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Abstract

Curcumin is a bioactive phytochemical that can be utilized as a nutraceutical
or pharmaceutical in functional foods, supplements, and medicines. However, the
application of curcumin as a nutraceutical in commercial food and beverage
products is currently limited by its low water-solubility, chemical instability, and
poor oral bioavailability. In this study, all-natural colloidal delivery systems were
developed to overcome these challenges, which consisted of saponin-coated
curcumin nanoparticles formed using a pH-driven loading method. The
physicochemical and structural properties of the curcumin nanoparticles formed
using this process were characterized, including particle size distribution, surface
potential, morphology, encapsulation efficiency, and loading capacity. Fourier
transform infrared spectroscopy and X-ray diffraction indicated that curcumin
was present in the nanoparticles in an amorphous form. The curcumin
nanoparticles were unstable to aggregation at low pH values (< 3) and high NaCl
concentrations (> 200 mM), which was attributed to a reduction in electrostatic
repulsion between them. However, they were stable at higher pH values (3 to 8)
and lower NacCl levels (0 to 200 mM), due to a stronger electrostatic repulsion
between them. They also exhibited good stability during refrigerated storage
(4 °C) or after conversion into a powdered form (lyophilized). A simulated
gastrointestinal tract study demonstrated that the in vitro bioaccessibility was
around 3.3-fold higher for curcumin nanoparticles than for free curcumin.
Furthermore, oral administration to Sprague Dawley rats indicated that the in vivo
bioavailability was around 8.9-fold higher for curcumin nanoparticles than for
free curcumin. These results have important implications for the development of

curcumin-enriched functional foods, supplements, and drugs.

Keywords: curcumin; pH-driven; saponin; biosurfactant; nanoparticles,

bioavailability.
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1. Introduction

Curcumin is a hydrophobic polyphenol derived from turmeric (Curcuma
longa) that exhibits a range of potentially beneficial biological and
pharmacological effects, including antioxidant, antimicrobial, anti-inflammatory,
and anticancer activities |. However, it is difficult to formulate curcumin-
enriched functional foods and beverages due to its poor water-solubility, chemical
instability (particularly under neutral and basic conditions), and low and variable
oral bioavailability 2. Consequently, researchers are developing various kinds of
colloidal delivery systems to overcome these challenges, including micelles,
microemulsions, nanoemulsions, emulsions, solid lipid nanoparticles, and
microgels *°. Micellar systems are particularly attractive for this purpose
because they are thermodynamically stable, optically transparent, water-
dispersible, and may be designed to enhance bioavailability ’. Traditionally,
micellar systems are assembled from small molecule synthetic surfactants, which
consist of a polar head-group and a non-polar tail-group ®. The surfactants
spontaneously self-assemble in water due to the hydrophobic effect, which leads
to the formation of micelles where the non-polar tails form a hydrophobic
environment within the interior, and the polar heads form a hydrophilic shell at
the exterior. Hydrophobic nutraceuticals, such as curcumin, can then be loaded
into the interior of the micelles to form a water-dispersible colloidal delivery
system °. There is currently great interest in the food industry in replacing
synthetic surfactants with natural alternatives due to increasing consumer demand
for “clean label” products '°. Hence, it would be beneficial to be able to load
curcumin into micelles formed from natural surfactants.

In the current study, we examined the possibility of incorporating curcumin
into surfactant micelles assembled from saponins . Saponins are secondary
metabolites produced at appreciable levels by many types of plant species
because of their ability to act as chemical defense systems against pathogens and

herbivores 2. Early research led to saponins being classified as anti-nutritional
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factors because of their ability to disrupt cell membranes, such as those in red
blood cells and fungi 13 However, more recent research has led some researchers
to question this classification '*. For instance, consumption of certain types of
saponins has been reported to decrease blood cholesterol levels, reduce cancer
risk, and inhibit cancer cell growth '*.  Saponins have also been widely evaluated
for their ability to form and stabilize oil-in-water emulsions and nanoemulsions
16,17 However, there have been few studies on their use to form curcumin-loaded
lipid nanoparticles based on a surfactant micelle loading mechanism.

The main objective of the current study was therefore to investigate the
potential of saponins for encapsulating curcumin and increasing its oral
bioavailability. Curcumin was solubilized within the saponin micelles using a
pH-driven loading method, and then the impact of environmental conditions on
the properties and stability of the curcumin nanoparticles formed was measured.
The potential gastrointestinal fate of the curcumin nanoparticles was then
established using both in vitro (simulated gastrointestinal tract) and in vivo (oral
administration to rats) studies. The results of this research may lead to novel
food-grade colloidal delivery systems suitable for incorporating curcumin into

food, supplement, or pharmaceutical products.

