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New synthesized curcumin-pyrrole derivatives, CurPyl, CurPy2 and CurPy3, were exposed to visible and UV
light in solution at 298 K. In both cases remarkable spectral changes were generated according to irreversible E-Z
photoisomerization involving one of the two double bonds in the curcuminoid unit. Photochemical degradation
may also occurs depending on the irradiation time as confirmed by HPLC measurements. The lipophilic nature of

EEZESD each CurPy was quantified by measuring the experimental Log k,, value and the effect of sulfobutylether-
ITC B-cyclodextrin (SBE-BCD) in aqueous solution was observed. The host/guest stoichiometry and the binding
HPLC constant values of the SBE-BCD/CurPy inclusion complexes were spectroscopically determined. Furthermore, the
NMR thermodynamic parameters obtained by Isothermal Titration Calorimetry (ITC) highlight that complexation

occurs through a spontaneous process.

1. Introduction

Curcumin is a natural polyphenol isolated from the rhizome of Cur-
cuma longa, generally associated with the therapeutical properties of
turmeric, such as anti-inflammatory, neuroprotective, cardiovascular,
antidiabetic, antioxidant, hepatoprotective and antineoplastic activities,
owing to its high concentration in comparison to the other curcuminoids
[1-5]. The major limits to the clinical use of curcumin consist in low
bioavailability and high sensitivity to light [6-8]. The first one depends
on the lipophilic nature of the molecule as described by the Log P value
and can be overcome by applying a series of strategies to improve cur-
cumin absorption and permeability, generally forming supramolecular
systems based on cyclodextrins, liposomes and nanoparticles [9-12]; the
second one depends on the E-Z photoisomerization of the
methoxy-phenols attached symmetrically through an «, p-unsatur-
ated-diketone unit also responsible of diketo/keto—enol tautomerism in
aqueous solution [13,14]. It was observed that prolonged exposure to
sunlight or UV radiation induces chemical degradation of curcumin in
solid state and in solution causing the cleavage of the chain link between
the two aromatic side rings of the molecule and the formation of small
phenolic compounds rich in carboxylate groups, such as ferulic acid,

* Corresponding authors.

vanillin, feruloyl methane and bicyclopentandione. Furthermore,
phenolic polymerization of the degradation products may also occur
[15-17].

It is well-known that the antioxidant property of curcumin depends
on the phenolic hydroxyl groups of the molecule, while the rapid
metabolism in vivo is mainly due to the central p-diketone moiety [18].
Structure-activity relationship studies highlighted that the introduction
of a heterocyclic ring to mask the B-diketone group improves both sta-
bility and biological properties [19,20] In particular, curcumin-based
pyrrole conjugates demonstrated better antibacterial property against
Staphylococcus aureus in comparison to unmodified curcumin [21].

Pyrrole is a heterocyclic aromatic compound identified as a funda-
mental unit for natural and bioactive molecules [22,23]. Currently,
pyrrole-derivatives were widely employed in the treatment of neuro-
degenerative and cardiovascular diseases, and also as antidepressant,
antitumor, antioxidant, hepatoprotective, antihypertensive,
anti-inflammatory and antidiabetic agents. Furthermore, antimicrobial,
antiviral and anti-fungal effects were observed [21,24-28]. Although
their remarkable properties curcumin-based pyrrole conjugates were
still marginally studied. To further overcome the well-known limitations
of curcumin and its derivatives mainly regarding their poor aqueous
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solubility, the formation of an inclusion complex based on cyclodextrins
was successfully proposed. Currently, SBE-BCD offers a large series of
advantages in comparison to native p-CD and its most common ana-
logues, including higher versatility, lower toxicity and enhanced guest
stabilization [29]. The presence of six to seven negatively charged sul-
fobutyl ether groups per molecule extends both the hydrophilic surface
and the hydrophobic cavity enhancing steric and electrostatic in-
teractions for binding capacity in host-guest complexation in the case of
oral, parenteral, ocular, nasal, and inhalational administration [30]. For
these reasons SBE-BCD is considered one of the most versatile solubility
enhancers for many hydrophobic compounds, including curcumin.
Cutrignelli et al. demonstrated, for example, that SBE-BCD increases
curcumin solubility in aqueous solution from 0.56 to 102.78 pg/mL at
25° C by forming the host-guest complex with a binding constant of
1455 M 1. Furthermore, in vitro test on the human hepatic cancer cell
line HepG-2 pointed out that inclusion also provides an improvement in
the curcumin anticancer and antioxidant activities due to the enhanced
solubility of the guest [31].

