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ABSTRACT: Curcumin (Ccm) and ascorbyl dipalmitate (ADP) nanoparticles (NPs) with average sizes of ∼50 and ∼80 nm,
respectively, were successfully produced by rapid expansion of subcritical solutions into liquid solvents (RESOLV). Pluronic
F127 was employed as a stabilizer for both Ccm- and ADP-NPs in an aqueous receiving solution. Antioxidant activities of the
Ccm-NPs and ADP-NPs were subsequently investigated using four assays, including 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging, ABTS radical cation decolorization, β-carotene bleaching, and ferric reducing antioxidant power. Ccm-NPs
and ADP-NPs showed higher antioxidant activities than those of Ccm and ADP. Ccm-NPs yielded higher antioxidant activities
than those of Ccm in ethanol and water (Ccm-EtOH and Ccm-H2O), respectively. ADP-NPs yielded lower antioxidant activities
than that of ADP in ethanol (ADP-EtOH) but higher activities than that of ADP in water (ADP-H2O). Moreover, incorporation
of Ccm-NPs and ADP-NPs into cellulose-based films indicated that Ccm-NPs and ADP-NPs significantly enhanced the
antioxidant activities of Ccm and ADP (p < 0.05). Our results show that the environmentally benign supercritical CO2 technique
should be generally applicable to NP fabrication of other important bioactive ingredients, especially in liquid form. In addition,
we suggest that Ccm-NPs and ADP-NPs can be used to reduce the dosage of Ccm and ADP and improve their bioavailability,
and thus merit further investigation for antioxidant packaging film and coating applications.

KEYWORDS: antioxidant activity, antioxidant packaging, ascorbyl dipalmitate, biopolymer, cellulose-based packaging film, curcumin

■ INTRODUCTION
The sensory quality of a food is one of the major determinants
of its appeal to consumers and, consequently, sales of the
product. Lipid oxidation is one of the main factors affecting
food quality loss and shelf life reduction. Therefore, delaying
lipid oxidation is highly relevant to the food industry. Oxidative
processes in food products lead to the degradation of lipids and
proteins, resulting in the deterioration in flavor, texture, and
color of the products.1 It is a paradox of aerobic life that aerobic
organisms require oxygen for their normal metabolisms, yet
oxygen can be toxic to cellular material.2 Detrimental events
which may be caused by lipid oxidation include membrane
fragmentation, disruption of membrane-bound enzyme activity,
swelling and disintegration of mitochondria, and lysosomal
lysis.
Since the oxidative deterioration of fat components in food

products is responsible for off-flavors and rancidity, which
decrease nutritional and sensory qualities, the addition of
antioxidants is required to preserve product quality. Synthetic
antioxidants, for example, butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA), tert-butylhydroquinone
(TBHQ), and propyl gallate (PG), are widely used as
antioxidants in the food industry. Their safety, however, has
been questioned.3 BHA was revealed to be carcinogenic in
animal experiments. At high doses, BHT may cause internal
and external hemorrhaging, which leads to death in some
strains of mice and guinea pigs.4 In recent years there has been
increasing interest among food manufacturers in the use of
natural antioxidants, to act as replacements for currently used
synthetic antioxidants.5

As a principal curcuminoid, curcumin (Ccm) (Figure 1) is a
phenolic compound derived from the root of turmeric
(Curcuma longa L.). This compound has been employed for
hundreds of years in Asian countries as a food additive to
enhance flavor and color.6 It is also currently used in the
pharmacological and food industries.7 Curcumin possesses
powerful antioxidant properties and hence has recently
attracted much attention owing to its crucial bioactive potential.
Ascorbyl dipalmitate (ADP) (Figure 1) is a fatty ester derivative
of ascorbic acid; it is poorly soluble in water and does not
spontaneously form micelles or liposomal structures in water.
ADP has been extensively used as an additive to prevent
oxidation in foods, pharmaceuticals, and cosmetics.8

Apart from such bioactive compounds, recent innovations in
nanotechnology offer great promise in fulfilling the broad
functional requirements of oxidation prevention. Nanoparticles
(NPs) could be coupled with active packaging to poten-
tially allow the use of smaller dosages of bioactive com-
pounds, together with an increase in surface area, enhance-
ment of solubility, and an increase in bioactivity of active
substances.9−13 Rapid expansion of subcritical solutions into
liquid solvents (RESOLV), which has been developed based
on supercritical fluid technology, is a versatile technique
for producing stable suspensions of well-dispersed and
uniform nanoparticles.14−16 In this process, a subcritical
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solution containing a solute and a solvent is directly expanded
across a nozzle into a liquid receiving solution. This method is
capable of producing nanoparticles from a variety of com-
pounds because a polar organic cosolvent (or modifier) can be
added to supercritical carbon dioxide in order to dissolve the
solutes at moderate pressures.
Cellulose is the most abundant organic renewable resource in

the plant kingdom. It is a polysaccharide composed of linear
chains of (1−4)-β-D-glucopyranosyl units. Cellulose derivatives
(e.g., methylcellulose, hydroxypropyl cellulose, hydroxypropyl
methylcellulose, carboxymethyl cellulose, and microcrystalline
cellulose) have unique physical, chemical, and colloidal prop-
erties, and an ability to form films. Accordingly, they have been
used as edible films and coatings since the 1980s.17

