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Abstract

Beta-cyclodextrin polymers (pbCD) cross-linked by epichlorohydrin (pbCDE) and citric acid (pbCDC) were prepared in this
work. The inclusion complexes of pbCDE and pbCDC with curcumin and two commercial UV filters, 2-ethylhexyl-p-meth-
oxycinnamate (EHMC) and 4-tert-butyl-4'-methoxydibenzoylmethane (DBM) were investigated. The UV absorption of these
three compounds observed in water indicated that the water solubility of these three hydrophobic compounds increased. The
amount of EHMC was higher in both ppCDE and pbCDC than curcumin and DBM, respectively. The photostability of these
three compound inclusion complexes with ppCDE and pbCDC were also studied in water and ethylene glycol. It was found
that the photostability of the three compounds improved upon formation of the inclusion complex with ppCDE in an aqueous
and ethylene glycol solution. The acidity of the crosslink moiety effects to the inclusion complex formation and the photosta-
bility of the guests suggesting that more acidity of citric acid decreased the formation and stability of all guest compounds.
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Introduction

Cyclodextrins (CDs) are biocompatible cyclic oligosac-
charides, widely used in food, cosmetics, pharmaceutical
excipients and as solubilizing and stabilizing agents for
hydrophobic compounds in aqueous formulations [1-4].
CD derivatives have been reported as solubilizing and sta-
bilizing for water insoluble UV filters, 2-ethylhexyl-p-meth-
oxycinnamate (EHMC) UVB absorber and 4-fert-butyl-
4'-methoxydibenzoylmethane (DBM) UVA absorber [5]
(Fig. 1). The degradation of trans-EHMC-BCD complexes
in emulsion vehicles was reduced to 26.1% compared to
35.8% for free trans-EHMC [6, 7]. In the case of DBM, it
was found that the photodegradation was reduced by com-
plexation with hydroxypropyl-BCD (27.6% for the complex
compared to 63.1% for free DBM) [6, 8]. Moreover, the
solubility of DBM and 3-(4-methylbenzylidene)-camphor
has been further improved by complexation with random
methylated-BCD than the unsubstituted fCD [5]. Curcumin,
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a natural compound, has been reported to have a number of
biological activities including anti-inflammatory, anti-can-
cer, anti-oxidant, etc. [9, 10]. The pharmaceutical potential
of curcumin is limited due to its poor water solubility. To
increase the stability and solubility of curcumin, the inclu-
sion complexes with CDs have been reported on numerous
occasions. The effect of curcumin with alpha (a), beta (p)
and gamma (y)-cyclodextrin complexes on its solubility
and bioavailability have been investigated [11-14]. It was
reported that the solubility of curcumin-«CD (0.364 mg/
mL) > BCD (0.186 mg/mL)>yCD (0.068 mg/mL) compared
to free curcumin (0.002 mg/mL) [15].

Crosslinked BCD polymers have been extensively stud-
ied and used to form nanoparticles in aqueous solutions.
The solubility of insoluble substances has been dramati-
cally improved compared to the parent CD or CD-deriv-
atives [16, 17]. The most frequently used crosslinkers for
CD are epichlorohydrin (Ep) as well as citric acid (Fig. 2)
[18-23]. However, to the best of our knowledge there are
no reports on the inclusion of UV filters and curcumin on
CD-polymers. Most of the literature studies are on inclu-
sion complexes of drugs or essential oils [24-28]. One of
the goals of this study was to examine the ability of pbCD
to increase the photostability and aqueous solubility of
non-polar active compounds used in cosmetics. Moreover,
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Fig. 1 Chemical structures of EHMC, DBM and curcumin

cyclodextrin can be modified to form ionic derivatives. An
anionic crosslinked water-soluble cyclodextrin polymer can
be interacted with cationic polymers or nanofibers to form
the nanoparticles, particularly used for biomedical applica-
tions [29, 30].

In this study, we prepared a fCD polymer (pbCD)
crosslinked with epicholrohydrin and citric acid. We have
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Fig.2 Synthetic pathways of ppCDE and pbCDC
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focused on the complexation behavior and photostability of
two UV filters, EHMC and DBM, as well as curcumin, a
natural compound used in food and pharmaceutical excipi-
ents. The effect of crosslink agents, Ep and citric acid, were
investigated in aqueous and ethylene glycol media.