The aim of this work was to investigate the photochemical behavior
of three new synthesized CurPy (Fig.1) in solution after exposure to
visible and UV light by using UV-vis, H!-NMR and HPLC measurements.
Stock ethanolic solutions of CurPy1, CurPy2 and CurPy3 were prepared
and diluted samples were irradiated at 254 and 435 nm. The photo-
chemical properties were also determined in DMSO. The interactions of
each CurPy and the sulfobutylether-p-cyclodextrin in the formation of
inclusion complexes were estimated in aqueous solution by measuring
the relative binding constants (Kp) according to the Benesi-Hildebran
method. Finally, the thermodynamic parameters of the inclusion pro-
cess were calorimetrically estimated.

2. Materials

The NMR data and spectra of the bis-demethoxycurcumin-pyrroles
derivates CurPyl and CurPy3 and the curcumin-pyrroles derivates
CurPy2 are available in Supplementary Material; sulfobutylether-
B-cyclodextrin (SBE-BCD) was purchased by TCI Chemistry and used
without further purification; Milli-Q water was used for the dilution of
the samples. All solvents (ethanol, dimethyl sulfoxide, methanol 99%
solvent spectroscopy grade) were purchased from Sigma-Aldrich.

2.1. Samples preparation for spectroscopic analysis

Stock ethanolic solution at a concentration of 2x10°> M containing
10 % of dimethyl sulfoxide was obtained for each CurPy and kept in the
dark at low temperature. The samples were prepared by diluting the
stock solution to the final concentration of 2x10° M into a 1 cm light
path quartz cuvette containing 2 mL of the proper solvent.

The stoichiometry and the binding constant (K}) of the SBE-BCD/
CurPy inclusion complex were determined according to Benesi

CurPyl: R=H, R'=CO,(CH,),0CH,, R>= CH,, R>=NH,
CurPy2: R=0CH,, R'=CO,Et, R?= CH,, R>=NH,
CurPy3: R=H, R'=CO,Bn, R2= CH,, R*=NH,

Fig. 1. Structures of the investigated curcumin-pyrroles conjugates: CurPyl,
CurPy2 and CurPy3.
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Hildebran method described by Egs. (1) and (2) as follows:
(A—Ao) =Ky Ae [CurPy] [SBE—CD] / (1 +K, [SBE — BCD]) €}

[SBE — BCD] [CurPy] / (Ao —A) = 1/(K, A¢) + [SBE—SCD] / Ae (2)

where A and A are the absorbance intensity of CurPy in the presence
and in the absence of SBE-BCD, respectively; Ae is the difference in the
molar absorption coefficients for free and complexed CurPy; Ky, is the
binding constant; [CurPy] and [SBE-BCD] are the total concentration of
guest and host, respectively.

2.2. Photochemistry

The samples were irradiated at different exposure time, from 5 min
up to 1 h, by using a Hg arc lamp (200W) equipped with a band pass
interference filter centered at 435.0 and 254 +2 / -0 nm wavelength and
10.0 + 2 / 2 nm band width The UV-vis spectra of each sample were
recorded at 25 °C by using a spectrophotometer Jasco V570.

2.3. 'H-NMR analysis

CurPy1 was dissolved in DMSOgg¢ at the concentration of 6x 10° M.
The sample was irradiated at 435 nm at 25 °C and the spectra were
detected over time each 5 min for at least 1 h by using a Varian Mercury
300 MHz instrument equipped with VNMRJ 3.2 software.

2.4. HPLC analysis

ThermoFischer instrument equipped with TSP2000 pump,
UV6000LP DAD detector and a chiral column R,R-DACH-DBN, 250x4.6
mm, 5 pm were used. A mixture of water and methanol as the eluent was
prepared. The determination of the Log kw was performed by using a
percentage of MeOH in the range 30-55 % (v/v). The elution was carried
out at 25° C with a flow of 0.7 mL/min. A plot of Log k’ (where k’ is the
observed retention factor) against the methanol volume fraction ¢ in the
mixture gives a straight line whose intercept corresponds to Log ky.

The fraction of E isomer in the CurPy1, CurPy2 and CurPy3 solution
was obtained by using 50/50 MeOH/ H,O mixture as the eluent. The
sample was injected after 15, 30, 45 and 60 min from irradiation at 435
nm.