Antioxidant (AO) packaging technology, an innovative
concept, can be defined as a version of active packaging (AP)
in which the package, the product, and the environment inter-
act to limit or prevent lipid oxidation by donating electrons or
hydrogen, quenching oxygen, and/or scavenging free radicals.
By this action, the shelf life of the product is prolonged and its
quality and safety are better preserved.18 Because of the per-
ceived lower risk to the consumer, the use of naturally derived
AO additives (e.g., plant extracts and plant volatile components)
is of increasing interest.19 As no single AO additive can cover all
the needs for food preservation, it is important to investigate
different kinds of potential compounds in order for this
technology to become successful.
Numerous packaging films have been investigated for their

antioxidant properties. Wessling et al.20 reported the anti-
oxidant ability of low-density polyethylene (LDPE) film im-
pregnated with either 3,5-di-tert-butyl-4-hydroxytoluene (BHT)
or α-tocopherol (vitamin E). Lee et al.21 reported the
antioxidant activity of high-density polyethylene (HDPE) co-
extruded with ethylene vinyl acetate (EVA) film incorporated
with BHT or vitamin E. Jongjareonrak et al.22 reported the
antioxidative properties of fish skin gelatin films incorporated
with BHT or vitamin E. Siripatrawan and Harte23 reported the
antioxidant activity of chitosan film incorporated with green tea
extract. Recently, Bao et al.24 reported that gelatin films
incorporated with tea polyphenol-loaded chitosan nanoparticles
possessed antioxidant properties. However, there is still only
limited information on the utilization of curcumin and ADP as
antioxidants to be incorporated into packaging films and coat-
ings. Hence, it is very important to investigate the possibility of

producing antioxidant packaging film by the incorporation of
curcumin nanoparticles.
The present study was aimed at (1) preparing curcumin and

ascorbyl dipalmitate nanoparticles (Ccm-NPs and ADP-NPs)
using the RESOLV process; (2) investigating the antioxidant
activities of Ccm-NPs and ADP-NPs; and (3) investigating the
antioxidant activities of cellulose-based packaging films
containing Ccm-NPs and ADP-NPs.

■ MATERIALS AND METHODS
Materials. Curcumin, L-ascorbyl 2,6-dipalmitate, Trolox (6-hydroxy-

2,5,7,8-tetramethychroman-2-carboxylic acid), and 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) were purchased from Sigma-Aldrich (Steinheim,
Germany). Iron(III) chloride hexahydrate and β-carotene were pur-
chased from Fluka (Buchs, Switzerland). Pluronic F127 (Figure 1), 2,2′-
Azobis(2-methylpropionamidine) dihydrochloride, 3-tert-butyl-4-hy-
droxyanisole (BHA), 3,5-di-tert-butyl-4-hydroxytoluene (BHT), 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), Tween 40
(polyoxyethylene sorbitan monopalmitate), and sodium acetate
trihydrate were obtained from Sigma-Aldrich (St. Louis MO, USA).
Ethanol was supplied by the Liquor Distillery Organization, Excise
Department, Ministry of Finance (Chachoengsao, Thailand).

Ccm-NPs and ADP-NPs Preparation. To prepare Ccm-NPs and
ADP-NPs, RESOLV experiments were carried out by expanding
subcritical solutions of Ccm and ADP in mixtures of ethanol and
supercritical CO2 (1:1 w/w) across a nozzle (50 μm dia., L/D = 4)
into a receiving solution (Figure 2). The details of the rapid expansion

apparatus setup have been described in our previous reports.15,16

Briefly, the variable-volume cell was charged with 0.097 g of a solute
(Ccm or ADP), 16.1 g of ethanol, and 16.1 g of CO2. The mixture was
then pressurized to 173 bar, heated to 45−50 °C, and continuously
stirred until a homogeneous solution was obtained. Next, pure CO2
was allowed to flow from the syringe pump, bypassing the high-pressure

Figure 1. Chemical structures of curcumin, ascorbyl dipalmitate, and Pluronic F127.

Figure 2. Schematic of RESOLV apparatus.
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cell, and subsequently expand across the nozzle in order to establish
steady-state conditions with a pre-expansion temperature (Tpre),
measured upstream of the nozzle, of 80 °C (Figure 2). Then the flow
of CO2 was rapidly diverted to the view cell, indirectly pushing the
subcritical solution out of the cell by means of a movable piston. The
solution was subsequently expanded through the nozzle into 50 mL of
0.1 wt % F127 aqueous solution or 3 wt % methyl cellulose solution by
submerging the nozzle 1 cm below the liquid surface.
In Vitro Quantification of Ccm-NPs and ADP-NPs. For in vitro

quantification of Ccm-NPs and ADP-NPs in both 0.1 wt % F127
aqueous solution and 3 wt % methyl cellulose solution, the procedure
was slightly modified in accordance with a recent report.25 A standard
solution of either Ccm or ADP in ethanol was prepared by dissolving
2 mg of substance in 20 mL of 95% ethanol solution. The assay system
used a UV-2450 UV−vis spectrophotometer (Shimadzu, Tokyo,
Japan) at 190−600 nm for determining λmax of substances. To obtain
an absorbance standard curve of Ccm, serial dilutions from 2 to
8 μg mL−1 of Ccm in ethanol were analyzed, at a maximum wave-
length of 427 nm in an absorbance range of 0.3−1.8, R2 = 0.9957. For
ADP standard, serial dilutions from 20−80 μg mL−1 were determined
at a maximum wavelength of 254 nm in an absorbance range 0.5−1.1,
R2 = 0.9958. The data were plotted in a straight line for the quantif-
ication of unknown samples in a nanoparticle suspension.
Particle Size and Morphological Characterization. Aqueous

suspensions of Ccm and ADP particles obtained from RESOLV
experiments were characterized by the dynamic light scattering (DLS)
method, using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern,
UK) to measure the hydrodynamic diameter (dh) of Ccm and ADP
particles.26,27

The particle size and morphology of Ccm and ADP were also
characterized by transmission electron microscopy (TEM) using a
Hitachi model H-7650 (Hitachi, Tokyo, Japan) with an accelerating
voltage of 100 kV. Samples were prepared by depositing ∼100 μL of
the RESOLV suspension onto a copper grid and then drying under a
vacuum (1 bar) at ambient temperature for 1 week. Particle sizes were
determined using Image-Pro Plus version 6.0 software.14