Materials and methods
Materials

B-Cyclodextrin (BCD), curcumin, citric acid and ethylene
glycol were purchased from Sigma-Aldrich (Steinheim,
Germany). Epichlorohydrin was purchased from Fluka.
EHMC and DBM were gifted from Merck Thailand. Etha-
nol and acetone were reagent grade purchased from Lab-
scan (Bangkok, Thailand). Deionized water was used for
all experiments.
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Methods

Synthesis of B-cyclodextrin polymer cross-linked
by epichlorohydrin (pbCDE)

Synthesis of pbCDE was done following a previous report
[25]. Typically, 10 g of beta-cyclodextrin (BCD) was dis-
solved in 20 mL of 33% NaOH solution with a magnetic
stirrer and left overnight at room temperature. Epichlorohy-
drin (Ep, 7 eq.) was added to the solution and stirred at room
temperature for 2.5 h. The polycondensation was stopped
by addition of 20 mL of acetone. The acetone was removed
by decantation. Water was added and the pH of the aque-
ous solution was adjusted to neutral by HCI then dialyzed
overnight (12 kDa cellulosic membrane). The solution was
finally freeze-dried. The 80% yield of white solid product
was obtained.

Synthesis of B-cyclodextrin polymer cross-linked by citric
acid (pbCDCQ)

The synthesis of ppCDC was carried out following a lit-
erature procedure [21]. Briefly, an aqueous solution of
NaH,PO,, BCD and citric acid with concentration of 0.2,
0.09, 0.45 mol/L was prepared. The water was removed
using a rotary evaporator and the resulting mixture dried.
The dried mixture was heated to 140 °C for 30 min. The
polymer was recovered after addition of water to the solu-
tion. The gel fraction was filtered off. The soluble fraction
was dialyzed against water (12 kDa cellulosic membrane)
and finally freeze-dried, The 16% yield of white powder was
obtained.

UV-Vis spectra were recorded in a quartz cell (light path
10 mm) on a UV-Vis spectrophotometer (Lamda35, Per-
kin Elmer instrument, Shelton). All 'H-NMR spectra were
obtained in D,0O on a Varian Mercury NMR spectrometer,
which operated at 400.00 MHz for 'H nuclei (Varian Com-
pany, CA). Fourier transform infrared (FT-IR) spectra were
studied by using FT-IR spectrometer SYSTEM 2000 (Per-
kin Elmer, USA). The molecular weight determination was
performed using a Malvern Zetasizer Nano ZS instrument
running a static light scattering (SLS) method [31]. Briefly,
The samples were prepared at different concentrations at
25 °C applying the Rayleigh Eq. (1) below:

Rg

Kc 1
2o (— 424 -)P e
where Rg, the Rayleigh ratio which is the ratio of scattered
light to incident light of the sample; M,, is the weight-aver-
aged molecular weight; A, is the 2nd virial coefficient; c is

concentration; P(O) is the angular dependence of the sample

scattering intensity; K is the optical constant as defined as
Eq. (2):
_ 4 (n dn )2 o
= ——(ny—
ANy \ de
where N, is Avogadro’s constant; A is the laser wavelength;
n, is the solvent refractive index; dn/dc is the differential
refractive index increment.

M,, and A, can be obtained by measuring the intensity
of the scattered light (Kc/Rg) of various sample concen-
trations compared with the scattering produced from a
standard sample (toluene was used as a reference). The
Debye-plot was plotted wherein M,, is determined from
the intercept at zero concentration (c =0; Kc/Rg =1/M,,).

ny and dn/dc were obtained from an Abbe refractometer
(Karl Zeiss, Jena) at 25 °C.