2 Materials and methods

2.1 Materials

Curcumin (98%) and saponin (sapogenin 20-35 %) were purchased from
Aladdin Industrial Corporation (Shanghai China). Ethanol, phosphoric acid,
sodium hydroxide and all other reagents used were of analytical grade and
purchased from Xilong Chemical Co., (Shanghai, China).
2.2 Preparation of curcumin nanoparticles

Curcumin nanoparticles were prepared using a pH-driven method as described
in our previous study with some slight modifications '®. A schematic
representation of this process is shown in Fig. 1. Briefly, an acidic aqueous

surfactant solution was prepared by dissolving saponin in 20 mM phosphoric acid
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at concentrations of 2, 4, 8, 12 and 16 mg/mL (pH 3). A basic aqueous curcumin
solution (2.0 mg/mL) was prepared by dissolving curcumin in 30 mM sodium
hydroxide solution (pH 12). Curcumin solutions were then added to saponin
solutions (1:1 v/v) while being continuously stirred at 500 rpm on a magnetic stir-
plate. The resulting solution was incubated for 0.5 h at room temperature and
then centrifuged at 10,000 g for 10 min to remove any free curcumin and larger
particulate matter. It is proposed that this process leads to the formation of
saponin-coated curcumin nanoparticles due to movement of curcumin molecules
into the hydrophobic cores of saponin micelles (Fig. 1). As shown in Fig. 1C,
after the basic curcumin was added into the acid saponin solutions, the pH rapidly
increased to around pH 6.5 within 10 second. Thus, the whole process was very

fast and the system reached equilibrium in a short time.

2.3 Characterizations of curcumin nanoparticles

The particle size distribution, mean particle diameter, and surface potential (-
potential) of the curcumin nanoparticles were measured at 25°C using a
combined dynamic laser light scattering (DLS) — electrophoresis instrument

(Nicomp 380 ZLS, Santa Barbara, CA, USA). The particle size was determined

by measuring the intensity fluctuations of the light scattered at an angle of 90°

from the sample, and then fitting an appropriate mathematical model to the data
using the instrument software. The C-potential of the particles was determined by
measuring the velocity and direction that they moved in a well-defined electrical
field. The samples were diluted 4-fold in water before analysis to avoid multiple
scattering effects. All the data is reported as the mean and standard deviation
based on measurements carried out on at least three samples with each sample
being analyzed in triplicate.

Microstructure images of the samples were obtained using Atomic Force
Microscopy (AFM, Agilent 5500, Agilent Technologies, Santa Clara, CA, USA).
A small aliquot of a suspension of curcumin nanoparticles was placed on a

freshly cleaved mica substrate, and then images of the sample were acquired
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using the AFM operated at room temperature with a silicon cantilever force
constant of 0.58 N m™ in tapping mode.
X-ray diffraction (XRD) patterns of powdered crystalline curcumin and

curcumin nanoparticles were recorded using an X-ray diffractometer (D8

Advance, Bruker, Germany). The divergence slit was set at 1°, and the receiving
slit was set at 0.1 mm for the incident beam. The scan rate was 2° per min over a

20 angle range of 5° — 40°.

Infrared spectra of curcumin, saponin, and curcumin nanoparticles were
obtained using a Fourier transform infrared (FTIR) spectrophotometer (Nicolet
5700, Thermo Electron Co., Waltham, MA, USA). Transmission spectra were
recorded over the wave number range of 4000-400 cm™.

The encapsulation efficiency (EE) and loading capacity (LC) of the
nanoparticles were determined using the methods described in our previous study
'8 Briefly, a suspension of curcumin nanoparticles was centrifuged at 10,000 g
for 10 min to remove any non-encapsulated curcumin. The supernatant was then
removed and diluted with anhydrous ethanol. The absorbance of the samples at
420 nm was then measured using a UV-Vis spectrophotometer (Pgeneral T6,
China) and the concentration of loaded curcumin was determined from a
calibration curve. The encapsulation efficiency and loading capacity of the

nanoparticles were then calculated using the following expressions:

EE (%) =mcL / mcy % 100 )
LC (%) = mcy. / my x 100 )

Here, mc is the mass of curcumin loaded into the saponin-coated curcumin
nanoparticles, mc is the initial mass of curcumin in the system, and my; is the
mass of the saponin-coated curcumin nanoparticles (curcumin + saponin). The
value of my was determined by freeze drying the suspension of centrifuged

curcumin nanoparticles to remove any water. The concentration of curcumin
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remaining after lyophilization and rehydration was determined as described

above.

2.4 Physical stability of curcumin nanoparticles

Influence of pH: Aqueous dispersions of curcumin nanoparticles were adjusted
to pH values ranging from 2.0 to 8.0 using either HC] or NaOH solutions.

Influence of ionic strength: Different amounts of sodium chloride were added
to aqueous dispersions of curcumin nanoparticles and then stirred for 1 hour at
ambient temperature to obtain a series of samples with different salt levels: of 10,
20, 50, 100, 200 and 1000 mM NaCl.

Storage stability: The stability of curcumin nanoparticles was measured
during storage in powdered form (lyophilized) at 25 °C or during storage in
aqueous solutions at 4 or 25 °C.

The stability of the curcumin nanoparticles was assessed by measuring
changes in their appearance, particle size, and C-potential after exposure to the
above conditions.

