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Abstract: In this paper, a facile synthesis of water-soluble curcumin nano-
crystals is reported. Solvent exchange method was applied to synthesize cur-
cumin nanocrystals. Different techniques were used to characterize the struc-
tural and photophysical properties of the curcumin nanocrystals. It was found
that the nanocurcumin prepared by this method had good chemical and phy-
sical stahility, could be stored in the powder form at room temperature, and
was freely dispersible in water. It was established that the size of curcumin
nanocrystals varied in the range of 20-500 nm. Fourier transform infrared
spectroscopy and UV-Vis analyses showed the presence of tetrahydrofuran
inside the curcumin nanocrystals. Furthermore, it was found that the nanocur-
cumin emitted photoluminescence with a yellow—green color.

Keywords. curcumin nanocrystals; atomic force microscopy; transmission elec-
tron microscopy; Raman spectroscopy; photol uminescence spectroscopy.

INTRODUCTION

Curcumin is a natural yellow—orange dye extracted from the rhizomes of the
plant Curcuma longa L. Commercialy available curcumin is a mixture of three
curcuminoids, namely, curcumin, demethoxy- and bisdemethoxy-curcumin, the
latter two amounting to nearly 30 % in samples labeled “pure’.l It shows a
remarkable range of pharmacological activity, including antioxidant, anti-inflam-
matory and anticancer activity.2~/ The anticancer potential of curcumin is medi-
ated through the inhibition and modulation of several intracellular signaling path-
ways, as confirmed in various in vitro and in vivo cancer studies. Biomedical
application of curcumin requires improvement of its bioavailability and its tar-
geting capacity toward cancer tissue. Due to the low bioavailability of curcumin,
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64 MARKOVIC et al.

numerous approaches were undertaken,89 i.e., nanoparticle-based drug delivery
in which curcumin is encapsulated in liposomes,10 solid lipid microparticles,
such as bovine serum albuminll and chitosan,12 or complexed with phospho-
lipids!3 and cyclodextrin.14

Various types of nanoparticles, such as polymer nanoparticles, polymeric
micelles, liposome/phospholipid, nano-/microemulsions, nanogels, solid lipid
nanoparticles, polymer conjugates, self-assemblies, etc., are suitable for the deli-
very of the active form of curcumin to tumors.2® Previous studies showed that
nanocurcumin has improved anticancer effects as compared to normal curcumin
formulations.16 Bhawana et al. demonstrated that the water solubility and anti-
microbia activity of curcumin markedly improved by particle size reduction
down to the nano range.l’ Recently it was demonstrated that curcumin nano-
particles under aqueous conditions exhibited similar or a much stronger antipro-
liferative effect on cancer cells compared to normal curcumin in dimethyl sulfox-
ide (DMS0).18 Raghavendra et al. showed that aqueous-based nanocurcumin
(nanoparticles of curcumin) impregnated gelatin cellulose fibers (NCGCFs) has a
superior performance over curcumin impregnated gelatin cellulose fibers.19 The
activity of curcumin liesin its ability to scavenge active oxygen- or nitrogen-free
radicals.6.7,.20-22

Curcumin is practically insoluble in water but soluble in both polar and non-
polar organic solvents. It belongs to the group of A-diketones and exhibits tauto-
merism between enol- and keto-structures (Fig. 1). The relative contributions of
the keto and enolic tautomers as well as their cis or trans form depend on factors
such as solvent characteristics, temperature, polarity and substitution on the
curcumin.23-25 The enol form is characterized by a strong intermolecular hyd-
rogen bond.

HO OH
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| | |
a) cH, o OH CH,
HO l OH
0 7 X l 0 .
| | Fig. 1. Structure of the a) enol and b)
b) CH, 0 © CH;  keto form of curcumin.

In solution, curcumin can form intermolecular H-bonds with the solvent
molecules and this strongly influences its physicochemical properties in both the
ground and excited states.26 The spectral properties of curcumin show a solvent
polarity dependency. Curcumin dissolved in thirteen different solvents (cyclo-
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SYNTHESIS OF CURCUMIN NANOCRY STALS 65

hexane, ethanol, hexane, dichloromethane (DCM), 1,2-dichlorobenzene (DCB),
1,4-dioxane, tetrahydrofuran (THF), methanol, acetonitrile, n-butyronitrile
(nBN), dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF))
showed a double-exponential decay function with a short-lived component in the
picoseconds time scale.2”

Different methods have been applied to synthesize nano-sized curcumin:
solvent-based processes, which include emulsification-solvent evaporation,28
emulsification-solvent diffusion, and precipitation methods.2930 Margulis et al.
demonstrated a method employing turbulent co-mixing of water with a curcumin-
loaded emulsion using manually operated confined impingement jet mixers.3!
Another approach for increasing the rate of dissolution of curcumin is by inc-
reasing its surface area. This can be achieved by decreasing the particle size by
methods such as milling and grinding.17

This paper describes facile synthesis of curcumin nanocrystals (nanocur-
cumin) by means of a solvent exchange method that was previously used regul-
arly for nanoCgg synthesis.32 THF was used to dissolve curcumin before mixing
with water. THF is water-miscible organic liquid with low viscosity. This organic
solvent transfers their charge to curcumin molecules. This organic solvent is
intercalated inside curcumin crystal lattice, thereby improving water solubility.
The aim of this paper was to obtain a stable water-soluble nanocurcumin colloid
and further investigate its structural and photophysical properties.

