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Abstract

Lycopene was simultaneously extracted from tomato processing waste and size reduced into nano-ranges from 36 to 150 nm,
via ultrasonic assisted nanoprecipitation technique. The effects of main processing parameters namely, organic to aqueous
phase ratio, ultrasonic amplitude and time were evaluated on mean particle size, polydispersity (PDI) and lycopene content of
produced nanodispersions, using response surface method based on central composite design. All studied parameters affected
the selected responses significantly (p-value <0.05). The studied characteristics’ changes were significantly (p-value < 0.05)
fitted to second order polynomial regression models of studied independent parameters by quite high coefficients of deter-
mination (R?>0.9). The most desirable lycopene nanodispersions with mean particle size of 66.3 nm, PDI of 0.245 and
lycopene content of 52 mg/g waste, were produced at organic to aqueous phase ratio of 0.5, and ultrasonication for 20 min
at amplitude of 70%. The resulted insignificant differences between experimental and predicted data, certified the suitability

of suggested response surface models.
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Introduction

Lycopene-rich diets have beneficial effects on human health
due to its antioxidant activity as well as preventing some
cancers and cardiovascular disease [1-3]. Since the lyco-
pene content of tomato skin is about five times higher than
in the pulp, extensive amounts of lycopene can be found
in tomato processing waste or tomato pomace, compared
to fresh tomato. However, the tomato processing waste is
usually discarded or used as animal foods, it can be used as
low-cost and sustainable source of this nutraceutical carot-
enoid compound [4-6].

Similar to other lipophilic compounds, lycopene shows
very low water solubility and consequently less bioavail-
ability. Furthermore, it is very susceptible to chemi-
cally decomposition in presence of light, heat and oxy-
gen. Incorporating functional lipid compounds such as
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lycopene into nano-particulate delivery systems is one of
the promising approaches for improving the mentioned
problems. For example, in nanodispersions of these
compounds, their solubility, stability and bioavailability
would be increased, considerably, and they can be easily
incorporated into water-based food, beverages, and phar-
maceutical formulations [1, 7]. Their water solubility and
consequently bioavailability enhancement was occurred
due to considerable increase in their area to volume ratio.
Moreover, the surrounding emulsifier layer of lycopene
can decrease its exposure to oxygen, metal ions, heat and
light, and protect its structure from degradation [8]. Nano-
dispersions can be prepared using either mechanical based
high-energy or chemical based low energy methods such
as nano-precipitation techniques [9]. Ultrasonic cavitation
individually or in combination with nano-precipitation
process usually offers a considerable improvement in par-
ticle size and stability of gained nanodispersions. High
energy input originating from micro turbulent collapse
of cavitation bubbles creates vast energy. That is enough
to deform and break off dispersed phase particles into
nanometer scale. But this is possible only if the Laplace
pressure is prevailed. Thus, two kinds of mechanisms are
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involved to nanodispersion preparation in ultrasonic emul-
sification; an acoustic field creates combination of interfa-
cial waves and instability causes the eruption of dispersed
phase into aqueous medium, then low frequency ultra-
sound waves break down the particles by cavitation nearby
the interface. The instability of primary particles yields
the nanodispersions with very small particle sizes [10]. It
was found that the particle sizes of ultrasonically-induced
nanodispersions are much smaller with greater stability
than those prepared nanodispersions by homogenizer [11].
Although smaller nanodispersions can be produced using
microfludizers, but the ultrasonic homogenization is pre-
ferred in most cases due to its less maintain costs, more
convenience uses, easier to clean and free of line block-
age [12]. Therefore, ultrasonic cavitation is still the most
operative and favorable method in the preparation of food
or pharmaceutical incorporated nanodispersions [13, 14].

Extraction enhancement by ultrasound has also been
related to the propagation of ultrasound pressure waves, and
resulting cavitation phenomena. The breakdown of cavita-
tion bubbles can produce eruptions of energy and cause
extremely high temperature and pressure, that can augment
the penetration of solvent into the matrix and accelerate the
extraction of targeted compounds dramatically [15, 16].
Consequently, it was reported that the system homogeneity
and dispersed phase particle sizes are greatly attributed to
different sonication variables such as power of sonication,
amplitude and temperature of sonication [13]. On the other
hand, the lycopene content of nanodispersions would be
positively correlated to exposure of lycopene during nano-
dispersion preparation resulted from extraction yield and
negatively related to the possible decomposition of lycopene
during ultrasound irradiation for size reduction step. Thus,
this study set out to determine either the effects of ultrasonic
irradiation parameters (power and amplitude) or solvent to
aqueous phase ratio on mean particle size, polydispersity
(PDI) and lycopene content of produced nanodispersions
through simultaneous ultrasound-assisted extraction of lyco-
pene from tomato waste and its size reduction into nano-
scale ranges.