2.5 In vitro bioavailability
2.5.1. Simulated gastrointestinal tract

The potential gastrointestinal fate of the curcumin nanoparticles was
established by passing them through a simulated gastrointestinal tract (GIT)
consisting of mouth, stomach, and small intestine phases, as described in our
previous study '*,

Mouth phase: 7.5 mL of curcumin nanoparticle suspension were mixed with
7.5 mL of simulated saliva fluid containing mucin (30 mg/mL), together with
various salts, as described elsewhere '°. The resulting mixtures were then
adjusted to pH 6.8 and shaken at 90 rpm for 10 min at 37 °C to mimic oral
conditions.

Stomach phase: Simulated gastric fluid was prepared by adding NaCl (2
mg/mL), HCI (7 mg/mL), and pepsin (3.2 mg/mL) to distilled water and then

warming to 37 °C. 15 mL of this simulated gastric fluid was then added to the 15
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mL of sample resulting from the mouth phase. The mixture was then adjusted to
pH 2.5 and shaken at 100 rpm for 2 h to mimic stomach conditions.

Small intestine phase: Samples from the simulated gastric phase were adjusted
to pH 7.0 using 2 M NaOH solution. Simulated small intestinal fluids containing
pancreatin (24 mg/mL, 2.5 mL), bile extract solution (50 mg/mL, 3.5 mL) and
saline solution (0.5 M CaCl, and 7.5 M NaCl, 1.5 mL) were then added. The pH
of the resulting mixture was then maintained constant at pH 7.0 by addition of 50

mM NaOH using an automatic titration device (pH-stat).

2.5.2. Curcumin stability and bioaccessibility
The in vitro bioavailability of the curcumin was assumed to be primarily

determined by its chemical transformation and bioaccessibility within the GIT

120

model =, After passage through the simulated mouth, stomach, and small

intestine phases, the raw digesta were collected and centrifuged at 40,000 g for 30

min at 4°C. The resulting supernatants were collected and assumed to be the
dietary mixed micelle fraction, in which the curcumin was solubilized in a
bioaccessible form. The solubilized curcumin was diluted with methanol and
assayed using a 1260 HPLC system (Agilent Technologies, Santa Clara, CA,
USA) equipped with a UV-vis detector. Curcumin was separated on a Sunfire C
18 column (250 mm x 4.6 mm, 5 um; Waters Corporation, Milford, MA, USA),
using a mobile phase consisting of 0.1% (v/v) acetic acid and acetonitrile (45:55
v/v) at a flow rate of 1.0 mL min "', with detection by UV absorption at 420 nm.

The stability and bioaccessibility of the curcumin were calculated using the
following equations:

Stability (%) = Cbigesta/ Crnitial X 100 3)

Bioaccessibility (%) = Chiceltes/ Cpigesta % 100 4)
Here, Chitial 1S the initial concentration of curcumin in the system (taking into
account the various dilution steps), while Cyicelies and Cpjgesta are the curcumin
concentrations in the mixed micelle fraction and in the overall digesta after

exposure to the simulated GIT, respectively. The Critial Value is equal to the

Page 8 of 35
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amount of curcumin that would be present in the small intestine phase if there
were no losses due to chemical degradation during passage of the sample through

the simulated GIT.

2.6 In vivo bioavailability

The in vivo bioavailability of free curcumin and curcumin nanoparticles was
evaluated using 12 male Sprague Dawley (SD) rats that weighed between 260
and 300 g. All experimental procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals and approved by the Animal
Ethics Committee of Nanchang University, and animal handling followed the
dictates of the National Animal Welfare Law of China. The rats were randomly
divided into two groups (n=6). Group 1 was administrated 100 mg/kg body
weight of free curcumin suspensions and Group 2 was administrated 100 mg/kg
body weight of curcumin nanoparticles by oral gavage. Free curcumin
suspensions (10 mg/mL) were prepared by dispersing powdered curcumin
crystals in 1.0% sodium carboxymethyl cellulose, while curcumin nanoparticle
suspensions (10 mg/mL) were prepared by dispersing lyophilized curcumin
nanoparticles into distilled water. A total of 0.5 mL of blood samples were
collected from the retro-orbital plexus of the rats at different times (0.5, 1, 2, 4
and 8 h) into heparinized microcentrifuge tubes (containing 20 pL of 1000 [U
heparin/mL of blood). The samples were immediately centrifuged at 4000 g for
10 min at 4 °C to isolate the plasma, which was then stored at -80 °C until

213 curcumin is mainly

analysis by LC-MS/MS. According to previous studies
conjugated as curcumin glucuronide when it is absorbed through the intestinal
cells of rats. So, the concentration of curcumin and curcumin glucuronide in the
rat plasma were determined.

Plasma (100 pL) was mixed with 200 pL acetonitrile by vortexing and
centrifuged at 10,000 g for 5 min at 4 °C. Aliquots of the extracts were injected
onto a C18 column (Zorbax Eclipse Plus C18 column, 100mmx2.1mm, 1.D., 3.5

um, Agilent, USA) kept at 40 °C. The mobile phase consisted of two
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components: A, acetonitrile and B, 0.1% formic acid. The gradient profile used

during the analysis was as follows: 0-1 min, 80%B—-20%B; 1-3 min, 20%; 3-3.5

min, 20%B-80%B. A flow rate of 0.3 ml/min was used. Curcumin and curcumin

glucuronide were analyzed using a 6410 QQQ MS/MS system

(Agilent Technologies, USA) equipped with an electrospray ionization source
(ESI), operating in positive mode. The mass spectrometer ion source parameters
were as follows: gas temperature, 350°C; gas flow rate, 10 L/min; nebulizer gas
pressure, 40 psi; spray voltage, 4000 kV. Nitrogen gas served as the

nebulizer and collision gas. Curcumin and curcumin glucuronide were
determined using the multiple reaction monitor mode as follows: curcumin, m/z

369 > 285, m/z 369 >177. curcumin glucuronide, m/z 545 > 369, m/z 545 >177.