EXPERIMENTAL

For the preparation of nanocurcumin colloid, an ethanol extract of commercially
obtained curcumin was used. By applying a previously described solvent exchange method,32
the dried ethanol extract was dissolved in fresh THF of HPLC purity (Carlo Erba, Milan,
Italy) at a concentration of 1.33 mg mL-1. After purging the mixture with argon to remove any
dissolved oxygen, an equal amount of MiliQ water was then added to the THF/curcumin
filtrate under continuously stirring. The more volatile THF was subsequently removed from
the solution using a rotary evaporator at 45 °C. MiliQ water was added four times more and
evaporated to the initial volume. The obtained solution was filtered through a 0.45 um nylon
filter and stored in the dark. After gravimetric estimation, the concentration of the nano-
curcumin was adjusted to 0.38 mg mL-1,

The nanocurcumin colloid was characterized by transmission electron microscopy
(TEM), atomic force microscopy (AFM), Raman spectroscopy, Fourier transform infrared
spectroscopy (FTIR), UV—-Vis spectrometry and photoluminescence (PL) spectroscopy.

Transmission electron microscopy imaging was performed on a TEM Philips CM200
microscope operated at 200 kV. Samples were prepared by drop casting a dispersion of nano-
curcumin onto a carbon-coated 300 mesh copper grid.

AFM measurements were performed using a Quesant microscope operating in the
tapping mode in air a room temperature.33 Curcumin dissolved in THF and nanocurcumin
colloid were deposited on mica substrates by spin coating and imaged after drying. The
freshly cleaved mica had a very small roughness (the mean roughness was 0.12 nm) favoring
the formation of aggregates which appeared during drying of the thin layer of colloid due to
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capillary forces. To reduce aggregation on the substrate, a higher dilution was employed.
Standard silicon tips (purchased from NanoAndMore) with a constant force (40 N m'l) were
used. The accuracy of the AFM mean diameter determination was improved by decon-
volution. The mean diameter of the investigated particles was determined using Gwyddion
software.3*

The UV-Vis spectra of nanocurcumin suspensions were scanned within the wavelength
range of 200-500 nm using an Avantes UV—-Vis spectrophotometer. All UV-Vis measure-
ments were performed at 20 °C and automatically corrected for the suspending medium,
which was water.

For the FTIR analysis, a nanocurcumin suspension was dried on silicon wafers until thin
films were formed. The FTIR spectra were measured at room temperature in the spectra
range from 400 to 4000 cml on a Nicollet 380 FT-IR, Thermo Electron Corporation
spectrometer operating in the ATR mode.

Raman spectra of the nanocurcumin colloid on glass were obtained from a DXR Raman
microscope (Thermo Scientific) using 532 nm excitation line from a diode pumped, solid state
laser. The laser power was 5 mW. 50x Objectives were used to focus the excitation laser light
on the right spot of the investigated samples. The spot size of laser beam was 0.7 um. The
spectral resolution was 0.5 cmL. The acquisition time was always 100 s (10x10 s).

The photoluminescence spectra of nanocurcumin deposited on SiO,/Si were recorded at
room temperature on a Fluorolog-3 Model FL3-221 spectrofluorometer system (HORIBA
Jobin—Yvon). The emission spectra were measured utilizing a 450 W xenon lamp as the exci-
tation source.

RESULTS AND DISCUSSION
Surface mor phology of curcumin nanocrystals

Transmission electron microscopy and atomic force microscopy were used
to visualize the structure and morphology of the curcumin nanocrystals. The
shape and size of the curcumin nanocrystals were determined by AFM. A top
view AFM image of curcumin nanoparticles dispersed in THF is presented in
Fig. 2a, while AFM image of curcumin nanocrystals dispersed in water and
corresponding histogram of nanocurcumin diameters are presented in Fig. 2b. As
can see from Fig. 2a, the curcumin nanoparticles dissolved in THF had a bagel
shape, while the curcumin nanocrystals were spherical. Based on surface analysis
the average size of the curcumin nanocrystals was 250 nm. It was aso esta-
blished that about 25 % of the nanocurcumin crystals had a diameter smaller than
100 nm, while 41 % of the nanocurcumin particles had a diameter smaller than
150 nm (Fig. 2d).

