with the CDs. Decomposition of the host occurs
around 250 °C for B-CD-quercetin and its PM, and at 270 °C
for y-CD-quercetin and its PM. The traces of the inclusion
compounds differ from those of PMs only in the dehydration
process which takes place in two separate steps in the PMs
(CD and quercetin waters have different evaporation tempera-
tures). In y-CD-quercetin, mass loss from dehydration is 16%,
corresponding to 17 water molecules, in good consonance with
microanalysis and being higher than the water content of the
PM and of pure y-CD. The stacking of y-CD molecules into
channels (shown in PXRD), in turn arranged into squares,
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Figure 4 SEM images of y-CD (a and d), quercetin (b and e) and rehydrated y-CD-quercetin (c and f) at two different magnifications:
the images on the top line of the figure show a broader view at low magnification (scale bar represents 10 pm) and the images on the
bottom line show the same samples with a higher magnification (scale bar represents 2 pm) for a more detailed view of the morphology.
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Figure 5  Solid-state '>*C{'H} CP-MAS spectra of y-CD-querce-
tin, y-CD and pure quercetin. Spinning side bands are marked

with asterisks.

Table2 '*C{'H} CP-MAS NMR resonances of quercetin and
its 1:1 adducts with - and y-cyclodextrins.
Quercetin  B-CD-Quercetin v- Assignment
CD-Quercetin
174.4 174.1 174.7 Guest, C,
164.0 163.8 164.3,163.2  Guest, C,
157.4 157.2 160.2 Guest, Cs
154.7 154.6 156.4 Guest, Cy
148.2 147.9 146.9, 146.0 Guest, Cy
146.1 146.2 144.9, 144.1 Guest, C,
141.3 141.5 143.5 Guest, Cs
135.2 135.1 134.6 Guest, C;
125.9 125.9 121.6 Guest, Cg
121.8 122.0 120.0 Guest, Cp
115.6 115.5 115.0 Guest, Cs
112.2 112.1 115.0 Guest, C»
— 104.2, 103.3, 102.2, 103.1 B- or y-CD,
101.4 C,
101.2 n.o. n.o. Guest, Cyy
95.7 95.9 97.5 Guest, Cq4
95.7 95.9 95.0 Guest, Cg
— 84.2, 83.3, 82.3,81.2, 8l1.5 B- or y-CD,
80.4, 78.4 Cy
— 76.3, 75.2, 73.8, 73.0,  72.8 B- or y-CD,
72.6, 71.6 Cass
— 63.7, 62.2, 60.3, 59.6,  60.2 B- or y-CD,
58.7 Cs

Notes: n.0. means the signal was not observed due to overlapping

with signals of the cyclodextrin host.

Assignment of quercetin carbon resonances was based on both its
B¢ spectrum dmso-d6 solution (Lalleman & Duteil, 1977) and on
the calculated chemical shifts for solid quercetin (Filip et al., 2013).
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Figure 6 TG traces for B-CD, quercetin, f-CD-quercetin and the
1:1 physical mixture of B-CD and quercetin.
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Figure 7 TG traces for y-CD, quercetin, y-CD-quercetin and the
1:1 physical mixture of y-CD and quercetin.

leaves wide inter-channel spaces suitable to accommodate a
large number of water molecules (Fig. 3, inset).

3.3. Antioxidant activity studies

Cyclodextrin inclusion is reported to improve the activity of
some guests, namely concerning their antioxidant action
(Castrejn et al., 1997). CDs are known to modulate the antiox-
idant activity of flavones, caffeic acid, tea catechins and astax-
anthin (Aree and Jongrungruangchok, 2016; Folch-Cano

et al., 2010; Garcia-Padial et al., 2013; Lucas-Abellan et al.,
2008; Mercader-Ros et al., 2010; Sueishi et al., 2012).

3.3.1. Evaluation of the lipid peroxidation inhibition with the
TBARS assay

Lipid peroxidation, by accumulation of reactive oxygen species
(ROS) such as the superoxide anion, hydroxyl radicals, nitric
oxide and the peroxy radical, is an important mechanism of
food deterioration (Antolovich et al., 2002). The TBARS assay
is an indirect measure of a compounds’ ability to block ROS
and a good first approach to gather evidence on their capabil-
ity to interfere with oxidation processes occurring in food
matrices (Fig. 8a).
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Figure 8 Antioxidant action of y-CD-quercetin, compared with
pure quercetin and B-CD-quercetin. (a) Results of the lipid
peroxidation assay using buffered egg yolk; (b) results of the
DPPH. scavenging assay, measured at 20 min of incubation. Data
points represent the mean + SD of three independent assays.
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B-CD-quercetin displayed the highest percentage of inhibi-
tion, followed by quercetin and y-CD-quercetin. The activity
is quasi dose-dependent; that is, it increases with the concen-
tration, up to 0.8 mM. At higher concentration, the activity
of B-CD-quercetin continues to increase but not in a dose-
dependent mode, while the activities of quercetin and -
CD-quercetin start to decrease, possibly due to occurrence of
a pro-oxidant mechanism at a high concentration. The differ-
ent behaviour of B-CD-quercetin may result from the fact that
quercetin is more readily available in this adduct since it is not
located in the host cavity. In addition, quercetin can dissociate
easily (as demonstrated by powder diffraction after contact
with moisture), being able to act freely while having higher sol-
ubility in the reaction medium due to the presence of B-CD.