2.7. Statistical analysis

All measurements were replicated at least three times. The results are
expressed as means + standard deviations. Data were subjected to statistical
analysis using SPSS software, version 18.0 (SPSS Inc., Chicago, IL, USA). The
Student-Newman-Keuls test was performed to check significant comparisons and

P<0.05 was considered statistically significant.

3 Results and discussion

3.1 Optimization and characterization of curcumin nanoparticles

Initially, experiments were carried out to characterize the properties of the
saponin-coated curcumin nanoparticles prepared using the pH-driven loading
method. The impact of saponin concentration on the physicochemical and
structural properties of the curcumin nanoparticles is summarized in Table 1.
Experiments were carried out with fresh nanoparticle suspensions, and with
nanoparticle suspensions that had been converted into a powder using freeze-
drying, and then rehydrated.

It should be noted that curcumin is known to chemically degrade when stored

at alkaline conditions *, and therefore there is some concern that it may be lost
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during the pH-driven loading step. However, previous studies have shown that
less than 6% of curcumin was lost after incubation in aqueous solutions at pH
12.0 for one hour '®*. In the present study, the curcumin was only incubated at

pH 12.0 for 5 min, and so the loss of curcumin from this process should be small.

3.1.1. Impact of saponin concentration

Initially, the impact of surfactant concentration on the formation of the
curcumin nanoparticles was investigated. The mean particle diameter decreased
from around 109 to 52 nm as the saponin level increased from 1 to 4 mg/mL, but
then remained relatively constant (around 51 nm) when the saponin level was
increased from 4 to 8 mg/mL. The polydispersity index of the nanoparticle
suspensions was somewhat higher at low saponin levels (PDI =0.19-0.28 at 1 to 4
mg/mL) than at higher levels (PDI =0.16-0.17 = at 6 to 8 mg/mL). The
encapsulation efficiency of the curcumin nanoparticles increased from around 71
to 92% when the saponin concentration increased from 1 to 4 mg/mL, but then
remained relatively constant when it was increased further. Taken together these
results suggest that a certain amount of saponin is required to form small particles
with a narrow size distribution and high encapsulation efficiency. The critical
micelle concentration (CMC) of quillaja saponin has been reported to be around
0.5 to 0.8 mg/mL 3 Consequently, at the lowest saponin levels used only a small
fraction of the surfactant molecules actually self-assembled into micelles that
could solubilize the curcumin. In addition, above the CMC, the solubilization
capacity of the surfactant micelles would be expected to decrease with decreasing
quillaja saponin concentration because there are less hydrophobic domains
present to incorporate the curcumin. Thus, all of the curcumin could not be
solubilized inside the surfactant micelles at relatively low saponin levels, leading
to the presence of some free curcumin that formed relatively large crystals in the
aqueous phase.

The curcumin-loaded nanoparticles were all negatively charged, however the

magnitude of the {-potential depended on saponin concentration (Table 1). The
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magnitude of the {-potential remained relatively high and constant (around -30
mYV) when the saponin concentration increased from 1 to 4 mg/mL, but then
decreased when it was further increased to 8 mg/mL (around -19 mV). A number
of possible physicochemical phenomenon may account for this observation.
First, commercial saponin ingredients have been reported to contain some
residual mineral ions”®, and so there may have been some electrostatic screening
of the surface potential of the colloidal particles at higher saponin levels due to
accumulation of oppositely charged counter-ions around them®. Second, there
may have been an increase in the viscosity of the aqueous phase surrounding the
colloidal particles at higher surfactant levels, which would cause the measured -
potential to decrease ®. Third, the composition of the colloidal particles
(curcumin-to-saponin ratio) changed as the saponin concentration was increased,
which may have altered their electrical characteristics. Fourth, there may have
been some free curcumin crystals dispersed in the aqueous phase that contributed
to the -potential signal at low saponin levels, but these were solubilized at
higher levels. Further research is clearly required to establish the
physicochemical origin of this effect.

In general, a higher absolute value of the {-potential on colloidal particles
leads to an increase in the electrostatic repulsion between them, which should
increase their aggregation stability ®. However, this was not the case for the
colloidal dispersions prepared in this study, since the particles with the highest
absolute value of the {-potential (low saponin levels), had the largest particle size
(Table 1). This suggests that other factors were more important, such as the
incorporation of all of the curcumin into the interior of the colloidal particles, and
steric repulsion by the surfactant head groups.

3.1.2. Impact of freeze drying

In many commercial applications, it is more convenient to deliver curcumin in

a powdered form, rather than in a liquid form. For this reason, the impact of

freeze-drying and rehydration on the properties of the curcumin nanoparticles
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was determined (Table 1).