Ccm-NPs and ADP-NPs Solution Preparation. To prepare the
control solutions of either Ccm or ADP in water (Ccm-H2O or ADP-
H2O), according to a recently reported procedure,28 93 mg of
substance was added to 100 mL of distilled water and then placed in a
supersonic water bath for 10 min. Subsequently, the suspension was
centrifuged at 1000 rpm for 10 min, and the supernatant was used as
stock solution of either Ccm-H2O or ADP-H2O. For the preparation
of BHA, BHT, Ccm in ethanol (Ccm-EtOH) and ADP in ethanol
(ADP-EtOH), 10 mg of substance was dissolved with 100 mL of 40%
ethanol and directly used as the stock solution of the substance.
Determination of DPPH Radical Scavenging Activity. Free

radical scavenging activity of selected substances was determined
according to a previously reported procedure, using the stable DPPH
radical7,29 with some modifications. One milliliter of selected
substances in 0.1 wt % F127 solution (BHA, BHT, ADP-EtOH,
ADP-H2O, ADP-NPs, Ccm-EtOH, Ccm-H2O, and Ccm-NPs) was
added to 0.5 mL of solution containing 0.1 mM of DPPH radical in
0.1 wt % F127 solution at different concentrations. The solutions were
vortexed thoroughly and allowed to react for 30 min in the dark. All
experiments were performed in triplicate. Absorbance of the solution
was measured at 517 nm. The percentage of free radical scavenging
was calculated according to eq 1 as a percentage of DPPH scavenging.
The sample concentration providing 50% of radical scavenging activity
(EC50) was calculated from the graph of DPPH scavenging percentage
against sample concentration.

= − ×
⎡
⎣⎢

⎤
⎦⎥

DPPH radical scavenging (%)

1
absorbance of sample
absorbance of control

100
(1)

Determination of ABTS Radical Cation Scavenging Activity.
ABTS also forms a relatively stable free radical, which decolorizes in its
nonradical form. Spectrophotometric analysis of ABTS radical cation
scavenging activity was determined by a modified method of Ak and

Gülci̧n.7 In this procedure, ABTS radical cations were produced by
reacting 2 mM ABTS in H2O with 2.45 mM potassium persulfate
(K2S2O8), and then storing in the dark at room temperature for 16 h.
The ABTS radical cation solution was diluted to give an absorbance at
734 nm in 0.1 wt % F127 solution. Then, 600 μL of ABTS radical
cation solution was added to 600 μL of each sample solution (BHA,
BHT, ADP-EtOH, ADP-H2O, ADP-NPs, Ccm-EtOH, Ccm-H2O, and
Ccm-NPs) in 0.1 wt % F127 solution at different concentrations. The
absorbance was recorded 30 min after mixing, and the percentage of
radical scavenging was calculated for each concentration relative to a
blank solution containing no scavenger. The sample concentration
providing 50% of radical scavenging activity (EC50) was calculated
from the graph of ABTS radical cation scavenging percentage against
sample concentration.

= − ×
⎡
⎣⎢

⎤
⎦⎥

ABTS radical cation scavenging(%)

1
absorbance of sample
absorbance of control

100
(2)

Determination of β-Carotene Linoleate Oxidative Bleaching.
Antioxidant activity was investigated using a β-carotene linoleate
oxidative bleaching technique.30,31 β-Carotene (0.2 mg) in 0.2 mL
of chloroform was mixed with linoleic acid (20 mg) and Tween 40
(200 mg). Chloroform was removed at 40 °C under a vacuum, and the
resulting mixture was diluted with 10 mL of water and mixed well. To
this emulsion, 40 mL of oxygenated water was added. Then 4 mL
aliquots of the mixed emulsion were pipetted into test tubes
containing 0.5 mL of 100 μg mL−1 of the different substances. A
control containing 0.5 mL of 0.1 wt % F127 solution and 4 mL of the
above emulsion was prepared. The tubes were placed in a water bath at
50 °C. The absorbance at 470 nm was taken at zero time (t = 0) and at
the time of color disappearance in the control tubes (t = 180 min). A
mixture prepared as above without β-carotene served as a blank. All
determinations were carried out in triplicate. Antioxidant activity was
evaluated in terms of oxidative bleaching of β-carotene linoleate using
the following formula:

= −
−

×
⎡
⎣⎢

⎤
⎦⎥%AA

Ae(180) Ac(180)
Ac(0) Ac(180)

100
(3)

where Ac(0), Ae(180), and Ac(180) are the absorbance measured at zero
time of the incubation for the control, and the absorbance measured
in the test sample and the control, respectively, after incubation
for 180 min.

Determination of Ferric Reducing Antioxidant Power. Ferric
reducing antioxidant power (FRAP) assay was carried out by the
method of Benzie and Strain32 and Thaipong et al.33 with minor
modifications. The method is based on the reduction of a ferric 2,4,6-
tripyridyl-s-triazine complex (Fe3+-TPTZ) to the ferrous form (Fe2+-
TPTZ). The stock solutions included 300 mM acetate buffer (3.1 g of
C2H3NaO2·3H2O and 16 mL of C2H4O2) of pH 3.6; 10 mM TPTZ
(2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl; and 20 mM
FeCl3.6H2O solution. Fresh working solution was prepared by mixing
acetate buffer, TPTZ solution, and FeCl3·6H2O solution in a 10:1:1
ratio, and then allowing the reaction at 37 °C before use. BHA, BHT,
ADP-EtOH, ADP-H2O, ADP-NPs, Ccm-EtOH, Ccm-H2O, and Ccm-
NPs (with a volume of 150 μL at a concentration of 100 μg mL−1)
were added to 3000 μL of fresh working solution and allowed to react
for 30 min in the dark. The increase in absorbance at 593 nm was
measured. The standard curve of Trolox was linear, in a range of 25−
800 μM mL−1. The results were expressed as Trolox equivalents (μM
mL−1).

Antioxidant-Incorporated Cellulose-Based Packaging Film
Preparation. Cellulose ether solution was prepared by dissolving 10 g
of methyl cellulose (Methocel Premium EP; Dow Chemical, Midland
MI, USA) in 300 mL of distilled water. Three grams of polyethylene
glycol 400 (Carbowax; Union Carbide, Houston TX, USA) was added
to the above solution as a plasticizer to prevent brittleness. The
solution was heated on a hot plate to 65 °C while stirring. Selected
substance solutions (BHA, BHT, ADP-EtOH, ADP-H2O, Ccm-EtOH,
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and Ccm-H2O) were then added to cellulose ether solution to obtain
various concentrations of 0.1, 0.3, and 0.5 wt %. Moreover, ADP-NPs
and Ccm-NPs, which were prepared by the RESOLV process by
submergence in 3 wt % methyl cellulose solution, were also added to
cellulose ether solution to obtain the same concentrations. The
resulting solutions were degassed in an ultrasonic water bath (model

275D; Crest Ultrasonics, Trenton NJ, USA) for 10 min. Antioxidant
film (30 mL) was cast on a glass plate, with linear low-density
polyethylene (LLDPE) for substrate film, using a film coater (model
PI-1210; Tester Sangyo, Saitama, Japan). The applicator speed for
casting was set at 0.5 cm s−1. The films were dried at room tem-
perature for 24 h.

