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Abstract: Ellagic acid (EA), a natural polyphenol found in berries, has high antioxidant capacity.
This study aimed to improve EA solubility by complex formation with urea (UR) using solvent
evaporation method and evaluate its solubility, antioxidant capacity, and physical properties. The
solubility test (25 °C, 72 h) showed that the solubility of EVP (EA/UR = 1/1) was approximately
two-fold higher than that of EA (7.13 ug/mL versus 3.99 pug/mL). Moreover, the ICs) values of EA
and EVP (EA/UR =1/1) (1.50 pg/mL and 1.30 pg/mL, respectively) showed higher antioxidant
capacity of EVP than that of EA. DSC analysis revealed that the UR peak at 134 °C disappeared, and
a new endothermic peak was observed at approximately 250 °C for EVP (EA/UR = 1/1). PXRD
measurements showed that the characteristic peaks of EA at 20 = 12.0° and 28.0° and of UR at
20 =22.0°, 24.3°, and 29.1° disappeared and that new peaks were identified at 26 = 10.6°, 18.7°,
and 26.8° for EVP (EA/UR =1/1). According to 2D NOESY NMR spectroscopy, cross-peaks were
observed between the -NH and -OH groups, suggesting intermolecular interactions between EA
and UR. Therefore, complexation was confirmed in EA/UR = 1/1 prepared by solvent evaporation,
suggesting that it contributed to the improvement in solubility and antioxidant capacity of EA.

Keywords: ellagic acid; urea; complex formation; solubility; antioxidant capacity

1. Introduction

Ellagic acid (EA) is a naturally occurring polyphenol widely distributed in berries, in-
cluding strawberry, pomegranate, and nuts [1]. The absorption of EA, having four phenolic
hydroxyl groups, occurs by hydrolysis in the intestine after oral ingestion of ellagitannins,
a class of hydrolyzable tannins [2]. EA is a free radical scavenger and has high antioxidant
activity; its whitening efficacy is generally attributable to inhibiting the proliferation of
melanin-forming cells and melanin synthesis by tyrosinase [3-5]. Moreover, it has been
reported to have anti-inflammatory, anticarcinogenic, and antimutagenic properties [6-8].
Nevertheless, EA is poorly soluble in water (less than 1 pg/mL) as well as in organic
solvents, resulting in insufficient drug absorption [9]. This characteristic is an obstacle to
the development of products containing EA; hence, improvement is required.

Urea (UR) has moisturizing properties; hydrates the stratum corneum; has keratin
cleavage properties; and is commonly used as a moisturizer, skin permeability enhancer,
and solubilizer in pharmaceuticals and cosmetics [10,11]. UR is known to have a hy-
drotropic effect [12]. This hydrotropic effect has been used for the solubilization of phar-
maceuticals, for example, it has been reported to improve the solubility of diclofenac,
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a nonsteroidal anti-inflammatory drug [13]. UR generally exists as a polymorph with
tetragonal and hexagonal crystal structures in the solid state. UR, in a hexagonal crystal
structure, has been reported to improve solubility by enclosing the guest molecules within
its pores [14]. It has also been shown that UR can form co-crystals with drugs such as
benzamide and complex with palmitic acid [15,16]. Thus, UR is an interesting additive in
the manufacture of pharmaceutical materials. Co-crystallization is believed to improve
the solubility and bioavailability of the active ingredient without modifying its chemical
structure because the properties of the second component (additive) incorporated into
the crystal structure are reflected in the solid state [17]. In particular, the co-crystals of
resveratrol and nicotinamide have been reported to improve solubility, and the co-crystals
of theophylline and oxalic acid have been reported to improve stability [18,19].

UR can contribute to an improvement in solubility and stability, thereby adding new
properties to pharmaceutical products. In this study, we aimed to improve the antioxidant
capacity and solubility of EA though the preparation of a complex with UR by evaporation.