Materials and Methods
Materials

The seed free tomato processing waste was attained from
Golnoosh Company (Tabriz, Iran). All reagents and trans-
lycopene standard were acquired from Sigma Aldrich (Mis-
souri, USA). Polysorbate 20 (polyoxyethylene sorbitan
monolaurate), HPLC and analytical-grade solvents, were
provided from Fisher Scientific (Leicestershire, UK).
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Preparation of Lycopene Nanodispersions

A ternary solvent system composed of 31% acetone, 38%
ethyl acetate and 31% hexane, was selected as organic phase
in either extraction or size reduction stages in preparation
of lycopene nanodispersions [17]. 5 g seed less dry tomato
waste was added to various volumes of selected solvent
(Table 1) and the extraction of lycopene was performed
under ultrasound irradiation (Prob-sonicator, UP200H,
Hielscher, Germany) for 15 min, amplitude of 80% and
cycle of 0.8, at 25 °C water bath in a screw-top vial. 0.2 g
polysorbate 20 was then added to double deionized water to
form aqueous phase. While the total volume of aqueous plus
solvent phases in homogenization step was set at 100 ml,
the volume ratio of solvent to double deionized water has
been adjusted as Table 1. The aqueous phase was added to
solvent phase, under ultrasound homogenization at various
amplitude and irradiation time (according to Table 1). The
produced emulsions were filtered in vacuum filter (Whatman
filter paper, no. 4) and simultaneously heated and stirred
magnetically at 50 °C, in 900 rpm for 10 min, in order to
eliminating of solvent from system. The solvent residual was
then totally removed in vacuum rotary evaporator (Heidolph,
Germany) at 55 °C, 10 min and 100 rpm. The prepared
nanoemulsions were converted to nanodispersions after
solvent elimination. Finally, all samples (nanodispersions)
were volume up to 200 ml by addition of deionized water.

Particle Size and PDI Analysis

The average particle size and PDI of lycopene nanodisper-
sions were measured based on dynamic light scattering
mechanism using size analyzer (Nano Wave, Microtrac.,
Montgomeryvill, PA, US), on diluted samples (1:100) in
order to prevent the effects of manifold scattering. The
measurements were performed at 25 °C and the refractive
index of 1.456. Information about the average particle size
of nanodispersions was obtained based on a best fit between
Mie theory and measured light scattering pattern. The PDI
is a dimensionless quantity of the size distribution width
established from the cumulant analysis and ranging from
0 to 1, in which smaller PDI values shows higher similar-
ity in sizes of produced dispersed nanoparticles [18]. The
data were reported as mean of three replications with two
readings.

Lycopene Content Measurement in Nanodispersions

A mixture of acetone and n-hexane (33% v/v acetone and
67% v/v n-hexane) was used to extract the lycopene from
prepared nanodispersions. 4 ml of samples was extracted
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Table 1 The independent parameters and responses (experimental and predicted) values in preparation of lycopene nanodispersions

Sample nos. Independent parameters Response parameters (experimental) Response parameters (predicted)
Solvent/  Ultrasound Ultrasound Mean PDI Lycopene content Mean PDI Lycopene content
water amplitude time (min)  particle size (mg/100 g waste)  particle size (mg/100 g waste)
(viv) (%) (nm) (nm)