Film Characterization. Film Thickness Measurement. Film
thickness was measured at five random positions around the film,
using a model 7326 digital micrometer (Mitutoyo Manufacturing,
Tokyo, Japan).

UV−vis Spectrophotometry. UV−vis spectrophotometry technique
was performed according to the method of Siripatrawan and Harte23

with some modification. Film absorbance was measured at 190−
600 nm using a UV−vis spectrophotometer. The films were cut into
rectangular pieces and placed directly in the spectrophotometer test
cell. Methyl cellulose film was used as the reference. The UV−visible
light of film at λmax was calculated by the following equation:

λ
=T

x
Abs of sample at max

(4)

where T is the proportion of UV−visible light absorbance of films at
λmax, and x is the film thickness (mm). According to this equation, a
high value of T indicates higher quantities of sample in the film.

Scanning Electron Microscopy (SEM). A JSM-6301F scanning elec-
tron microscope (JEOL, Tokyo, Japan) was used to study the mor-
phology of nanoparticles and films. The samples were deposited onto
aluminum specimen stubs using double-stick carbon tabs, and then
coated with gold. All samples were examined using an accelerating
beam at a voltage of 5 kV. Magnification of 10000× was used.

FTIR Analysis. Fourier transform infrared (FTIR) spectra of Ccm,
ADP, methyl cellulose, and LDPE and FTIR spectra of Ccm-EtOH-,
Ccm-H2O-, Ccm-NPs-, ADP-EtOH-, ADP-H2O-, and ADP-NPs-
incorporated methyl cellulose-coated LDPE films were taken with a
Bruker Tensor 27 FTIR spectrometer (Bruker, Karlsruhe, Germany)
over a range of 4000 to 600 cm−1 in ATR mode. The FTIR spectra
were used to determine the existence of functional groups of ADP and
Ccm in methyl cellulose films.

Determination of Antioxidant Activities of the Films. DPPH
Radical Scavenging Assay. Free radical scavenging activity was
determined as described by Siripatrawan and Harte23 with slight
modifications. A 6 cm2 sample of antioxidant film was dissolved in
6 mL of solution containing 0.1 wt % F127. One milliliter of film
extract solution was mixed with 0.5 mL of DPPH radical (0.1 mM)
in 40% ethanol and allowed to react for 30 min in the dark. All
experiments were performed in triplicate.

Figure 3. Nanoparticles obtained from RESOLV with Tpre = 80 °C
and 330 bar in aqueous receiving solutions containing 0.1 wt %
Pluronic F127 of curcumin (A) and ascorbyl dipalmitate (B).

Figure 4. Nanoparticles obtained from RESOLV with Tpre = 80 °C
and 330 bar in aqueous receiving solutions containing curcumin (A)
and ascorbyl dipalmitate (B) in methyl cellulose solutions.

Figure 5. TEM images of nanoparticles at 12000× on a copper grid obtained from RESOLV with Tpre = 80 °C and 330 bar in aqueous receiving
solutions containing 0.1 wt % Pluronic F127: Ccm-NPs (A) and ADP-NPs (B).
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ABTS Radical Cation Scavenging Assay. Spectrophotometric
analysis of ABTS radical cation scavenging activity was determined
as described in the previous section. A 6 cm2 sample of antioxidant
film was dissolved in 6 mL of solution containing 0.1 wt % F127. One
milliliter of film extract solution was mixed with 2 mM of ABTS radical
cation solution in 0.1 wt % F127 and allowed to react for 30 min in the
dark. All experiments were performed in triplicate.
β-Carotene Linoleate Oxidative Bleaching Assay. Antioxidant

activity was investigated using a β-carotene linoleate oxidative
bleaching technique, as described in the previous section. A 4 cm2

sample of antioxidant film was dissolved in 4 mL of solution
containing 0.1 wt % F127. Then 0.5 mL of film extract solution was
added to 4 mL of solution containing aliquots of the emulsion. All
experiments were performed in triplicate.

Ferric Reducing Antioxidant Power Assay. FRAP assay was
performed as described in the previous section. A 3 cm2 sample of
antioxidant film was dissolved in 3 mL of solution containing 0.1 wt %
F127. One milliliter of film extract solution was added to 3 mL of ferric
reagent and allowed to react for 30 min in the dark.

Data Analysis. A completely randomized design (CRD) was used
as an experimental design. Experimental data were subjected to one-
way analysis of variance (ANOVA) using the SPSS 16.0 for Windows
(SPSS Inc., Chicago, IL, USA). The statistical significance of
differences between mean values was established at p ≤ 0.05;
Duncan’s new multiple range test was applied for all statistical analysis.