As with the freshly prepared systems, the particle size and polydispersity of
the colloidal particles decreased with increasing saponin concentration, but the
values of the mean particle diameter and polydispersity index at low saponin
levels (1 to 4 mg/mL) were appreciably higher than those for the equivalent fresh
systems. On the other hand, the mean particle diameter and polydispersity index
were fairly similar at higher saponin levels for the two systems. These results
suggest that some particle aggregation occurred during the freeze-drying and/or
rehydration process when there was insufficient saponin present. Again, this may
have been due to the presence of some curcumin that had not been incorporated
into the hydrophobic interior of the colloidal particles, thereby leading to the
presence of curcumin crystals in the system. Presumably, these large curcumin
crystals are more susceptible to aggregation during dehydration/rehydration than
the small curcumin nanoparticles. These results show that curcumin-loaded
nanoparticles can be successfully converted into a powdered form that can be re-
dispersed in an aqueous solution, provided there is sufficient surfactant present.

For commercial applications, it is usually important to limit the total amount
of surfactant used in a product due to cost, taste, and toxicity concerns. For this
reason, a saponin level of 4 mg/mL was used in the remainder of the studies
because it was the lowest amount that led to relatively small curcumin
nanoparticles with a narrow particle size distribution and high encapsulation
efficiency.

3.2 Characterization of curcumin nanoparticles

In this section, a range of analytical methods was used to provide some insight
into the characteristics of the curcumin nanoparticles formed using the pH-driven
loading method.

3.2.1. Particle size, morphology, and charge
As discussed earlier, the dynamic light scattering measurements indicated that

the nanoparticles formed were relatively small (d = 52 nm) and had a narrow size
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distribution (PDI = 0.242). Interestingly, the mean diameter of the curcumin-
loaded colloidal particles was appreciably larger than the reported mean diameter
(around 7 nm) of pure saponin micelles in aqueous solution *°. This suggests that
the saponin micelles must have incorporated an appreciable quantity of curcumin
molecules into their hydrophobic interiors during the pH-driven loading process
and thereby becoming highly swollen (Fig. 1). A relatively large mean particle
diameter (130 nm) has also been reported for saponin micelles loaded with lutein
esters using a direct mixing process °. As discussed earlier, the curcumin-loaded
nanoparticles had a relatively high negative surface potential (§ =-30.4 mV),
which can be attributed to carboxyl groups on the sugar residues .

Atomic force microscopy was used to provide additional information about the
size and morphology of the particles in the nanoparticle suspensions. The AFM
images indicated that the saponin-coated curcumin nanoparticles were spherical
and evenly distributed throughout the system, with dimensions consistent with

those determined by dynamic light scattering (Fig. 2).

3.2.2. Encapsulation properties

The amount of a bioactive component that can be successfully loaded into a
colloidal delivery system is important for commercial applications. The
encapsulation efficiency and loading capacity of curcumin in the nanoparticles
prepared in this study using the pH-driven loading method were 91.8 + 2.8% and
15.3 £ 0.4%, respectively. These values compare well with several previous
studies. An EE of 46% and LC of 4.4% were reported for curcumin solubilized
in non-ionic surfactant micelles (1% Pluronic P123) in aqueous solutions using a
heating method *”. An EE of 89.3% and LC of 20.7% were reported for curcumin
loaded into copolymer mPEG-PCL micelles using a nanoprecipitation method **.
An EE of 81% and LC of 4% were reported for curcumin loaded into casein
micelles by a pH-driven method **. Consequently, the saponins used in our study
appear to be as effective as other types of synthetic and natural surfactants at

encapsulating curcumin.
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3.2.3. Molecular interactions and physical state

Information about the molecular interactions and physical state of the
curcumin in the saponin-coated nanoparticles was obtained using Fourier
transform infrared and X-ray diffraction. The FTIR spectra of pure curcumin (a),
pure saponin (b) and saponin-coated curcumin nanoparticles (c) are shown in Fig.
3. A number of peaks were observed in the pure curcumin spectrum, which were
assigned to different functional groups based on previous research: 3508 cm™ (—
OH stretching vibration on benzene ring); 1628 cm™ (C=C and C=0 vibration);
1601 cm™ (stretching vibrations of benzene ring); 1508 cm ' (C=0 and C=C
vibrations); 1427 cm ™' (olefinic C—H bending vibrations); 1276 cm ' (aromatic
C-O stretching vibrations); 1026 cm ™' (C—O—C stretching vibrations) and
961 cm ' (benzoate trans-CH vibrations) °. Numerous peaks were also observed
in the pure saponin spectrum: 3419 cm™' (O-H stretching vibrations); 2936 cm™
(the antisymmetric stretching vibration of saturated —CH,); 1719 cm™ (ketones
group C=0 stretching vibrations); 1617 cm™ (C=C stretching vibrations); 1380
cm’! (symmetrical formation vibration of —-CHj3); and 878 to 1159 cm’! (C-0-C
absorption) *”*'. As expected, when curcumin was loaded into the saponin
micelles, some of the peaks corresponded to those observed in the pure saponin
spectrum, while others corresponded to those observed in the pure curcumin
spectrum. For instance, the FTIR spectrum for the saponin-coated curcumin
nanoparticles exhibited peaks at 1628 cm ', 1516 cm ' and 1282 cm ™', which
confirmed that the nanoparticles actually contained curcumin. However, the
peaks corresponding to curcumin in the saponin-coated curcumin nanoparticles
were shifted when compared to those of pure curcumin (from 1508 to 1516
cm '), which suggested an interaction between curcumin and saponin. The
curcumin peak at 1276 cm ™' shifted to 1282 cm ', which may be due to a change
in the stretching and bending vibrations of different C-O groups **. According to
our previous study >, the disappearance of the 3508 cm ™' peak in the spectrum
obtained for the curcumin nanoparticles is indicative of an interaction of the