1 1.00 70 20 146.2 032 585 150.01 0.3434 57.1

2 0.43 90 20 143.4 0.051 51.8 110.89 0.0651 47.3

3 0.11 70 20 37 0.642 327 38.27 0.5827 259

4 0.43 70 20 53 0.268 48.5 58.18 0277  48.7

5 0.43 50 20 108 0.162 30.1 117.21 0.1234 30.7

6 0.43 70 20 529 0.258 49 58.18 0277  48.7

7 0.43 70 10 77 0.103 354 63.41 0.1226 31.7

8 0.43 70 30 72.8 0.18 404 75.06 0.1157 427

9 0.23 60 14 96.8 0.153 104 98.45 0.174 14

10 0.43 70 20 52.5 0.269 48.7 58.18 0.277 487

11 0.67 80 14 72 0216 49.2 86.14 0.193 537

12 0.67 60 26 86.7 0.09 55.6 90.44 0.1305 52

13 0.23 80 26 48.7 0.353 385 59 0.39 40.6

14 0.43 70 20 52.1 0.265 49.2 58.18 0.277 487

15 0.23 80 14 31.9 0.36 262 35.79 0.3424 324

16 0.23 60 26 89 0.391 30.1 50.84 0.4403 30.8

17 0.43 70 20 72.1 0.262 49.1 58.18 0.277 487

18 0.67 70 20 106.6 0.275 53.8 88.05 0.2096 57.2

19 0.67 70 10 67.5 0.207 50.3 74.07 0.2163 46.1

20 1.00 60 14 127.4 0.567 55.7 122.06 0.5581 57.7

using 10 ml solvent for 15 min in triplicate [4]. The volume
of samples was brought up to 20 ml by adding the acetone.
Then, a sample aliquot was filtered using nylon syringe filter
(4 mm, 0.45 mm). The HPLC analysis was performed in
a high pressure liquid chromatography system (Shimadzo,
CT10A VP, Shimadzu, Kyoto, Japan), with SPD10AV
UV-Vis detector, C18 Nova-Pak column (300 mm, 3.9 mm,
Waters) and LC-10AT pump system. The injection volume
and flow rate were set at 50 pul, and 1.2 ml/min, respec-
tively. The methanol: Methyl fert-butyl ether:ethyl acetate
(30:60:10, v/v/v) was used as isocratically mobile phase and
detection wavelength was set at 503 nm [19]. The various
concentrations of trans-lycopene were used as standard to
provide the calibration curve which was linear at used con-
centrations’ range (R2 =0.9977, n=5).

Experimental Design and Statistical Analysis

The multivariate statistical response surface methodology
(RSM) is a set of mathematical and statistical procedures
based on the fit of a polynomial model to the experimental
data, defining the changes of a data set with the aim of pro-
viding statistical previsions. It can be used if a response or a
set of responses are influenced by several independent vari-
ables. Despite one-variable-at-a-time technique, the RSM,

include the interactive effects among the variables studied.
Therefore, this technique illustrate the complete effects of
the parameter on the response. Furthermore, the experi-
ments time and costs along with consumption of reagents
and materials are considerably decreased by reducing the
number of necessary experiments to conduct the research.
The central composite design was used as experimental
design pattern, represents a specific set of combinations for
the levels of variables that must be applied experimentally
to gain the responses. This design consists of a full facto-
rial or fractional factorial design as well as a supplementary
design, known as star design, in which the experimental
points locate at the distance of « from centre; and the central
point which should be replicated various times. The number
of experiments can be obtain according to

N = k* + 2k + cp, 1)

where k is the number of factors and (cp) is the number of
central point replication. Moreover, a can be calculated by

a=2k-p)/4 2)
and for three variables, it equals to 1.68. All independent
variables are considered in five levels namely, —a, — 1, 0O,
+ 1, +a. For selected large experimental domains, or in the
cases of processing limitation out of the selected domain, the
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star points are replaced by factorial ones in order to place
all points within the selected ranges for each factors which
has been applied for current study. Two ultrasonic param-
eter namely ultrasonic time and amplitude, as well as the
organic to inorganic phase ratio, as formulation parameter,
were selected based on screening procedure of more effec-
tive parameters (unpublished data) as independent factors.
Then, the effects of them were studied on mean particle size,
size distribution (PDI) and lycopene content of prepared
nanodispersions using Mimitab14 (Minitab, Inc. Version
14, PA, USA) (Table 1). By selecting the default condi-
tion of software, the centre point are suggested to be rep-
licated five times in order to evaluate the pure error related
to repetitions.

The full quadratic polynomial equations (Eq. 1) were con-
sidered as the most suitable models, describing the response
characteristics of samples;

Y = fo+ BiXy + BrXo + B3Xs + Xy + FXo® + BrsXs? 3)
+ P XXy + P13 Xi X5 + P Xo X5 + B3 X X5 X5,

where f, is a constant and f,, p,, f;, are the coefficients
of linear effects, B, £, f3; are the coefficients of quad-
ratic effects and f,,, f,3, Po3 are the coefficients of binary
interaction effects and finally the f,,; is the coefficient of
ternary effects of chosen independent parameters. Moreover,
Y was used for response variable. The quality of models
were evaluated using coefficients of determinations or R?
and Rz—adj values. The models with R?>> 0.8, were consider
as acceptable since more than 80% of experimental points
would be follow the suggested models. For evaluating the
significant terms, ANOVA testing was performed and the
obtained p-values and (t-value or F-ratio) of terms were
compared. The terms with p-values < 0.05 were considered
as significant, in which the significancy of terms would be
increased by decreasing the p-values or increasing the net
t-values or F-ratios. The 3D graphs were also provided using
software to evaluate the interaction behavior of independent
parameters on studied responses [20, 21].