■ RESULTS AND DISCUSSION
Ccm and ADP Nanoparticles. Ccm-NPs and ADP-NPs

stabilized in 0.1% F127 solutions and 3 wt % methyl cellulose
solutions were produced by rapid expansion of 0.3 wt % Ccm
and ADP subcritical solutions with pre-expansion pressure and
temperature of 173 bar and 80 °C, respectively (Figures 3 and 4).
As shown in Figure 5, the primary nanoparticles were
strongly individual particles. Nevertheless, there was evidence
that they slightly yielded apparent agglomeration (figure not
shown). According to Jiang et al.,34 it was found that probe
ultrasonication performed better than bath ultasonication in
dispersing TiO2 agglomerates when the stabilizing agent
sodium pyrophosphate was used. TEM results revealed that
the resulting nanoparticles were well-dispersed, spherical, and
less than 200 nm in diameter. The diameter (dp) of Ccm-NPs
ranged between 26 and 93 nm, with an average size (dp̅) of ∼53
nm (Figure 5 and Table 1). For ADP-NPs, slightly larger
particles were obtained, with a size range of ∼32−160 nm and
an average diameter of ∼77 nm (Figure 5 and Table 1). Note
that all particle sizes were statistically determined from multiple
TEM images at the same magnification (12000×). DLS analysis
of stabilized nanoparticles showed (i) bidispersity; binomial size
distribution of Ccm-NPs, with a hydrodynamic diameter (dh)
range of 44−712 nm and a mean hydrodynamic size (dh) of 43
and 425 nm; and (ii) polydispersity; trinomial size distribution
of ADP-NPs, with a dh range of 91−5560 nm and dh of 125,
492, and 4835 nm (Figure 6 and Table 1). DLS results yielded
a broader size range of nanoparticles because, unlike TEM, this
technique cannot be used to distinguish between individual
particles and agglomerates. Accordingly, the larger measured
sizes obtained from DLS were primarily caused by the agglom-
eration of Ccm-NPs and ADP-NPs. The actual concentrations

Table 1. Particle Sizes Obtained from DLS and TEM
Measurements of Ccm-NPs and ADP-NPs Prepared by
RESOLV of 0.3 wt % Ccm or ADP Solutions with Tpre =
80 °C and 173 bar into Aqueous Receiving Solutions
Containing 0.1 wt % Pluronic F127

DLS TEM

antioxidants dh range (nm) dh (nm) dh range (nm) dh (nm)

Ccm-NPs 44−80 43 26−93 53
220−712 425

ADP-NPs 91−165 125 32−160 77
225−825 492
4145−5560 4835

Figure 6. Particle size distributions of Ccm-NPs and ADP-NPs
stabilized in 0.1 wt % Pluronic F127.

Table 2. Concentrations of Ccm-NPs and ADP-NPs in 0.1
wt % Pluronic F127 and 3 wt % Methyl Cellulose Solutions

concentration (mg·mL−1)

antioxidants Pluronic F127 system methyl cellulose system

Ccm-NPs 0.811 ± 0.04 1.14 ± 0.01
ADP-NPs 0.663 ± 0.02 2.10 ± 0.08

Table 3. Antioxidant Activities of BHA, BHT, Ccm-EtOH, Ccm-H2O, Ccm-NPs, ADP-EtOH, ADP-H2O, and ADP-NPsa

radical scavenging; EC50 (μg mL−1) antioxidant activities

antioxidants DPPH scavenging ABTS scavenging β-carotene bleaching (%) FRAP (TE μM mL−1)

BHA 1.22 ± 0.77 f 3.86 ± 0.96 h 92.12 ± 2.72 a 869.38 ± 1.34 a
BHT 2.47 ± 1.09 ef 140.82 ± 1.72 f 34.16 ± 2.49 d 16.97 ± 3.40 d
Ccm-EtOH 3.96 ± 1.11 e 228.68 ± 1.26 e 39.89 ± 2.04 c 23.03 ± 2.61 c
Ccm-H2O 51.09 ± 1.40 c 349.32 ± 1.50 c 9.58 ± 1.90 e ND
Ccm-NPs 2.93 ± 0.61 ef 51.34 ± 1.30 g 49.23 ± 6.44 b 56.88 ± 2.56 b
ADP-EtOH 29.12 ± 0.99 d 343.46 ± 0.92 d 3.06 ± 0.26 f ND
ADP-H2O 123.39 ± 1.27 a 509.84 ± 1.33 a ND ND
ADP-NPs 76.32 ± 0.71 b 355.40 ± 1.26 b 1.22 ± 0.87 f ND

a(a−f) Means within the same column and the same main effect with different superscript letters are different (p ≤ 0.05). ND: values are not
quantifiable due to lack of dose-response.
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of Ccm-NPs and ADP-NPs in 0.1 wt % F127 solutions,
determined by UV−vis spectrophotometry, were 0.811 ± 0.04
and 0.663 ± 0.02 mg mL−1, respectively. In methyl cellulose

solutions, the actual concentrations of Ccm and ADP
nanoparticles were 1.14 ± 0.01 and 2.10 ± 0.08 mg mL−1,
respectively (Table 2).

Radical Scavenging and Antioxidant Activities. DPPH
Radical Scavenging. The total radical scavenging capacity of
the tested compounds (Ccm-EtOH, Ccm-H2O, Ccm-NPs,
ADP-EtOH, ADP-H2O, and ADP-NPs) were determined and
compared to those of BHA and BHT by using DPPH radical
scavenging methods. There was a highly statistically significant
difference between the mean DPPH radical scavenging values
(p < 0.01). Table 3 shows that BHA and BHT had higher
radical scavenging activity, with lower EC50 of 1.22 and
2.47 μg mL−1, respectively. The lower EC50 value indicated a
higher DPPH free radical scavenging effectiveness. In the case
of Ccm solutions, EC50 for Ccm-H2O was 51.09 μg mL−1,
which indicated a lower radical scavenging activity than those of
Ccm-EtOH and Ccm-NPs, with EC50 of 3.96 and 2.93 μg mL−1,
respectively. The results indicated that Ccm-NPs had higher
radical scavenging values than Ccm-H2O. In the case of ADP

Figure 7. Light absorbance (T value) at 427 and 254 nm, respectively,
of curcumin and ascorbyl dipalmitate incorporated into films at 0.1,
0.3, and 0.5 wt %.