2. Materials and Methods
2.1. Materials

EA was purchased from Cosmo Bio Co., Ltd. (lot number 284224, LKT Laboratories
Inc., St Paul, MN, USA) (Figure 1a). UR (lot number 213-00173) and other reagents of com-
mercial grade were supplied by FUJIFILM Wako Pure Chemical Corporation (Tokyo, Japan)
(Figure 1b). NMR solvent was supplied by FUJIFILM Wako Pure Chemical Corporation
(Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA).
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Figure 1. (a) Ellagic acid (EA); (b) Urea (UR).

2.2. Methods
2.2.1. Preparation of Physical Mixture and Solvent Evaporated Solid Dispersion

The physical mixture (PM) was prepared by mixing EA (100 mg) and UR (19.78 mg)
in 1:1 molar ratio using a vortex mixer for 1 min. The solvent evaporated solid dispersion
(EVP; EA/UR = 1/1) was prepared by dissolving PM in 100 mL of ethanol, followed by
evaporation (Rotavapor R-215; Buchi Labortechnik AG, Flawil, Switzerland) at 40 °C and
58 mbar.

2.2.2. Solubility Test

In this study, a solubility test was performed to determine the solubility of EA/UR
in distilled water. Each of EA, PM (EA/UR = 1/1), and EVP (EA/UR = 1/1) samples
(equivalent to 10 mg of EA) were added individually to 10 mL distilled water and shaken
in a thermostatic incubator (Bio Shaker BR-42FL; TAITEC, Saitama, Japan) at 25 °C and
100 rpm for 1, 3, 6, 24, and 72 h. The test solution was filtered through a 0.2 pum mem-
brane filter (Advantec®, Toyo Roshi Kaisha, Ltd., Tokyo, Japan), diluted to 5-10 mL with
ethanol, and quantified for its drug content using high-performance liquid chromatogra-
phy (HPLC; Waters, Alliance System, €2695). The column used was Cosmosil 5C18AR-II
ODS-3 (4.6 x 150 mm, 5 um diameter, lot no K51712) at a temperature of 40 °C; the sample
injection volume was 50 pL. The mobile phase was prepared as a mixture of 0.1% phos-
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phoric acid /acetonitrile (4/1), EA retention time was set to 7 min, and the measurement
wavelength was 254 nm (Waters, Alliance System, 2489).

2.2.3. Dissolution Test

Dissolution test was performed using NTR-593 dissolution apparatus (Toyama Sangyo
Co., Ltd., Tokyo, Japan) according to the JP XVII revised dissolution test using the paddle
method. The weighed amount of sample (equivalent to 1.8 mg of EA) was placed in 900 mL
distilled water at 37 £ 0.5 °C and stirred at 100 rpm. Aliquots (5 mL) of dissolved samples
were collected at 5, 10, 15, 30, and 60 min and filtered through a 0.2 pm membrane filter
(Advantec®, Toyo Roshi Kaisha, Ltd., Tokyo, Japan). After sample collection, the same
amount of solution was added at the same temperature to maintain a constant volume
of the dissolution medium. Quantification was performed by HPLC, as mentioned in the
Section 2.2.2.

2.2.4. DPPH Radical Scavenging Test

The DPPH radical scavenging test was performed to evaluate the antioxidant ca-
pacity of EA, PM (EA/UR = 1/1), and EVP (EA/UR = 1/1). Ascorbic acid (ASC) was
used as a reference compound. One hundred microliters of 2,2-diphenyl-1-picrylhydrazyl
(DPPH; 50 uM in ethanol) solution and samples at different concentrations were added to
microplates at a volume ratio of 1/1. Ethanol (100 uL) was used as the control. The mi-
croplates were incubated for 5 min at 37 °C in the dark, and the absorbance was measured
at a wavelength of 517 nm using the SpectraMax microplate reader (Molecular Devices Co.,
San Jose, CA, USA). Radical scavenging activity was calculated using Equation (1) [20].

Radical scavenging rate = [1 — (As — Bl)/(Ap — BI)] x 100 1
As—absorbance of sample; Ag—absorbance without tested sample; and Bl—blank.