phenolic —OH of curcumin with saponin, most likely through hydrogen bonding.
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A number of the major absorption peaks observed for pure curcumin (e.g., 1427,
1152, 961, 856, and 818 cm ') also disappeared when it was incorporated into
saponin-coated nanoparticles, which is again indicative of a change in the
environment and interactions of the curcumin molecules after encapsulation.
Information about the solid-state properties of the curcumin within the
saponin-coated nanoparticles was obtained using X-ray diffraction. Diffraction
peaks were detected for pure curcumin at 26 values ranging from 5° to 30° (Fig.
4), indicating that it was present in a highly crystalline structure **. Conversely,
no diffraction peaks were observed for pure saponin, indicating that it was not in
a crystalline state. Interestingly, no diffraction peaks were observed when the
saponin-coated curcumin nanoparticles were analyzed, which suggests that the
curcumin was in an amorphous form inside the particles. This result suggests that
confinement of curcumin inside the saponin-coated nanoparticles inhibited its
crystallization. This may be beneficial for certain delivery applications, since the
bioavailability of amorphous forms of drugs has been shown to be higher than

that of crystalline forms 3536

3.3 Stability of curcumin nanoparticles

3.3.1. Impact of environmental stresses

The physical stability of colloidal delivery systems under different
environmental conditions is important because it determines the range of
commercial products that they can be successfully incorporated into, as well as
their gastrointestinal fate . For this reason, the influence of pH and ionic
strength on the physicochemical properties of the curcumin nanoparticles was
determined. Nanoparticle dispersions were adjusted to different pH values, then
stored for 30 minutes, and then their appearance and mean particle diameter were
measured. There was no visible change in the appearance of the colloidal
dispersions after exposure to pH values ranging from 3 to 8, with all of them
being transparent yellow/orange-colored fluids (Fig. SA). Moreover, there was

little change in the particle size in this pH range, with the mean particle diameter
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remaining around 60 nm from pH 8§ to 4, but increasing to around 81 nm at pH 3
(Fig. SA). This result suggests that the saponin-coated curcumin nanoparticles
were relatively stable to aggregation in this pH range, which can be attributed to a
relatively strong electrostatic repulsion between them. Indeed, previous studies
on saponin-coated lipid nanoparticles have shown that they are highly negatively
charged at pH values of 4 and above, but lose their charge at lower pH values due
to protonation of the carboxyl groups .

The appearance of the colloidal dispersions became cloudy and the mean
particle diameter increased steeply when the pH was reduced to 2.0 and 1.5 (Fig.
5A). This effect can be attributed to extensive aggregation of the saponin-loaded
curcumin nanoparticles at pH values well below the pK, values of the carboxyl
groups on the saponin (around pH 3.5), since this leads to a reduction in the
electrostatic repulsion between the nanoparticles *”>*. Indeed, electrophoresis
measurements indicated that the surface potential of the curcumin nanoparticles
was relatively low (-2.4 mV) at pH 2 in these systems. Other researchers have
also reported extensive aggregation of saponin-coated lipid nanoparticles at low
pH values *’, which was attributed to a similar mechanism.

The influence of ionic strength on the stability of the saponin-coated curcumin
nanoparticles was determined by incubating them in aqueous solutions containing
different NaCl levels (Fig. 5B). When the NaCl concentration was below 500
mM, the curcumin nanoparticles were relatively stable to aggregation without any
appreciable changes in their appearance or mean particle diameter. Visible
observation and particle size measurements indicated that they became unstable
to particle aggregation at 500 and 1000 mM NaCl. This phenomenon can be
attributed to the ability of cationic counter-ions (Na') in the salt solution to screen
the electrostatic repulsion between the saponin-coated nanoparticles ¥ Asa
result, the net repulsive forces between the nanoparticles would not be strong
enough to overcome the net attractive forces (such as van der Waals), thereby

leading to aggregation °.
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3.3.2. Impact of long-term storage

The ability to remain stable during long-term storage is an important attribute
of any colloidal delivery system that is going to have commercial viability. The
physicochemical stability of the curcumin nanoparticles dispersed in aqueous
solutions was therefore studied when they were stored at refrigerator (4 °C) or
ambient temperature (25 °C) for one month (pH 6.5). In addition, the stability of
freeze-dried curcumin nanoparticles was also measured after they were stored at
25 °C for one month and then rehydrated in aqueous solution (pH 6.5). There was

little change in the appearance of the curcumin nanoparticle dispersions when

stored at 4 °C in aqueous solutions or at 25 °C in powdered form (Fig. 6A).