TEM micrograph and electron diffraction pattern of nanocurcumin are
presented in Fig. 2c. Average size of nanocurcumin based on calculations on
large-scale TEM micrographs is about 200 nm. From an electron diffraction
image (inset in Fig. 2c), it could be concluded that the nanocurcumin had a
crystal structure.

The solubility processis the first step during interactions between polycryst-
dline curcumin powder and an organic solvent. Curcumin polycrystals obtain charge
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Fig. 2. @ Top-view AFM images of curcumin dissolved in THF and b) water soluble
curcumin nanocrystals and the corresponding surface profile; ¢) bright field TEM micrograph
and corresponding electron diffraction pattern of the water-soluble curcumin nanocrystals and

d) particle size distribution.

from several thousand THF molecules depending on the size of polycrystal.
Tetrahydrofuran is positioned along boundaries of the monocrystals and around
the curcumin particles. The nanocurcumin colloid was stabilized electrostatically
which was confirmed by its precipitation in 1 wt. % solution. Other authors syn-
thesized curcumin nanoparticles with a narrower particle distribution (2-40 nm)17
but they used a solvent whose LDsg value was lower than that for THF (the
amount of atoxic agent sufficient to kill 50 % of a population of animals, usually
within a certain time; the LDsg value for dichloromethane is 1.6 g kgt compared
to 2-3 g kg1 for THF).35 Average diameter of nanocurcumin produced by sol-
vent exchange method was larger than that produced by the milling and grinding
technique due to particle aggregation. In previous investigations concerning
nanoCg, it was shown that THF itself is not toxic as it was completely unable to
generate reactive oxygen species (ROS) and did not affect cell viability even at
the concentrations >100-fold higher36 than its estimated residual presence (10 %)
in the nanoCgp.3’ The solubility of nanocurcumin can be improved significantly
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68 MARKOVIC et al.

by using polymers such as poly(vinyl pyrrolidone) (PVP), poly(ethylene glycol)
(PEG) but the disadvantage of this method is that it requires the addition of
considerable amounts of surfactants to prevent coalescence during particle for-
mation.38

FTIR spectra of curcumin nanocrystals

The composition of the prepared nanocurcumin colloid was investigated by
FTIR spectroscopy — Fig. 3a. A detailed study on the vibrational spectra of cur-
cumin was reported earlier by Kolev et al.3° The FTIR spectrum of curcumin
shows characteristic absorption bands at 2852 and 2922 cm1 that represent sp3
—C-H dtretching while the band at 3011 cm? is due to sp2 —-C—H stretching
vibrations. Broad band at 2540 cm! is due to —O—H stretching vibrations while
the broad band between 1980 and 2020 cm! could be assigned to —C=C-
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Fig. 3. @ FTIR and b) Raman spectra of nanocurcumin.
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asymmetric stretch. The broad band between 1680 and 1730 cmL corresponds to
the —-C=0 asymmetric mode. The band between 1520 and 1610 cm1 could be
assigned to —C=C- in ring while the broad band between 1400 and 1440 cor-
responds to —CH3 deformations and the bands at 1030, 1270 and 1160 cm1 stem
from —C-O- stretching vibrations. The band at 964 cm! originates from -C-H
bending vibrations.

FTIR analysis of the nanocurcumin colloid revealed two absorption bands at
about 2852 and 2922 cm1, which reflect the presence of strained C—H covalent
bonds. The shape and position of the two bands matches perfectly the strongest
bands of atetrahydrofuran liquid film according to the IR spectrum presented in
the Spectral Database for Organic Compounds.40 Since these two bands do not
overlap with typical IR bands of nanocurcumin positioned in the range from 500
to 1800 cmL, tetrahydrofuran molecules are inserted into interstitial positions of
curcumin nanocrystals.

Raman spectra of curcumin nanocrystals

Raman spectroscopy was used in earlier studies for the characterization of
curcumin.3® The Raman spectrum of nanocurcumin is shown in Fig. 3b. The
peaks at 756 and 793 cm1 seen in Fig. 3b stem from out-of-plane C—-C—H bend-
ing vibrations while the peak at 910 cm? originates from in-plane C-C—H bend-
ing vibrations. The peaks at 1168, 1440 and 1468 cmL could be assigned to in-
plane —CH3 bending vibrations while the peak at 1370 cm2 originates from in-
plane C-O-H bending vibrations. The peak at 1533 cm! stem from —-C=0
stretching vibrations and the peak at 1584 originates from —C—C— stretching vib-
rations. The peak at 1613 cm~1 stems from —C=0 stretching vibrations.