Preparation of the complexes

The complexes with pbCDE and pbCDC were prepared
by adding an excess of curcumin, DBM and EHMC and
dissolving in 1 mL acetone into a solution of ppbCDE and
pbCDE in deionized water (10 mL). The mixture was
stirred at room temperature for 24 h and shielded from
light. Each mixture solution was filtered through 0.45 pM
cellulose membrane filters and finally freeze dried. The
amount of curcumin, DBM and EHMC loaded into the
inclusion complexes were determined by quantifying cur-
cumin in the freeze-dried solid and dissolving in etha-
nol. Subsequently, the obtained solution was analyzed by
UV-Vis spectroscopy.

Phase solubility study

The phase solubility studies were investigated using Higu-
chi and Connors method [32]. Briefly, the different con-
centrations of ppbCDE and pbCDC were prepared in DI
water in a volumetric flask. The B-CD concentrations of
pbCDE and pbCDC were calculated by taking in account
the p-CD content of the polymer estimated by 1H-NMR.
To each vial 10 mM of guest was added. The solution was
shaken for 24 h at room temperature. Samples were filtered
through 0.45 um membrane filters. The absorption of dis-
solved guest was measured by UV—Vis spectrophotometry.
The stability constant (K,) was calculated following the
equation below:

K, = slope/S, (1 — slope) 3)
where S, is the concentration of guest in the absence of the
cyclodextrin polymers.
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Photostability test

The photostability of each compound was tested in water or
ethylene glycol following a previous method [33]. Briefly,
4 mL of fresh sample solutions in a quartz cuvette with the
same concentration were irradiated by using a broadband UVB
lamp (9 W, Daavlin, OH) for EHMC and a broadband UVA
lamp (9 W, Dermalight_80, OH) for DBM and curcumin at
room temperature (35-37 °C). The distance between a cuvette
and a UV lamp was 5 cm. The UV absorption profiles of the
irradiated samples were analyzed on a UV-Vis spectrometer.
The photostability of each compound was expressed as per-
centage relative to absorbance at the maximum absorption
wavelength of the compound. All experiments were done in
triplicate. Percentage photostability was calculated as follows:
absorbance of irradiated sample

t photostability = X 100
percent photostabiiity absorbance of unirradiated sample

Results and discussion
Synthesis and characterization of pbCDE and pbCDC

The CD contents of the pbCDE polymer were studied by
'H-NMR in D,O (Fig. 3b). The broad signals at 5.1-5.3 ppm
were assigned to the seven anomeric protons of BCD and the
broad signals between 3.4 and 4.2 ppm correspond to the
twelve protons of BCD and five protons of the 2-hydroxy-
propyl ether moiety. These results suggest that the ratio of
Ep/BCD is 5. The value for the molecular weight (Mw) is
12.4 +0.4 kDa. The correlation between Ep/pCD ratio and
Mw is in agreement with the previous report [34].

Figure 3c shows the 'H-NMR spectrum of pbCDC, the
broad signal at 5.1 ppm was assigned to the anomeric pro-
tons of BCD (7 protons per unit). The signal for the citric
acid methylene protons is displayed as two broad signals at
2.7-3.3 ppm. The citric acid/pCD ratio in the ppCDC prod-
ucts was estimated by integrating the peaks assigned to the
four protons of the citric acid methylene group divided by
the seven anomeric protons of the pbCDC units. The Mw of
pbCDC was found to be 8.44 +0.49 kDa. The BCD content
in the oligomer was determined by dividing the Mw of the
pbCDC by the Mw of the repeating unit calculated according
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Fig.3 '"H-NMR spectrum of BCD (a), ppCDE (b) and pbCDC (c) in D,O
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Fig.4 FT-IR spectra of fCD (a), pbCDE (b) and pbCDC (c)

to the citric acid/pCD ratio. The degree of substitution (DS)
calculated from this data was 3—4. The substitution degree of
pbCDE was higher than that of ppCDC due to the reactivity
of citric acid is lower than Ep [35].