However, the appearance of the curcumin nanoparticle suspensions changed from
yellow to brown, and there was visible evidence of particle aggregation, in the
samples stored at 25 °C in the aqueous solutions. The change in appearance may
have been due to chemical degradation and precipitation of curcumin, which is
known to occur in aqueous solutions during long term storage at higher
temperatures 40,

During storage, the mean diameter, {-potential, and encapsulation efficiency

of the saponin-coated nanoparticles only changed slightly when they were stored
at 4 °C in aqueous solutions or at 25 °C in powdered form (Fig. 6B-D).

Conversely, there was visible evidence of particle aggregation, a change in -
potential (from -29.8 to -11.0 mV), and a decrease in encapsulation efficiency
(from 89.5 to 52.9%) when the curcumin nanoparticles were stored at 25 °C in
aqueous solutions. Surprisingly, the mean diameter of the curcumin
nanoparticles determined by dynamic light scattering exhibited little change
during storage in the aqueous form at the higher temperature, even though
flocculation was clearly visible by eye. This could be explained by the fact that
the large slow-moving aggregates did not contribute to the DLS signal, which
relies on particle motion to determine particle size. Overall, these results indicate

that aqueous dispersions of curcumin nanoparticles were unstable if stored at
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room temperature, but their stability could be improved by storing them at

refrigeration temperatures or by converting them into a powder.

3.4 In Vitro Bioavailability of Curcumin

The in vitro bioavailability of curcumin in the saponin-coated nanoparticles
was evaluated using a simulated gastrointestinal tract (GIT) and the results are
expressed as the stability, bioaccessibility, and bioavailability (Section 2.5.2).
The amount of curcumin in the small intestine remaining in the original form was
appreciably higher for free curcumin (88.3%) than for encapsulated curcumin
(54.0%) (Fig. 7), which suggests that curcumin degradation occurred more
rapidly in saponin-coated nanoparticles than in free curcumin. In general, the
degradation of curcumin in simulated GIT conditions primarily occurs due to its
exposure to aqueous neutral or alkaline solutions *'. The “free” curcumin used in
our study consisted of relatively large curcumin crystals suspended in water,
which would therefore be expected to have a lower specific surface area than
curcumin encapsulated in nanoparticles. As a result, there would be less
curcumin exposed to the surrounding aqueous phase for the free curcumin than
for the encapsulated curcumin, leading to less chemical degradation. On the other
hand, the bioaccessibility of free curcumin (9.1%) was appreciably lower than
that of encapsulated curcumin (63.0%), which suggests that the nanoparticles
greatly enhanced the solubility of curcumin in the dietary mixed micelles. This is
probably because the curcumin nanoparticles had a much higher surface area and
were in an amorphous form, and so they were dissolved and solubilized more
rapidly than the larger curcumin crystals.

The in vitro bioavailability was taken to be equal to the total amount of
curcumin solubilized in the mixed micelle phase, which takes into account both
the bioaccessibility and transformation of the curcumin *'. The bioavailability of
curcumin in the nanoparticles (340.4 + 13.4 pg/mL) was about 3.3-fold higher
than for free curcumin (80.1 + 2.1 pg/mL). This effect can be attributed to the

much higher bioaccessibility of the curcumin in the nanoparticles than in the free
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form. Overall, these results suggest that the in vitro bioavailability of curcumin

can be greatly increased by loading it into saponin-coated nanoparticles.

3.5 In Vivo Bioavailability of Curcumin

Experiments carried out using a simulated GIT cannot mimic the complexity
of an actual gastrointestinal tract, and so additional experiments were carried out
to determine the in vivo bioavailability using an animal model. Free curcumin and
curcumin nanoparticles were orally administered to rats at a dose of 100 mg/kg
body weight, and then the change in curcumin serum level over time was
measured (Fig. 8). A number of important pharmacokinetic parameters were then
calculated from these curves, including Cax, Tmax, and AUCy s, (Fig. 8). After
oral administration of free curcumin, Cy,,x was 0.47 pg/mL, Tp,x was 1 h, and
AUCjg was 1.43 pg h/mL. Curcumin was undetectable in the plasma after 4 h,
which indicated that it was rapidly removed. There was a significant (P <0.01)
increase in Cpax (6.91 pg/mL) and AUCy.g (14.12 pg h/mL) and decrease in Tax
(0.5 h) after oral administration of the curcumin nanoparticles, when compared to
the free curcumin. The AUC._s}, value for the curcumin nanoparticles was
approximately 8.9-fold greater than that of free curcumin.

The appreciable increases in AUCy.g, and Cyax values after encapsulation of
curcumin in saponin-coated nanoparticles indicated that they were highly
effective at enhancing curcumin bioavailability under in vivo conditions. This
effect may have been due to the ability of the nanoparticles to increase the
bioaccessibility and permeability of the curcumin in the animals GIT **. Indeed,
the shorter Tyax value for the curcumin nanoparticles is indicative of a more rapid
absorption of curcumin across the epithelium layer. It is possible that saponin,
which is a natural surfactant, promoted the intestinal absorption of curcumin by
increasing the cell wall permeability, as had been reported for certain lipophilic
drugs *. In addition, a transcellular promoting effect may also have been caused
by interaction of the saponin with the membrane stabilizer cholesterol **.