2.2.5. Differential Scanning Calorimetry (DSC) Measurement

DSC measurements were performed using Thermo Plus EVO high-sensitivity differen-
tial scanning calorimeter (Rigaku, Tokyo, Japan). Approximately 2 mg of each sample was
placed in a sealed aluminum pan, and the temperature was increased at a rate of 10 °C/min
under nitrogen gas flow at 60 mL/min.

2.2.6. Powder X-ray Diffraction (PXRD) Measurement

PXRD measurements were performed using the MiniFlex II PXRD system (Rigaku,
Tokyo, Japan). The diffraction intensity was measured using a Nal scintillation counter.
PXRD was performed using Cu K« radiation (30 kV, 15 mA), with a scan rate of 4°/min
and a scan range of 5-40° (20). The powder samples were placed on top flat surface of
glass plates.

2.2.7. Solid-State Fluorescence Measurement

Solid-state fluorescence spectra were obtained using FP-770F fluorescence spectropho-
tometer (JASCO Ltd., Tokyo, Japan). The powdered sample was placed in a front-reflecting
cell (FP-1060) at an excitation wavelength of 388 nm, an excitation and fluorescence band-
width of 5 nm, and a measurement range of 350-650 nm.

2.2.8. Fourier Transform Infrared (FT-IR) Absorption Spectrum

The FT-IR spectra were obtained by the potassium bromide (KBr) pellet method
using FT/IR-460 Plus (JASCO) with an integration frequency of 32 times, a resolution of
4 cm~!, and a wavenumber range of 4000-650 cm~!. The tablets were prepared by mixing
the sample with KBr at a weight ratio of 1/10 and then pressing manually. Background
correction was performed using KBr alone.
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2.2.9. Near-Infrared (NIR) Measurement

NIR spectra were obtained using Fourier transform near-infrared spectrometer (Buchi
NIRFlex N-500; Nihon Buchi, Tokyo, Japan); samples were filled in sample cups and
measured at a wavelength of 10004000 cm~1 time of 8 s, temperature of 25 °C, and optical
path of 1 nm.

2.2.10. Scanning Electron Microscopy (SEM)

SEM measurements were performed using S3000N SEM (Hitachi High-Technologies,
Tokyo, Japan) at an accelerating voltage of 15 kV. The vacuum gold-steaming time of the
samples was 70 s.

2.2.11. Nuclear Overhauser Effect Spectroscopy (NOESY) Measurement

Nuclear magnetic resonance (NMR) spectroscopy analysis was performed using Varian
700 MHz NMR spectrometer (Varian NMR System 700NB; Agilent) with an HCN probe
operating at 699.7 MHz and DMSO-dg, as solvent. Other conditions were as follows: mixing
time, 1500 ms; waiting time 1 s; integration frequency, 256; and temperature, 25 °C.

2.2.12. Statistical Analysis

The data are expressed as the mean =+ standard deviation (S.D.). Tukey’s multiple
comparison method was used in one-way analysis of variance (ANOVA) to compare
differences between experimental groups; statistical significance was set at p < 0.01.

3. Results and Discussion
3.1. Solubility Test

We determined the solubility of EA, PM (EA/UR =1/1), and EVP (EA/UR =1/1). The
solubility of EA was approximately 1.36 pg/mL at 3 h, 3.77 ug/mL at 24 h, and 3.99 pg/mL
at 72 h (Table 1). The corresponding solubility of PM (EA/UR = 1/1) was approximately
2.06 ug/mkL, 5.18 pg/mL, and 5.04 pg/mL. The solubility of PM was slightly higher than
that of EA, which could be attributed to the hydrotropic property of UR [11]. On the
other hand, the solubility of EVP (EA/UR = 1/1) was approximately 5.40 pg/mL at 3 h,
745 ug/mL at 24 h, and 7.13 pg/mL at 72 h, which was approximately 4-fold (at 3 h) and
2-fold (at 24 h and 72 h) higher than that of EA. This was attributable to the hydrotropic
effect of UR and interaction between EA and UR.

Table 1. Solubility profiles of EA/UR systems in distilled water at 25 °C.

Time EA PM EVP
3 1.36 +0.26 2.06 + 0.69 540 +£2.27
24 3.77 £0.36 5.18 £0.30 7.45 £1.65
72 3.99 £0.59 5.04 £1.33 7.13 £ 0.49

Results are presented as the mean & S.D. (n = 3).