3.3.2. Evaluation of radical scavenging properties with the
DPPH assay

In this assay the test compound scavenges the free radical
DPPH", causing the test solution to change colour and thus
allowing the reaction progress to be easily monitored by
UV-Vis spectroscopy (refer to Section S2 of the ESI for
details). The percentage of unreacted DPPH" at different con-
centrations of quercetin or inclusion compounds is given in
Fig. 8b. The ECs is determined by simple interpolation.

The tgcso and the antiradical efficiency (AE) are presented
in Table 3. These parameters can be determined by measuring
the kinetics of inhibition using the concentration which corre-
sponds to the ECsq of the test compound (calculation details
given in the Experimental Section).

Quercetin is a very efficient radical scavenger even at low
concentrations. At concentrations above 40 uM, the activity
reaches a plateau (not shown) and, overtime, quercetin may
eventually begin to act as a pro-oxidant. The inclusion com-
pounds present very similar DPPH" scavenging curve profiles,

Table 3 Parameters of radical scavenging activity (with

both requiring high concentrations to exhibit radical scaveng-
ing action. The kinetics of reaction is, however, faster, as 50%
of the DPPH" is bleached in roughly one third of the time
required with quercetin. The antiradical efficacy values (AE),
weighing these two previous factors, are thus slightly higher
for the inclusion compounds, particularly for B-CD-quercetin.

3.4. Incorporation of CD-quercetin inclusion compounds into
fresh cheese

The incorporation of the inclusion compounds into the cheese
curd was carried out after the whey was drained, to avoid pos-
sible bleaching during this process. The mass was roughly
homogenised, divided into moulds and stored in the refrigera-
tor (Fig. 9).

3.4.1. Sensory evaluation

Fortification of fresh cheese with CD-quercetin, even in a low
percentage (0.03-0.04% of mass), produced minor changes in
its organoleptic characteristics, particularly in the colour and
texture. Fortified fresh cheese was more compact and less “wa-
tery”, likely owing to the ability of cyclodextrins to retain
water molecules and to improve the texture and flavour of
low fat products (Reineccius et al., 2004). Fortified fresh cheese
presented a yellow colour and a “‘dotted” aspect, particularly
with y-CD-quercetin.

In the product preference test (refer to Table S1 for details),
fortified and untreated fresh cheeses scored very similar, with
p-values of 0.3 for B-CD-quercetin, and 0.4 for ¢-
CD-quercetin. These values, calculated for one degree of free-
dom (fortified vs non-treated), are far above the limit of statis-
tically significant difference (p < 0.05) thus meaning that the
incorporation of CD-quercetin does not cause significant dif-
ferences to the acceptance of fresh cheese by tasters.

3.4.2. Shelf-life assessment of fresh cheese fortified with
CD-quercetin adducts

To evaluate the stability over the time of storage, the pH of
untreated and fortified fresh cheese samples was monitored
once a week over three weeks (refer to Table S2 of the
electronic supplementary Information for the list of measured
pH wvalues). After one week of storage, non-treated
samples presented pH values around 5.5 and the fortified
ones had pH around 5.7. After the second week, however,
all the cheese samples had pH > 5, evidencing a degradation

DPPH.) for quercetin and its B- and y-CD inclusion
compounds.

Compound ECso/uM  tgcso/min -~ AE x 103 /pM =" min™!
Quercetin 17 54 1.09

B-CD-quercetin 50 14 1.43

y-CD-quercetin 50 16 1.25

Figure 9

Incorporation of B-CD-quercetin into the cheese curd (left) and division of the curd mass into individual moulds (right).
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process most likely caused by fermentation of residual lactose
to lactic acid by either pasteurisation-resistant indigenous bac-
teria in milk or post-production contamination with environ-
mental bacteria. It can thus be concluded that the shelf-life
of fresh cheese is not altered by the fortification with CD-quer-
cetin adduct.

4. Conclusions

The present work clearly demonstrated that y-cyclodextrin is the
most suitable host to form a stable inclusion compound with quer-
cetin in the solid state. The co-dissolution/freeze-drying method was
shown to afford this adduct in a 1:1 host-guest molar stoichiometry
and with quasi-quantitative. Solid-state characterisation has shown
that quercetin is deeply included into the cavity of y-CD, as a result
of the wide diameter of this host’s cavity. We were also able to
propose a channel packing mode for y-CD-quercetin and to demon-
strate its stability against disruption by moisture. In turn, the
narrower cavity B-CD makes it less suitable for the inclusion of
quercetin in the solid state and interaction occurs only at the rim
of this host.

The strong host-guest interaction in y-CD-quercetin has implica-
tions on its anti-lipidic peroxidation activity, as demonstrated by
the TBARS assay. Included quercetin is less active, probably due
its lower ability to interact with the substrate in this matrix.
Regarding the DPPH" scavenging ability, cyclodextrin inclusion let
to a faster onset of action (reaction kinetics roughly three times faster
than with pure quercetin), but activity was observed at higher
concentrations.

Inclusion compounds are readily incorporated into fresh cheese
during the curd stage. At the concentrations tested (0.03-0.04%
mass), fortified fresh cheese exhibited only minor organoleptic alter-
ations, namely a firmer texture and a yellowish colour. These differ-
ences do not affect its overall perception and acceptance, given that
the product preference test has revealed no statistical difference
between treated and non-treated fresh cheese. The process herein
described is thus a practical way to prepare fresh cheese with
nutraceutical properties which can be easily adapted to large-scale
production, and the product is expected to be well accepted by the
consumers.
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