Nevertheless, more detailed studies are required to establish the precise origin of
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the ability of the delivery systems to increase curcumin bioavailability.

In summary, both the ir vitro and in vivo studies demonstrated that
encapsulation of curcumin in saponin micelles greatly improved its
bioavailability, which may be important for the development of more effective

functional foods, supplements, or drugs.

4. Conclusions

This study has shown that curcumin nanoparticles can be formed from a
natural surfactant (saponin) using a relatively rapid, simple, and inexpensive pH-
driven method. These nanoparticles are relatively small (around 50 nm) and have
a relatively high negative charge (around -30 mV). Moreover, their encapsulation
efficiency (around 92%) and loading capacity (around 15%) are comparable or
better than those achieved using synthetic surfactants. Encapsulation of curcumin
within the nanoparticles greatly increased its in vivo bioavailability (8.9-fold
compared to curcumin crystals), which was mainly attributed to their ability to
increase the solubility of this hydrophobic nutraceutical within the small
intestinal fluids.

This type of colloidal delivery system may therefore be useful for application
in functional foods, supplements, or pharmaceutical preparations. Nevertheless,
further work is required to determine the impact of incorporating these
nanoparticles into specific food matrices on their quality attributes (such as
appearance, texture, stability, and flavor profile). In addition, the potential
toxicity of these nanoparticles should be established using acute and chronic
testing methods. Finally, the potential efficacy of these curcumin nanoparticles at

improving health outcomes should be established.
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Table 1. Physicochemical characteristics and structural properties of (A) fresh

prepared curcumin-loaded micelles and (B) redispersed lyophilized curcumin-

loaded micelles with different saponin concentrations (pH 6.5). The curcumin

concentration was 1 mg/mL in all samples.

consc?l)l(::;?ion dilz\l/lrflae?er POlY?;;Iéil‘Sity C‘p(‘:ltlil;)ﬁal Erz:cf?ilil)csizil?}lfon
(mg/mL) (nm) (%)
1 1086139 1 19120011 | -31.92+045° | 712+27°
2 87.9+7.0° | 0275+0.057" | -30.31+055" | 87.9+19°
4 51.9+3.0° | 0.242+0.045° | -30.44+043° | 91.8+2.8°
6 48.8+09° | 0.168+0.027° | -2536+1.59° | 929+1.6°
8 49.7+2.7% | 0.163+0.028° | -19.18+1.63¢ | 93.2+3.9°
1 223.5+383°| 0.609+0.098° | -29.83+057°% | 441+7.1°
2 1156+1.6° | 0417+0.025° | -3122+0.73* | 72.8+1.0°
4 50.3+0.4° | 0.217+0.009° | -29.56+0.57° | 87.1+2.4°
6 495+0.8" | 0.164+0.024° | 21.35+0.96° | 89.8+06°
8 50.8+0.5° | 0.203+0.020° | -17.40+1.34¢ | 912+04°
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Figure captions

Fig. 1 Schematic representation of the formation of curcumin nanoparticles using the

pH-driven loading mechanism: (A) the chemical structure and symbol of curcumin and

saponin, (B) an acidic saponin micelle solution is mixed with a basic curcumin solution,

which promotes curcumin molecules to move into the hydrophobic micelle core, (C) the

pH change with time when the saponin was mixed with the curcumin.

Fig. 2 Atomic forces microscopy image of curcumin nanoparticles formed using the pH-

driven loading mechanism.

Fig. 3 FTIR spectrum of (a) curcumin, (b) saponin and (c) saponin-coated curcumin

nanoparticles.

Fig. 4 XRD spectra of curcumin, saponin and saponin-coated curcumin nanoparticles.

Fig. 5 Effect of (A) pH values and (B) NaCl concentration on the particle size and

appearance of saponin-coated curcumin nanoparticles.

Fig. 6 Physicochemical stability of saponin-coated curcumin nanoparticles stored in

liquid aqueous suspensions at 4 and 25 °C, or powders at 25 °C for one month: (A)

change of appearance, (B) change of encapsulation efficiency, (C) change of average

diameter, (D) change of {-potential.

Fig. 7 The stability and bioaccessibility of free curcumin and saponin-coated curcumin

nanoparticles after passing through a simulated gastrointestinal tract.

Fig. 8 In vivo bioavailability of curcumin delivered in free form or as saponin-coated

nanoparticles. (Inset) Pharmacokinetics parameters of the different curcumin samples.

Key: AUC = area under the plasma concentration—time curve from 0 to 8 h; C,,.x = peak
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707 concentration; T, = time to reach peak concentration.
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Sample Cuax (0g/mML)  Tmax (h) AUCosn (ug h/mL)
Free curcumin 0.47+0.18 1.0 1.43+£0.33
Curcumin micelles  6.91 = 0.96 0.5 14.12 £ 1.50
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