3.2. Dissolution Test

Dissolution studies were conducted to assess the dissolution behavior of EA, PM
(EA/UR = 1/1), and EVP (EA/UR = 1/1) (Figure 2). The concentration of EA was
0.19 pg/mL and 0.24 pg/mL, respectively, in EA and PM (EA/UR =1/1) in 5 min-aliquots,
whereas it was 0.42 pg/mL in EVP (EA/UR =1/1) (2-fold that of EA and PM). Therefore,
results suggested that solid-state interactions contributed to the improved dissolution
profile of EVP (EA/UR =1/1).
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Figure 2. Dissolution profiles of EA/UR systems. Results are expressed as the mean + S.D. (n = 3).

3.3. DPPH Radical Scavenging Test

DPPH radical scavenging assay of EVP (EA/UR = 1/1) was performed to investi-
gate whether its improved solubility and dissolution contributed to the antioxidant effect
(Figure 3). ASC was used as a reference compound for comparison. The IC50 of EA (approx-
imately 1.50 ng/mL) was significantly lower than that of ASC (approximately 2.22 pg/mL).
The IC50 of PM (EA/UR = 1/1) was 1.48 ug/mL, which was similar to that of EA, whereas
the IC50 of EVP (EA/UR =1/1) was 1.30 ug/mL, which was lower than that of EA. Inoue
et al. reported that daidzein, an additive and antioxidant, exhibits antioxidant effect owing
to the intermolecular interactions caused by complex formation with cyclodextrin [21].
Hence, it was assumed that the increased radical scavenging activity of EVP (EA/UR =1/1)
was attributable to the increase in electron density in the complex of EA and UR, releasing
more protons as radicals. Thus, EA/UR complex formation may improve the solubility
and antioxidant capacity of EA.
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Figure 3. DPPH radical scavenging activity of EA/UR systems. Results are expressed as the
mean £ S.D. (n = 3). (a) EA; (b) PM (EA/UR =1/1); (c) EVP (EA/UR =1/1); and (d) ASC.
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3.4. DSC Measurement

DSC was performed to investigate the thermal behavior of the EA/UR complex in the
solid state that showed improved solubility and antioxidant capacity (Figure 4). For EA, an
endothermic peak, attributed to the incorporation of water of crystallization, was observed
at approximately 128 °C. In addition, a melting peak was observed at approximately 293 °C.
For UR, an endothermic peak (melting) was observed at approximately 134 °C. For PM
(EA/UR =1/1), and a broad peak due to the melting of UR and water of crystallization was
observed at approximately 125 °C. In contrast, for EVP (EA/UR =1/1), the endothermic
peaks due to the melting of EA and UR disappeared, and a new peak at approximately
250 °C was observed. These findings suggest that EVP (EA/UR = 1/1) prepared by
evaporation of EA and UR resulted in a thermally stable complex formation.

(a)

PR
W 293
128
(b)
308
193
134

(c)

-

125

Endothermic

(d)

N

250

{ \ \ \ \ \ \ !
50 100 150 200 250 300 350 400
Temperature(°C)

Figure 4. DSC curves of EA/UR systems. (a) EA; (b) UR; (c) PM (EA/UR = 1/1); and (d) EVP
(EA/UR =1/1).