Absor ption spectra of curcumin nanocrystals

The visible and ultraviolet spectra of organic compounds (such as curcumin)
represent transitions between electronic energy levels. These transitions are
generally between a bonding or lone-pair orbital and an unfilled non-bonding or
anti-bonding orbital. The absorption bandwidth could indicate the degree of
agglomeration.4! The UV-Vis spectra of curcumin dissolved in ethanol and THF
aswell as of nanocurcumin are presented in Fig. 4aand b, respectively. The UV—
—Vis spectra of curcumin dissolved in ethanol and THF (Fig. 4a) overlap while
the UV—Vis spectra of curcumin dissolved in THF and nanocurcumin differ (Fig.
4b). As can be seen, there is one peak at 427 nm that could be assigned to low-
-energy n—n* excitation of the chromophore (this peak is typical for curcumin
dissolved in organic solvent such as tetrahydrofuran — curve 1) and one shoulder
at 279 nm. Asfor nanocurcumin, there is avery broad absorption band at 410 nm
and a shoulder (weak absorption band) at 283 nm — curve 2. A blue shift to 410
nm and broadening of the absorption peak at 427 nm due to effect of water were
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registered. The intensity of the absorption peak at 410 nm was also significantly
reduced. The evolution of absorption peak at 410 nm for the n—n* transitions of
curcumin in water as well as the decreasing intensity indicate a change in the
tautomeric form of the keto—enol—enolate group in curcumin. The broadening of
absorption band at 410 nm was caused by aggregation of the nanocrystals.
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Photoluminescence spectra of curcumin nanocrystals

A photoluminescence spectrum of nanocurcumin is presented in Fig. 4c.
Under excitation of 405 nm, there are two PL peaks at 547 and 595 nm, and their
intensities decreased rapidly. One of the possible explanations for the multiple
peaks could be variation in the size of the crystallites, and the emission would
have come from a statistical average of the crystalites. The solvent polarity
affects (the effect of THF) intramolecular charge transfer, which influences the
fluorescence emission. Polar solvents also shift the emission to longer wave-
length due to the stabilization of the excited states.42

CONCLUSIONS

In this paper, a facile synthesis of water-soluble curcumin nanocrystals was
presented. It was established that the most important features of synthesized
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colloid were: the average size of the photoluminescent curcumin nanocrystals
was around 250 nm and their long-term stability. Due to very low toxicity of
tetrahydrofuran, nanocurcumin colloids could be applied in nanomedicine.
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U3BOJ
CHHTE3A BOOJOPACTBOPHUX HAHOKPUCTAJIA KYPKYMHUHA

30PAH M. MAPKOBI/IT11, JOBAHA P. HPEKOJ]PABALli, JOPATAHA II. TOI]_II/IT11, HWBAHKA [I.
XOHL[HAJTHEP—AHTYHOBI/I'EZ, MOMMUP C. MI/IJ'IOCAB]])EBI/IE1, MHPOCJIAB [. I[PAMI/I'FL/-\HI/II—I1
u BUJbAHA M. TO,E[OPOBI/IE—MAPKOBI/IE1

IHHClTlullelTl 3a Hyxaeapue nayxe ,Bunua“, Ynueep3suitiewi y beoipagy, Muxe Anaca 12—14, 11001 Beoipag u
Z(DaKynmem 3a Qusuuxy xemujy, Ynugep3suiteit y Beoipagy, Ciuygeniticku Tpi 14—16, 11000 Beoipag

Y pany je npuka3aH HOBM HAYMH CHHTE3€ HAHOKPHUCTa/la KypKyMHHAa NDUMEHOM METOJE
HM3MEHE pacTBapaya. 3a UCIUTHBAKE CTPYKTYPHUX U POTO(PHU3NYKHUX 0COOMHA HAaHOKpHUCTaIa
KypKyMHHa KopullheHe Cy paslIUuYMUTE TeXHUKEe KapakTepusaudje. YTBpheHO je nma Koioup
HAaHOKYpKyMHHa IPUITPEMJ/bEH OBUM IOCTYIIKOM MMa JoOpy DU3NYKY U XEeMH]jCKy CTaOUIHOCT
U JIa ce JaKo pacTBapa y Bomu. [IpuMeHOM MHUKpOCKOMUje aToMCKe cuie yTBpheHo je na je
BeTMYMHA HAaHOKPHUCTajla KypKyMHuHa Ouna y omncery on 20-50 nm. dypujeosa uHdpaupBeHa
u UV-Vis cnexTpockonyja cy nokasase NpUCyCTBO TeTpaxuapodypaHa yHyTap HaHOKpHUCTala
KypkymHHa. Takohe je yTBpheHO fa HAHOKYPKYMHH eMHTYje (OTOTYMHUHECLIEHIH]Y Y XKyTO-
-3€7I€H0j 0071aCTH CIEKTpa.

(ITpumsbeHo 19. aBrycra, peBupgupaHo 12. HoBemdpa, npuxsaheHo 21. HoBembpa 2014)
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