The FTIR spectra of ppbCDE and pbCDC compared to
BCD is shown in Fig. 4. The OH group stretching vibrations
at 3300-3500 cm™! are characteristic peaks of CDs. The OH
group stretching peak of pbCDC shifts to 3426 cm™!, slightly
higher than that of ppCDE at 3407 cm™! and BCD monomer
at 3378 cm™'. These results indicated the OH groups of CD
in pbCDE and pbCDC reacted with the Ep and citric acid,
respectively, then substitution reaction occurred. Moreover,
a sharp peak at 1736 cm™! for pbCDC is assigned to the
C=O0 stretching of the ester moiety in ppCDC, which was not
present in the spectra of the starting materials. This result
is in agreement with previous work reported by Monti et al.
[21]. The H-O—H stretch of the water present in CDs is seen
at 1651 cm™!. The C—O—C stretching vibration at 1156 cm™!
was clearly appeared for ppCDE due to ether bonds were
formed. Unfortunately, the drug content in the complex is
very low, the signals of drug in the inclusion complexes
could not detected by FT-IR. Other evidence that usually
appears is the signal for the C=C of aromatics at 1644 cm™".

Inclusion complex formation

All guests, curcumin, DBM and EHMC, were formed as
inclusion complexes with ppCDE and pbCDC resulting in
a clear colorless solution for DBM and EHMC and yellow
aqueous solution. Table 1 show the relative amounts of
active compounds in the inclusion complexes measured by
UV-Vis spectroscopy and their stability constant (K). As
a result, the contents of all active compounds in ppCDE are
higher amounts than those in ppCDC, probably due to the
steric of pbCDC is greater than that of pbCDE leading to

Table 1 Relative percentage and stability constant (K,) of active com-
pounds in the inclusion complexes

Complexes Relative percentages Stability constant (K; Mh
of active compounds

found in the inclusion

complexes

pbCDE pbCDC pbCDE pbCDC bCD [ref]
Curcumin  2.15+0.04 0.69+0.07 898 741 558 [15]
DBM 1.61+0.27 0.33+0.02 3297 2040 1440 [5]
EHMC 3.67+03 2.53+0.27 3093 2009 430 [36]

lower stabilization of all active compounds in the CD cav-
ity. EHMC can be detected as the highest amount in both
pbCDE and pbCDC inclusion complexes.

The phase-solubility diagrams for DBM, EHMC and
curcumin with ppCDE and pbCDC showed in Fig. 5. The
stability constant (K) of curcumin, DBM and EHMC inclu-
sion complexes with pCD were reported in Table 1. All three
guests were practically insoluble in water (<3 ug/mL) at
room temperature. The K, was calculated from the linear fit
of the curve according to Eq. (3). The observed K| indicated
the A, type solubility diagram suggest that the stoichiom-
etry of DBM, EHMC and curcumin inclusion complexes
with ppCDE and pbCDC are 1:1 and increase in the stability
compared with the values of B-CD. Moreover, the K values
of the inclusion complexes of DBM, EHMC and curcumin
with pbCDE are greater than those of ppbCDC indicating
that the capability of complexes in improving the solubility
and stability of all three compounds with ppbCDE > pbCDC.

"H-NMR of all inclusion complexes in D,O are shown
below. Figure 6 shows the 'H-NMR spectra of EHMC,
DBM and curcumin inclusion complexes in pbCDE in
D,O0. It clearly shows that the aromatic proton signals of
EHMC appearing in the 6—8 ppm region indicate that the
EHMC is located inside CD cavity. In the case of DBM
and EHMC (Fig. 6b, c) the broad signal of aromatic protons
could be detected between 7 and 8.5 ppm but not clearly.
These results suggested that the inclusion complexes of
DBM-pbCDE and EHMC—pbCDE could be formed but the
content of DBM and EHMC were very low. Unfortunately,
the amount of all compounds in ppbCDC were very low, the
signals from the aromatic moieties of all guests could not be
detected by 'H-NMR.