Figure 8. Scanning electron micrographs of 0.5 wt % substance-incorporated methyl cellulose films at 10000×: (1A) Ccm in EtOH; (2A) Ccm in
H2O; (3A) Ccm-NPs in methyl cellulose; (1B) ADP in EtOH; (2B) ADP in H2O; (3B) ADP-NPs in methyl cellulose.
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solutions, EC50 for ADP-H2O was 123.39 μg mL−1, which
indicated lower radical scavenging activity than ADP-EtOH and
ADP-NPs, with EC50 of 29.12 and 76.32 μg mL−1, respectively.
Ccm-NPs were better than Ccm-EtOH and Ccm-H2O, whereas
ADP-NPs were better than ADP-H2O, at scavenging DPPH
free radicals. This is due to the increased particle distribution
and smaller size of Ccm-NPs and ADP-NPs, so that the surface
area and area reaction are increased.13 In addition, Pluronic
F127 inhibits particle aggregation and agglomeration and im-
proves distribution of particles.14 This finding is in agreement
with the study by Bao et al.,24 which reported that the addition
of tea polyphenol-loaded chitosan nanoparticles could improve
the antioxidant activity of gelatin film, and the study by Huang
et al.,11 which reported that selenium nanoparticles (Nano-Se)
had one potential size-dependent sequence in both free radical
scavenging and antioxidant effects. The smaller the particle, the
better the effects at low concentration. As a stable nitrogen-
centered free radical, the DPPH model system is a widely used
assay to evaluate antioxidant activity and is comparatively rapid
as opposed to other methods.35 The addition of antioxidants to
the DPPH solution resulted in a rapid decrease in the optical
density at 517 nm. The extent of discoloration indicates the
scavenging capacity of the antioxidant.36 The antioxidant
reduces the DPPH radical from a dark purple-colored
compound to a light yellow-colored compound, diphenyl-picryl
hydrazine; the degree of the reaction relies on the hydrogen- or
electron-donating ability of the antioxidant.37,38 The method
is based on the reduction of DPPH in the presence of a
hydrogen-donating antioxidant, due to the formation of the
nonradical form DPPH-H in the reaction. DPPH in unstable
form was donated an electron or hydrogen atom by Ccm, either
from the enol form between the molecule’s methoxyphenol

rings, or from hydroxyl groups in the phenolic rings.7,39,40

Then, Ccm was tautomerized into both keto forms between
methoxyphenol rings and stabilized as radical resonance in
phenolic rings. Although the mechanism of ADP action in this
method is not known, perhaps the most likely explanation is
that ADP reacts with free-radical species as they are formed.
ADP can react with free-radical species in the same manner as
an ascorbic acid reaction.41,42 Substances which enable the
performance of this reaction can be considered as antioxidants
and therefore radical scavengers.43 EC50 of ADP-NPs had less
radical scavenging capacity than ADP-EtOH because ADP-NPs
in nanosuspension can unfortunately agglomerate into a larger
particle size. Nevertheless, ADP-NPs with a smaller particle size
could improve radical scavenging from an aqueous solution.

ABTS Radical Cation Scavenging. ABTS radical cation scav-
enging activity is shown in Table 3. Similar to DPPH radical
scavenging values, there was a highly statistically significant
difference between the mean ABTS radical cation scavenging
values (p < 0.01). The results showed that BHA had a high

Table 4. Antioxidant Activities of Cellulose-Based Films Containing BHA, BHT, Ccm-EtOH, Ccm-H2O, Ccm-NPs, ADP-EtOH,
ADP-H2O, and ADP-NPsa

antioxidants concentration (% w/w) DPPH scavenging (%) ABTS scavenging (%) β-carotene bleaching (%) FRAP (TE μM mL−1)

BHA 0.1 10.06 ± 0.71 j 22.09 ± 1.89 f 14.98 ± 0.33 f 2.70 ± 0.31 h
0.3 41.17 ± 0.71 e 31.31 ± 0.83 e 42.96 ± 1.27 b 17.09 ± 2.74 g
0.5 43.55 ± 0.39 d 48.28 ± 3.20 d 50.00 ± 0.89 a 21.00 ± 2.80 f

BHT 0.1 1.95 ± 0.67 L 7.03 ± 0.60 jk 1.10 ± 0.80 L ND
0.3 2.62 ± 0.57 L 8.76 ± 0.83 ijk 2.33 ± 0.56 L ND
0.5 5.97 ± 1.72 k 10.75 ± 1.74 i 6.98 ± 0.47 hi ND

Ccm-EtOH 0.1 14.65 ± 1.08 h 22.85 ± 1.69 f 8.53 ± 0.05 h 15.87 ± 0.09 g
0.3 34.04 ± 0.40 f 60.92 ± 1.31 c 11.59 ± 4.49 g 57.14 ± 0.14 d
0.5 56.45 ± 0.62 b 73.15 ± 0.58 b 25.32 ± 2.17 d 77.66 ± 2.97 b

Ccm-H2O 0.1 2.96 ± 0.87 L 8.57 ± 0.04 ijk 3.05 ± 0.22 kl ND
0.3 12.64 ± 0.25 i 13.23 ± 0.04 h 4.60 ± 0.37 jk ND
0.5 16.40 ± 1.68 h 15.56 ± 0.46 g 6.18 ± 1.28 ij ND

Ccm-NPs 0.1 30.01 ± 4.60 g 33.30 ± 1.79 e 7.80 ± 1.81 hi 25.71 ± 0.11 f
0.3 48.63 ± 1.10 c 74.92 ± 1.17 b 21.89 ± 0.56 e 74.14 ± 0.05 c
0.5 59.95 ± 0.18 a 97.23 ± 0.87 a 33.73 ± 0.09 c 152.47 ± 0.14 a

ADP-EtOH 0.1 ND 3.39 ± 0.02 L ND ND
0.3 ND 6.75 ± 1.23 k ND ND
0.5 ND 9.32 ± 1.68 ij ND ND

ADP-H2O 0.1 ND ND ND ND
0.3 ND ND ND ND
0.5 ND ND ND ND

ADP-NPs 0.1 2.37 ± 1.15 L 8.79 ± 0.90 ijk ND ND
0.3 6.71 ± 0.90 k 10.20 ± 0.04 i ND ND
0.5 7.59 ± 0.11 k 10.40 ± 0.22 i ND ND

a(a−l) Means within the same column and the same main effect with different superscript letters are different (p ≤ 0.05). ND: values are not
quantifiable due to lack of dose-response.