2.5. ITC analysis

Calorimetric data were obtained by using the ITC 200 (Northampton,
MA). An aliquot of the CurPy1 stock solution was diluted in ultrapure
water and the appropriate amount of mixture ethanol/DMSO (90/10 v/
v) was added to reach the 5% of organic solvent. An aliquot of the SBE-
BCD 100 mM solution was diluted in ultrapure water containing the 5%
of the mixture ethanol/DMSO (90/10 v/v). All samples were kept under
vacuum for 5 min. Twenty injections were performed: the volume of the
first injection consisted in 0.4 pL; the remaining 19 injections consisted
in 2 pL. The reference cell and the sample cell of approximately 200 pL
are both insulated by an adiabatic shield. The titration was carried out
by stepwise injections of 10 mM SBE-BCD aqueous solution from a 40 pL
injection syringe into the sample cell filled with 0.1 mM CurPy aqueous
solution. The syringe is tailor-made such that the tip acts as a blade-type
stirrer to ensure an optimum mixing efficiency at 1000 rpm. All mea-
surements were carried out at a constant temperature of 25° C. Before
performing the experiments the instrument was checked by water/water
injection, noise control without injection and EDTA test. One set of site
equation integrated in the Origin software of the instrument was used to
process the calorimetric data. The 1:1 stoichiometry of CurPy/SBE-SCD
was assumed as a constant parameter (fixed n=1 value) during the
fitting because of our spectroscopical data come from the application of
the Benesi-Hildebrand model.
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3. Results and discussion

The UV-vis spectra of the CurPyl, CurPy2 and CurPy3 in ethanolic
solution at 25 °C exhibit a maximum absorption band centered at 327
nm for CurPyl and CurPy3 and at 335 nm for CurPy2 as reported in
Fig. 2.

The absorbance of each CurPy is dependent on the concentration in
the range 2x10° - 2x10° M according to the Lambert-Beer law
(Fig. S1).

Interestingly, photoreactive behavior was observed by irradiation of
the samples under visible and UV light. The spectral changes of the
CurPy1 sample by exposure to 435 and 254 nm are reported in Fig. 3 as
an example and suggest that E-Z isomerization of one of the two double
bonds in the curcuminoid unit occurs according to the reaction previ-
ously observed in the case of ferulic acid and derivatives [32,33]. The
UV-vis spectra of CurPy2 and CurPy3 are reported as Fig. S2 and S3,
respectively.

H'-NMR spectra of CurPy1 in DMSOgg solution show new peaks after
irradiation. In the range 5.8-7.5 ppm the doublet of a cis double bond
(5.97 ppm, J = 12.15 Hz), the doublet of the trans double bond (7.01
ppm, J = 15.84 Hz) and a new broad singlet due to -NH, of the cis-trans
form can be observed [34] as highlighted by black arrows in Fig. 4.

The results suggest that the E and Z isomers co-exist in the investi-
gated conditions and the reaction of photoisomerization occurs
involving only one of the two double bonds in the curcuminoid unit of
CurPy1 according to the cross peaks observed in the HH-COSY spectrum
after irradiation (Fig. 5). The HSQC, HMBC and HH-COSY spectra of
CurPy1 before irradiation are available in the Supplementary Material.

Interestingly, light exposition exceeding 15 min determines irre-
versible degradation of the molecule [35]. UV-vis spectra measurements
confirm the photochemical behavior observed by NMR analysis. The
spectral changes of 2x10°> M CurPy1 in DMSO depending on the time of
exposure at 435 nm were reported in Fig. 6.

The decreasing in the absorbance with the irradiation time and the
presence of an isosbestic point up to 15 min of irradiation are due to the
E-Z photoisomerization, while the gradual appearance of a weak in-
tensity peak around 286 nm for irradiation time over 15 min can be
considered as evidence of the photo-induced degradation of the sample
as suggested by NMR analysis. Interestingly, the E-Z conversion induced
by visible light observed in DMSO and ethanol solution occurs as irre-
versible reaction [34]. Similar photochemical behavior can be observed
by exposure of the samples to UV light (Fig. S4).

In most cases the photoisomerism reaction is significantly fast and
does not enable the separation of isomers [36]. HPLC measurements
were performed to deeply study the photochemical properties of the
investigated compounds. The appearance of an increasing peak after
different irradiation time in the chromatograms of the samples clearly
indicates the co-existence of the E and Z isomers. The chromatograms of
CurPy1 in methanol/water mixture injected before and after 15, 30, 45
and 60 min of irradiation at 435 nm is shown as an example in Fig. 7.

0.8

0.8+
0.6+
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0.4+
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0.4+

Abs/a. u.