Figure 7 shows the UV-Vis absorption spectra of all
active compound inclusion complexes with pbCDE and
pbCDC in aqueous solutions. The maximum absorption
wavelength of the EHMC, DBM and curcumin inclu-
sion complexes in water showed a strong absorption
throughout the UV—-Vis spectra and similar shape to their
free compounds. There was no absorption of the free
active compounds in water because of their poor water
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Fig.5 Phase solubility diagram [B-CD unit] mM for curcumin
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solubility. The maximum absorption wavelength of all  compounds and form inclusion complexes, where all
compound inclusion complexes with ppbCDE showed a  active compounds penetrate into the BCD cavity by hydro-
slight red shift compared to those with ppbCDC and the  phobic interactions.

free compounds. These results indicated that ppbCDE

and pbCDC improve the aqueous solubility of all active
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Fig.6 '"H NMR spectra of
20 mg (a) EHMC—pbCDE,
(b) DBM—pbCDE and (c)
curcumin-pbCDE in D,0
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Fig.7 UV absorption spectra of DBM (solid line), EHMC (dashed
line) and curcumin (dotted line) inclusion complexes with (a) free
compounds in ethanol (b) ppCDE and (c¢) ppCDC in water

Photostability

Upon exposure to UV lamps, Fig. 8 shows the percentage
photostability of all inclusion complexes compared with
the free compounds in water and ethylene glycol irradi-
ated for 60 min. As the results, all inclusion complexes
with pbCDE in ethylene glycol were more photostable
compared to the free compounds. The photostability of
curcumin increased when forming the inclusion complexes
with pbCDE both in water and ethylene glycol. On the
other hand, curcumin inclusion complexes with ppbCDC

6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.
f1 (ppm)

showed a decrease in the photostability, probably due to
an effect of the pH of the aqueous solution. It could be
observed that the pH of pbCDC in aqueous solution was
3.2 whereas a pH of 5.5 was observed for ppCDE in aque-
ous solution. The degradation kinetics of curcumin under
various pH conditions was reported by Lin et al. [37].
Curcumin degraded faster in a citrate—phosphate buffer
pH 3 (k 5.842x 107> min~!) than in a phosphate buffer
pH 6 (k 3.541x 107> min~!) at 37 °C. The DBM inclusion
complexes with ppCDE and pbCDC in EG showed a slight
increase in their photostability. In water, the photostability
of the DBM inclusion complexes with pbCDE is similar
to free DBM, whereas DBM—-pbCDC showed a dramatic
drop to 55%. These results indicated that the enol-form
of DMB could be stabilized in ethylene glycol, whereas
in water DBM is located inside the CD cavity, which is
the more hydrophobic, preferred keto-form [38, 39]. The
H-bond between the carbonyl group and the solvent cannot
be stabilized, resulting in a proportionate increase in the
keto-form [40]. The photostability of the EHMC inclusion
complexes with ppCDE dramatically increased in water to
84 and 93% in ethylene glycol. This increased photostabil-
ity was probably a result of less exposure of the EHMC
molecules to UV light due to their sides being suitable
to be inside the CD cavity where the EHMC could also
be protected from the oxidizing environment e.g. reac-
tive oxygen species. Whereas the photostability of the
EHMC-pbCDC was similar to free EHMC both in water
and EG, suggesting that the more acidic citric acid could
not stabilize the photostability of EHMC [41].
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Conclusions

Water soluble beta-cyclodextrin polymers were synthesized
by polycondensation using Ep and citric acid as crosslink-
ing agents. The substitution degree including the yield of
pbCDC was lower than that of ppCDE due to the reactivity
of citric acid is lower than Ep. FTIR spectra confirmed that
hydroxyl groups of BCD had crosslinked with Ep for ppCDE
and with the carboxyl group of citric acid for ppCDC. The
inclusion complexes of curcumin, DBM and EHMC with
pbCDE and pbCDC were also successfully prepared. The
water solubility of these three compounds increased dra-
matically. These two linkers affect the loading capacity and
photostability of these three guest compounds. EHMC was
detected as the highest amount in both pbCDE and pbCDC.
The amounts of curcumin, DBM and EHMC loading in
pbCDE were higher than those in ppCDC. The photostabil-
ity of curcumin, DBM and EHMC increased when they form
the inclusion complexes with pbCDE. On the other hand,
a decrease in photostability of curcumin and DBM were
observed significantly by complex formation with pbCDC.
The substituents on the CD with the different linkers seem to
have some effect on the photodegradation. The mechanism
of interactions between all compounds and CDs is under
further investigation. This is useful for development of a
water-soluble and stable organic molecules complexes.
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