Figure 9. Infrared spectra of curcumin powder (Ccm), methyl
cellulose (MC), LDPE, and 0.5 wt % of Ccm-EtOH, Ccm-H2O, and
Ccm-NPs methyl cellulose-based films.
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radical scavenging activity, with EC50 of 3.86 μg mL−1, which
was superior to those of other substances. In the case of Ccm
solutions, EC50 for Ccm-H2O was 349.32 μg mL−1, which
indicated a lower radical scavenging activity than Ccm-EtOH
and Ccm-NPs, with EC50 of 228.68 and 51.34 μg mL−1,
respectively. Ccm-NPs had better radical scavenging activity
than Ccm-H2O and BHT solutions, with EC50 of 349.32 and
140.82 μg mL−1, respectively. In the case of ADP solutions,
EC50 for ADP-H2O was 509.84 μg mL−1, which indicated a
lower radical scavenging activity than ADP-EtOH and ADP-
NPs, with EC50 of 343.46 and 355.40 μg mL−1, respectively.
ADP-NPs showed a similar trend to DPPH radical scavenging
activity.
The ABTS radical cation is more reactive than the DPPH

radical, which involves H-atom transfer and electron-transfer
processes. The blue-green ABTS radical cation solution was
prepared via a reaction between ABTS and potassium
persulfate; the ABTS radical cation was generated by potassium
persulfate oxidation. Bleaching of a blue-green ABTS solution
has been used to evaluate the antioxidant capacity of individual
compounds. The ABTS radical cation is bleached by the
H-atom and the electron transfer mechanism from the
functional groups of Ccm and ADP, similar to the case of a
DPPH reaction.7,39,41,42

β-Carotene Linoleate Oxidative Bleaching. As shown in
Table 3, there was a highly statistically significant difference
between the mean β-carotene linoleate oxidative bleaching
values (p < 0.01). In the case of BHA solution, the mean
β-carotene linoleate oxidative bleaching value (92.12%) was
higher than those of other substances. With Ccm solutions,
Ccm-NPs had a higher β-carotene linoleate oxidative bleaching

value (49.23%) than Ccm-H2O (9.58%), Ccm-EtOH (39.89%),
and BHT (34.16%) solutions. In the case of ADP solutions,
ADP-EtOH had a higher β-carotene linoleate oxidative
bleaching value (3.06%) than ADP-H2O (no data) and ADP-
NPs (1.22%); this indicated that ADP-NPs with a smaller
particle size in an aqueous solution could improve β-carotene
linoleate oxidative bleaching (Table 3).
The β-carotene linoleate oxidative bleaching assay is a

commonly used model to evaluate the antioxidant capacity of
plant extracts because β-carotene is extremely sensitive to free
radical mediated oxidation of linoleic acid. Linoleic acid, an
unsaturated fatty acid, can produce the reactive oxygen species
formed from halogenated water. The reactive oxygen species
will initiate β-carotene oxidation, leading to discoloration of
β-carotene. Thus, the results of inhibition of β-carotene bleach-
ing show that Ccm and ADP are able to quench and scavenge
singlet oxygen in this mechanism.42,44−46

Ferric Reducing Antioxidant Power. As shown in Table 3,
there was a highly statistically significant difference between the
mean ferric reducing antioxidant power values (p < 0.01). BHA
solution showed the highest ferric reducing antioxidant power
(FRAP) of 869.38 μM mL−1, followed by Ccm-NPs (56.88 μM
mL−1), Ccm-EtOH (23.03 μM mL−1), and BHT (16.97 μM
mL−1). But all solution values for Ccm-H2O and ADP were not
quantifiable due to the lack of dose−response. It has been
suggested that the antioxidant activity of Ccm depends upon
the presence of phenolic functional groups.39,47 However, other
studies support the conclusion that the central methylene
hydrogens of curcumin are important for antioxidant activity.40

It has since been demonstrated that both central methylene
hydrogens and phenolic hydrogens may be involved in the

Figure 10. Infrared spectra of Ccm-EtOH (A), Ccm-H2O (B), and Ccm-NPs (C) methyl cellulose-LDPE-based films. A strong band at 1631 cm−1

can be assigned to ν(CC) of the benzene ring, and a high frequency band of CO vibrations of the diketo form at 1633 cm−1.
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mechanism of formation of the phenoxy radical, depending
upon reaction conditions.48,49

During the reducing power assay, the presence of reductants
(antioxidants) in the tested samples reduced the Fe3+-TPTZ
complex to the ferrous form (Fe2+). Gordon50 reported that the
antioxidant action of reductions is based on breaking of the
radical chain by donation of a hydrogen atom. In addition, the
FRAP assay can provide information on total antioxidant
potential in cells in a relatively short time without having to run
more lengthy tests for each individual antioxidant.51 However,
there are some pitfalls to this assay that need to be discussed.
Apart from determining the potential of biological antioxidants,
it also determines chemical reductants that reduce the ferric
complex to the ferrous form, and not all of these reductants are
antioxidant. This assay does not account for the −SH groups of
antioxidants.52 For instance, the antioxidant glutathione (GSH)
is not able to reduce Fe3+.
Ccm-NPs- and ADP-NPs−Incorporated Methyl Cellu-

lose Film Samples. There was no statistical difference in the
thickness of the different films. They varied from 50 to 60 μm.
Figure 7 shows the UV−visible light absorbance of films, with
Ccm λmax at 427 nm and ADP at 254 nm. Scanning electron
micrographs of various types of Ccm and ADP solutions
(0.5 wt %) in methyl cellulose films at magnifications of 10000×
are illustrated in Figure 8. It was found that cellulose-based film
containing 0.5 wt % Ccm-EtOH had particle sizes of less than
1000 nm on the surface of the film, similar to 0.5 wt % Ccm-
NPs-incorporated cellulose-based film. Cellulose-based film
containing 0.5 wt % Ccm-H2O did not yield Ccm particles on
its surface because only the supernatant of the Ccm solution
was incorporated into the methyl cellulose solution, and thus

the particles do not appear. Cellulose-based film containing
0.5 wt % ADP-EtOH had particles larger than 1000 nm in size
on its surface. In the case of ADP-H2O, it was found that film
incorporated with the supernatant of the ADP solution had
particle sizes of less than 1000 nm  smaller than ADP-NPs
particle sizes. However, the ADP-NPs films showed higher
radical scavenging activity for all treatments than those of ADP-
EtOH and ADP-H2O films (Table 4).