3.5. PXRD Measurement

As complex formation was confirmed by DSC, PXRD analysis was performed to
observe changes in the crystal structure (Figure 5). In EA, characteristic peaks (20) were
observed at 12.0° and 28.0°, whereas in UR, characteristic diffraction peaks (26) were
observed at 22.2°, 24.3°, and 29.1°. In PM (EA/UR = 1/1), characteristic EA-derived
diffraction peaks (26) were observed at 12.1° and 28.2°, and the UR-derived diffraction
peak was observed at 22.0°. In contrast, in EVP (EA/UR = 1/1), characteristic diffraction
peaks of EA and UR disappeared, and new peaks were observed at 26 = 10.6°, 18.7°, and
26.8°. This suggests the possibility of a complex formation between EA and UR in EVP
(EA/UR =1/1). However, in EVP (EA/UR =2/1 and 1/2), EA-derived peaks remained
at 20 = 12.0° and 28.0°, and UR-derived peaks remained at 20 = 22.2°, 24.6°, and 29.2°,
suggesting the possibility of complex formation in only EVP (EA/UR =1/1) (Figure S1).
The DSC and PXRD results suggest that the complex of EA and UR was formed at a molar
ratioof 1/1.
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Figure 5. PXRD patterns of EA/UR systems. (a) EA; (b) UR; (c) PM (EA/UR =1/1); and (d) EVP
(EA/UR =1/1). OEA, A UR, and e new peak.

3.6. Solid Fluorescence Measurement

Solid-state fluorescence spectroscopy was conducted to determine changes in the
molecular state due to complex formation between EA and UR (Figure 6). A peak at 424 nm
was observed for EA, and a shoulder peak at 420 nm was observed for PM (EA/UR/ =1/1).
In contrast, in EVP (EA/UR = 1/1), the EA peak at 424 nm was reduced, and a new peak at
approximately 471 nm was observed. In solid-state fluorescence measurements, changes
in the molecular state were observed in conjunction with changes in the fluorescence
spectrum [22]. This indicated that molecular state of the aromatic ring of EA was distorted
by its interaction with UR, which might have affected the 7—m bond.

1000 -

424

900 - EA

—— PM (EA/UR=1/1)
—— EVP (EA/UR=1/1)

800 -

700 -

600

500 4

intensity

400 ~

300 A

200 A

100

0

300 350 400 450 500 550 600 650
Wavelenght (nm)

Figure 6. Fluorescence spectra of EA/UR systems.
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3.7. FT-IR Absorption Spectrum

Solid-state fluorescence measurements suggested that the solid molecular state of EA
was affected during complex formation with UR. Therefore, FI-IR was used to confirm
the intermolecular state in the complex of EA and UR (Figure 7). The peak related to the
phenolic hydroxyl group in EA was observed at approximately 3558 cm~!. In UR, peaks
were observed at 3439 cm~! and 3258 cm ! and were attributed to the -NH group. In PM
(EA/UR = 1/1), peaks at approximately 3556 cm ™! (derived from the hydroxyl group of
EA) and 1700 cm~! (derived from the C=O group of EA) were observed [23]. Meanwhile,
in EVP (EA/UR = 1/1), the hydroxyl group peak of EA disappeared, and the -NH group
peak of UR shifted to 3495 cm ™! and 3402 cm~!. Furthermore, the C=0 group peak of EA
at 1700 cm ™! shifted to 1719 cm ™!, suggesting that the intermolecular interaction of the
-OH group observed in EA alone was dissociated, and hydrogen bonding between the -OH
and C=0 groups of EA and the -NH group of UR was inferred. However, it was difficult to
distinguish the -NH group from the -OH group; thus, NIR measurements were performed.

Transmission (%)

-NH 3069

3495 (d)

3402

4000 3200 2400 1600 800
Wavenumber (cm™)

Figure 7. FT-IR absorption spectra of EA/UR systems. (a) EA; (b) UR; (¢) PM (EA/UR =1/1); and
(d) EVP (EA/UR = 1/1).

3.8. NIR Measurement

Although intermolecular interaction between the -OH group of EA and the -NH group
of UR was speculated from FI-IR results, NIR measurement was performed because it was
difficult to distinguish the -NH group from the -OH group (Figure 8). The peak of the -OH
group at 6960 cm~! in EA shifted to 6932 cm~! in EVP (EA/UR = 1/1). The peaks of the
-NH group in UR observed at 6896 ecm~1, 6820 cm ™1, and 6700 cm ™! shifted to 6780 cm 1,
6704 cm™—!, and 6620 cm ™! in EVP (EA/UR = 1/1). These results suggested intermolecular
interactions by hydrogen bonding between the -OH group of EA and the -NH group of UR.
The FT-IR results also suggested intermolecular interactions between the -NH group of UR
and the -OH group of EA and the aromatic ring; therefore, the results of NIR measurements
correlate with the FT-IR results.
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Figure 8. (a) NIR absorption spectra of EA/UR systems observed at 4000-10,000 cm~L; (b) second
derivative NIR absorption spectra of EA /UR systems observed at 4000-10,000 cm~!; and (X) second
derivative NIR absorption spectra of EA/UR systems observed at 6500-7100 cm ™.