0.2
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CurPy1

0.0
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The fraction of E isomer in solution was calculated as percentage of
the non-irradiated sample using the peaks area before and after the light
exposure. The data indicate that after 15 min of irradiation over 50% of
the investigated CurPy maintain the E form according to a one-direction
process, while from 30 to 60 min of irradiation no remarkable increase
of the Z isomer peak can be observed, whereas the E isomer peak still
decreases according to a photodegradation process. The percentage of E
isomer at the different irradiation time, the Log k, values for the
investigated CurPy and calculated Log P are reported in Table 1.

Generally, the Log ky, value describes the lipophilic degree of the
molecules allowing to estimate their affinity for the biological mem-
branes. The Log k values of the investigated compounds were extrap-
olated from the linear correlation between the Log k’ and the methanol
volume fraction in the eluent mixture (Fig. S5). The trend in the Log k,
values for CurPyl, CurPy2 and CurP3 agrees with the Log P data as
reported in Table 1. Interestingly, lower Log k,, of 3.22 and Log P of 2.70
were obtained in the case of the CurPyl molecule suggesting moderate
lipophilic nature in comparison to CurPy2 and CurPy3. Data from
CurPy1 suggest an ideal hydrophobic/hydrophilic balance by which the
molecule is generally able to cross cell membranes by passive diffusion,
avoiding solubility problems or strong bound to plasma proteins [37,
38]. However, host-guest inclusion complex with SBE-BCD in aqueous
solution were proposed herein to prevent self-aggregation and degra-
dation of the investigated CurPy.

In the presence of SBE-BCD the maximum absorption band of the
sample decreases and a slight bathochromic shift can be observed,
furthermore no overlapping can be detected after irradiation at 435 nm
for 15 min (Fig. 8). The spectral changes observed for CurPy1 in the SBE-
BCD aqueous solution can be considered as evidence of the less polar
microenvironment surrounding the guest molecules due to the insertion
of CurPy1 into the hydrophobic cavity of the SBE-BCDs [39].

The photoconversion is inhibited in pure water but proceeds in the
presence of SBE-BCD. Moreover, based on the absorbance values before
and after irradiation, the guest undergoes a E to Z conversion of about
10% in the SBE-BCD aqueous solution. Since the depletion of the
dominant isomer calculated after 15 min of irradiation strongly
increased in ethanolic and DMSO solutions (Figs. 3 and 6), reaching
28.1% and 21.2%, respectively, the protective effect of cyclodextrin
against the photoisomerization of the CurPyl molecole can be clearly
observed. The Benesi-Hildebrand plot of the difference between the
absorbance of CurPyl in aqueous solution the presence and in the
absence of SBE-BCD versus the concentration of the sulfobuthylether-
p-cyclodextrin is shown in Fig. 9. Data from CurPy2 and CurPy3 are
reported as Fig. S6.

The host-guest stoichiometry of 1:1 inclusion complex was deter-
mined by the non-linear fitting [40]. The K}, value determined for the
CurPy1, CurPy2 and CurPy3 is 1700, 470 and 1525 M, respectively.
Generally, inclusion complexes formed by using cyclodextrins as host
show binding constants in the range 10-4000 M. The relatively low Ky,
observed in the case of the SBE-BCD/CurPy complex suggests promising
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Fig. 2. UV-visible spectra of 2x10> M CurPy1 (a), CurPy2 (b) and CurPy3 (c) in solution at 25 °C.
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Fig. 3. UV-visible spectral changes of 2x10™ M CurPy1 in ethanolic solution at 25 °C by irradiation at 435 nm (a) and 254 nm (b).
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Fig. 4. 'H-NMR spectra of CurPyl in DMSOgs at different times of
light exposure.

results in drug delivery by offering a prompt release of the guest from the
cyclodextrin cavity [41]. Finally, ITC measurements provided the ther-
modynamic profile of the interactions involved between the investigated
host and guest in aqueous solution at 25 °C as reported in Fig. 10.

The thermodynamic parameters of the investigated complexation
were reported in Table 2.