Radical Scavenging and Antioxidant Activities of Films.
The findings showed that DPPH radical scavenging and ABTS
radical cation scavenging activities of the films significantly
increased (p < 0.01) with increasing antioxidant concentration,
as shown in Table 4. The DPPH radical scavenging activity of
methyl cellulose films incorporated with Ccm-NPs was
monitored in comparison with synthetic reference antioxidants.
As the Ccm-NPs increased in the film formulation, this anti-
oxidant activity tended to increase, as did the expected
antioxidant property of the bioactive film. In terms of the
DPPH radical scavenging activity and ABTS radical cation
scavenging activity of the ADP films, ADP-NPs showed higher
activity than ADP-H2O film, but ADP-NPs film revealed less
activity than ADP-EtOH film due to the ADP particle size in
ADP-EtOH film, which allowed particles to be rapidly released
into test solutions.
The results revealed that antioxidant activity of the films

against β-carotene linoleate oxidative bleaching and FRAP assays
significantly increased (p < 0.01) with increasing antioxidant
concentration (Table 4). With concentrations of 0.1−0.5 wt %,
Ccm-NPs-incorporated methylcellulose films revealed β-carotene
linoleate bleaching and FRAP values in ranges of 7.80−33.78%
and 25.71−152.47 μM mL−1, respectively. In all cases of ADP

Figure 11. Infrared spectra of Ccm-EtOH (A), Ccm-H2O (B), and Ccm-NPs (C) methyl cellulose-LDPE-based films, showing a high frequency
mixed vibration of CC and C−O at 1509 cm−1.
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films, no activity was found by the β-carotene linoleate bleaching
assay. FRAP values were not quantifiable due to lack of dose−
response. Additionally, ADP could be degraded by light and
temperature. So in applications with ADP, controlled release
activities could be improved by encapsulation.15

FTIR Spectra. FTIR spectroscopy was employed as a tool
for investigating the functional groups among methyl cellulose
film, LDPE film, Ccm and ADP powders, Ccm-EtOH, Ccm-
H2O, Ccm-NPs, ADP-EtOH, ADP-H2O, and ADP-NPs films
by measuring absorbance over a wavenumber range of 4000−
600 cm−1 at a resolution of 4 cm−1. The chemical structures of
Ccm and ADP are presented in Figure 1. The impregnation of
Ccm and ADP into methyl cellulose films on LDPE substrate
films is confirmed by FTIR spectra (Figures 9−12).

In Figure 9, LDPE film has methylene stretches at 2920 cm−1

and 2850 cm−1; moreover, it has methylene deformations
(bending of CH2) at 1464 cm−1 and rocking of CH at 719
cm−1.53 Methyl cellulose showed high frequency C−O
stretching at about 1076 cm−1.54 The highest frequency region
of phenolic ν(OH) vibrations of Ccm was calculated by Kolev
et al.55 at 3595 cm−1, but in practice this band could be shifted
downward due to the intramolecular and intermolecular
hydrogen bonds.56 This ν(OH) sharp band at 3522 cm−1 was
observed. Moreover, for enolic ν(OH) mode, the theoretical
spectrum predicts a strong band at 2962 cm−1. In Figure 10, the
diketo form of Ccm is preferred in solid phase and the enol
form in solution. In the middle region, a strong band at 1631
cm−1 can be assigned to ν(CC) of the benzene ring. The
observed shoulder at 1633 in the infrared (IR) spectrum is a
characteristic band of CO vibrations of the diketo form. The
most prominent band in the IR spectrum was at 1509 cm−1. All
films containing either Ccm-EtOH, Ccm-H2O, or Ccm-NPs
revealed prominent bands at 1509 cm−1, corresponding to
intermolecular and intermolecular conjugation (Figure 11),
which are attributed to highly mixed vibrations between ν(CC)
and ν(CO) of the benzene ring. A very clear band at
1429 cm−1 was assigned to deformation vibrations of the two
methyl groups. One prominent band at 1155 cm−1 was assigned
to (C−O−C) vibration. The IR bands at 1028 and 812 cm−1

could be assigned to ν(C−H) out-of-plane vibration of the
aromatic ring.56 The highest frequency region of O−H stretch-
ing of ADP was at 3468 cm−1. Functional CO groups of pure
ADP were located at 1745 cm−1 and 1678 cm−1 (Figure 12).
A very clear band at 1469 cm−1 was assigned to deformation

Figure 13. Infrared spectra of ADP-EtOH (A), ADP-H2O (B), and ADP-NPs (C) methyl cellulose-LDPE-based films, showing a high frequency
region of C−O at about 1000−1300 cm−1 for determining the functional group of ester at 1179 cm−1.

Figure 12. Infrared spectra of ascorbyl dipalmitate (ADP) powder,
methyl cellulose (MC), LDPE, and 0.5 wt % of ADP-EtOH, ADP-
H2O, and ADP-NPs methyl cellulose-LDPE-based films, showing a
high frequency region of C−O at about 1000−1300 cm−1 for
determining the functional group of ester.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf301311g | J. Agric. Food Chem. 2012, 60, 5388−53995397



vibrations of the two methyl groups. The ADP films had a high
frequency region with C−O about 1000−1300 cm−1 for
determining the functional group of ester at 1176−1179 cm−1

(Figure 13).57

In this work, Ccm-NPs and ADP-NPs were successfully
produced in a single step using the RESOLV technique. Ccm-
NPs and ADP-NPs stabilized in either Pluronic F127 or methyl
cellulose solution were well-dispersed, spherical, and individual
NPs with average sizes of ∼50 and ∼80 nm, respectively. Ccm-
NPs and ADP-NPs showed higher antioxidant activities to
inhibit the oxidation of β-carotene, scavenge DPPH and ABTS
free radicals, and reduce the ferric complex to the ferrous form
than those of Ccm and ADP. This work also demonstrates that
the AO components of Ccm and ADP can be nanoparticulated
and incorporated into cellulose-based biopolymers while retain-
ing their antioxidant activities. Cellulose-based edible films
could act as reservoirs and release Ccm and ADP to maintain
an inhibitory effect at the food surface. This demonstrates a
promising potential use of Ccm-NPs and ADP-NPs for appli-
cation in antioxidant packaging films and coatings.
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