3.9. SEM Analysis

SEM analysis was performed to observe morphological characteristics of the prepared
sample (Figure 9). Powdery particles with a rough surface were observed in EA, and flat
crystals were observed in UR. In reference to the SEM images of PM (EA/UR =1/1), EA
was attached to the crystal surface of UR. In contrast, the surface of EVP (EA/UR =1/1)
was smoother than that of PM (EA/UR = 1/1), and ellipsoidal crystals were observed. It
was inferred that the complex, which was formed by intermolecular interactions between
EA and UR during evaporation, was identified in the solid state, and large specific surface
area of EVP (EA/UR = 1/1) might have contributed to the improved solubility.

3.10. NOESY NMR Measurement

2D-NOESY NMR measurements were performed to observe intermolecular interac-
tions of EVP (EA/UR = 1/1) in solution (Figure 10). A cross-peak was observed between
7.45 ppm derived from the -NH group of EA and 10.62 and 10.83 ppm derived from the
-OH group of EA, suggesting intermolecular interactions between the -OH group of EA
and the -NH group of UR. Interestingly, the complex formation between EA and UR was
also observed in the solution, indicating its contribution to the improved solubility of EVP
(EA/UR = 1/1). Fucheng et al. reported EA/UR complex formation at a molar ratio of
1/2 [24]. However, in this study, EA/UR complex was formed at a molar ratio of 1/1 by
solvent removal; further, the PXRD pattern of EA/UR (molar ratio = 1/2) reported by
Fucheng et al. differed from that of EA/UR (molar ratio = 1/1) in this study. Therefore, we
fabricated an EA/UR =1/1 complex by solvent evaporation, the results of which suggest
that the increased solubility and antioxidant capacity are attributable to the complexation
of EA and UR in solution, which increases the electron density of the aromatic ring of EA
and facilitates proton dissociation. The predicted interactions of the EA/UR complex are
shown in Scheme 1.
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Figure 9. SEM analysis of EA/UR systems. (a) EA; (b) UR; (¢) PM (EA/UR = 1/1); (d) EVP
(EA/UR =1/1).

L

10.2

r10.4

7‘__________%>

= . .. . |1 - ooz
? : &
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<— []
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@ - - 11.2
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Figure 10. NOESY NMR spectra of EA/UR systems in DMSO-d6. (a) f1, 0-12 ppm; 2, 0-12 ppm (X);
f1,10.2-11.2 ppm; and 2, 4.8-6.0 ppm.
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Scheme 1. Proposed structure of the EA/UR complex.

4. Conclusions

In the present study, the EA/UR complex was formed at a molar ratio of 1/1 by solvent
evaporation. EVP (EA/UR =1/1) showed the improved solubility and antioxidant capacity
of EA. The ICsy values of EA and EVP (EA/UR = 1/1) (1.50 pg/mL and 1.30 pg/mL,
respectively) showed the higher antioxidant capacity of EVP than that of EA. DSC analysis
revealed that the UR peak at 134 °C disappeared, and a new endothermic peak was
observed at approximately 250 °C for EVP (EA/UR = 1/1). The improved antioxidant
capacity of the complex of EA and UR at a molar ratio of 1/1 prepared using the solvent
evaporation method has potential for skin application.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abbreviations

EA Ellagic acid

UR Urea

PM Physical mixture
EVP Evaporated

ASC Ascorbic acid
DPPH  2,2-Diphenyl-1-picrylhydrazyl
PXRD Powder X-ray diffraction

DSC Differential scanning calorimetry

FT-IR Fourier transform infrared spectroscopy
NIR Near-infrared

SEM Scanning electron microscopy

NOESY Nuclear Overhauser effect spectroscopy
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