The Kp, of 1495 M is comparable to the value spectroscopically
obtained for CurPyl. Negative values of AH® and AS° were determined
in the investigated conditions according to the typical enthalpic and
entropic changes described for host-guest inclusion complexes formed
by cyclodextrins [42-44]. Generally, negative AH° indicates that an
exothermic process occurs according to a series of simultaneous effects
involving the guest into the host cavity, mainly the generation of van der
Waals forces, hydrogen bonds and electrostatic interactions, while
negative AS° describes an endothermic process by which the trans-
lational and rotational degrees of freedom of the complexed guest are
decreased in comparison to the free ones. In the case of the SBE-fCD
/CurPy1 inclusion complex, the interactions between the guest and the
host are enthalpically driven (AH® = -25.9 kJ/mol) and entropy opposed
(AS° = -26.3 J/mol-K). Furthermore, the calculated Gibbs free energy
(AG°= -18.1 kJ/mol) suggests that the formation of the SBE-BCD/-
CurPy1 complex occurs according to a spontaneous process [45]. It was
previously observed that the decreasing of the hydrophobic interactions
between the SBE-BCD and the guest may depend on the hydrated

i
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Fig. 5. HH-COSY spectrum of the CurPy1 molecule after irradiation for 30 min.

sulfonated groups of the host leading to the distortion of the cyclodextrin
cone and the inhibition of the guest insertion into the cyclodextrin cavity
[46]. Similar thermodynamic parameters were previously obtained in
the case of the formation of the SBE-PCD/Cyclocurcumin inclusion
complex according to a spontaneous reaction [39].

4. Conclusion

The investigated curcumin-pyrrole derivatives exhibit irreversible E-
Z photoisomerism both under visible and UV light. Photodegradation of
the molecules also occurs for long irradiation time over 15 min as
demonstrated by spectroscopic and chromatographic measurements.
Among the investigated compounds CurPy1 is characterized by the best
hydrophobic/hydrophilic balance and offers promising results as guest
in the formation of the SBE-BCD/CurPy1 inclusion complex according to
the ITC analysis. To the best of our knowledge the results reported
herein are unprecedented and could contribute to the development of
CurPy-based molecules as bioactive compounds for a large series of
applications.
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Fig. 6. UV-visible spectral changes of 2x10> M CurPy1 in dimethyl sulfoxide at 25 °C under irradiation to 435 nm. Each spectrum was determined after 5 min of
exposition to light for at least 1 h (a), showing an isosbestic point up to 15 min (b).
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Fig. 7. Chromatograms of CURPy1l in methanol/water mixture injected after
different irradiation time at 435 nm.

Table 1
Percentage of E isomer at the different irradiation time, Log k., values and

calculated Log P.

Sample % E isomer in solution after different irradiation Logky LogP?
time
15min  30min 45min 60 min
CurPyl  58.0 39.0 29.9 21.2 3.22 2.70
CurPy2  59.2 30.7 22.3 15.6 3.68 2.92
CurPy3 59.1 31.7 24.7 19.6 4.17 4.15

2 calculated by ADMET 3.0 software

Supporting information

Lambert-Beer plot of CurPyl, CurPy2 and CurPy3 in ethanolic so-
lution; UV-vis spectra of CurPy2 and CurPy3 in ethanolic solution by
irradiation at 435 and 254 nm; UV-vis spectra of CurPyl in dimethyl
sulfoxide by irradiation at 254 nm; determination of Log k,, for CurPy1,
CurPy2 and CurPy3 and Benesi-Hildebrand plots of CurPy2 and CurPy3
in SBE-BCD aqueous solution at 25 °C; NMR spectra and data of CurPy1,
CurPy2 and CurPy3 were available as Supplementary Material.

—— CurPy1 in aqueous solution before irradiation

-------- CurPy1 in aqueous solution after irradiation

CurPy1 in SBE-BCD aqueous solution before irradiation
-------- CurPy1 in SBE-BCD aqueous solution after irradiation

1.04

Abs / a .u.
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Fig. 8. Comparison between the UV-vis spectra of CurPy1 in aqueous solution
at 25 °C in the presence and in the absence of SBE-BCD before and after irra-
diation at 435 nm for 15 min.
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Fig. 9. Non-linear Benesi-Hildebrand plot for the SBE-PCD/CurPyl inclu-
sion complex.
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Fig. 10. Isothermal titration calorimetry profiles for CurPy1/SBE-BCD complex
in aqueous solution at 25 °C. The upper panel represents the raw data for the
titration of successive aliquots of SBE-BCD into CurPy1 solution. The bottom
panel represents the integrated heat data after correction of the heat of dilution.

Table 2
Thermodynamic parameters of the CurPy1/SBE-BCD complexation. Each value
is the mean of at least three independent experiments.

K, (M) AH° (kJ/mol) AS° (J/mol-K) AG®° (kJ/mol)

1495 +£ 85 -259+ 4 -26.3 £ 13 -18.1 £ 0.1
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