Optimization and Validation

The single as well as the multiple optimizations were per-
formed to find the best processing conditions leading to
attain the most desirable lycopene nanodispersions with the
smallest mean particle size, PDI and the highest lycopene
content, using either numerical or graphical optimization
techniques. The desirability values were also reported to
evaluate the either synergistically or antagonistic effects of
variables to get the most desirable product, as the higher
overall desirability indicates the more synergistic effects of
variables. Therefore, the overall desirability decreases by
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the antagonistic changes of responses with selected vari-
ables. A three-component solvent system composed of 31%
hexane, 31% acetone and 38% ethyl acetate, which has been
previously obtained as optimum solvent phase composition
(unpublished data), was used as organic phase in this study.
The adequacy of models were also checked by compari-
son the experimental and predicted data for each responses
in suggested points. Moreover, the optimum suggested sam-
ple were also prepared, and their measured characteristics
were compared to the predicted ones using statistical com-
parison Tukey test at significant level of 0.05 [7, 22].

Results and Discussions

Since in ultrasonic assisted solvent displacement technique,
the ultrasound irradiation as well as the solvent phase were
used in either extraction or size reduction steps, it can be
expected that the ultrasonic process parameters and applied
initial solvent content have the most significant effects on
particle size characteristics and lycopene contents of pro-
duced nanodispersions. Consequently, the optimum lyco-
pene nanodispersions can be produced with minimum mean
particle size, PDI and maximum lycopene contents from
tomato processing wastes by tuning the time and amplitude
of ultrasound irradiation as well as initial organic to aque-
ous phase ratio.

The ANOVA analysis were performed to evaluate the sig-
nificance of either linear or quadratic and interaction effects
of processing variables on responses’ variations. Moreover,
the multiple regression of analysis were used to present the
most suitable second order polynomial models for prediction
the lycopene nanodispersion characteristics’ as a function of
independent factors. The regression coefficients of suggested
models, as well as the coefficients of determinations (R2 and
R2-adj) of each models were shown in Table 2. As stated
before, the terms with less p-value and greater F-ratio were
considered as more significant terms of model suggested for
prediction of corresponded response. As pointed to Table 2,
the obtained almost high coefficients of determinations of
each model confirm the excellence and suitability of pro-
posed models. The significance of each linear, quadratic and
interaction terms (p-value and F-ratio) were also indicated
in Table 3.

Mean Particle Size

It was reported that the particle sizes of functional lipid nan-
odispersions are affected by ultrasound parameters, consid-
erably [13]. The similar dependency has also been observed
between the particle sizes of mentioned systems and solvent
to aqueous phase ration used [21].



Waste and Biomass Valorization (2020) 11:1929-1940

1933

Table 2 Regression coefficients,

> 2 Regression coefficient® Mean particle size PDI Lycopene concentra-
I;OZI;?SR -adj of suggested tion mg/100 g dry
waste
Bo(Constant) 1427.80 —4.53330 —303.419
f;(Main effect) —579.28 1.28028 256.347
B,(Main effect) —28.20 0.09022 5.123
B;(Main effect) -27.93 0.15543 8.667
B;1(Quadratic effect) 111.11 1.20440 —63.150
B,,(Quadratic effect) 0.14 — 0.00046 -0.024
B;;(Quadratic effect) 0.11 —0.00158 -0.114
B ,(Interaction effect) 6.02 —0.02205 — 1.461
B ;(Interaction effect) 8.00 —0.06713 —2.447
B,;(Interaction effect) 0.30 —0.00091 - 0.036
R? 0.9074 0.9453 0.9271
R%-adj 0.8241 0.8960 0.8615

1 Solvent to water volume ratio, 2 ultrasound amplitude, 3 ultrasound time

*By is constant, f;, B; and B; are linear, quadratic and interaction effects of independent variables, respec-

tively
Table 3 The signiﬁcance Responses®  Linear effects Quadratic effects Interaction effects
(p-value and F-ratio) of each
terms (linear, quadratic and X1 X2 X3 X11 X22 X33 X12 X13 X23
interaction) in suggested models
for responses Mean particle size (nm)
P-value 0.009  0.000 0.008 0.049  0.000 0276  0.016 0.033  0.010
F-ratio 10.63  40.19 10.93 5.02 2843 1.33 8.46 6.13 9.95
PDI
P-value 0.071  0.000 0.000 0.00 0.001 0.001  0.014 0.000  0.021
F-ratio 4072 32239 26646 4624 23853 21.261 8886  33.837 7.442
Lycopene concentration mg/100 g dry waste
P-value 0.002  0.008 0.014 0.004  0.024 0.006  0.069 0.054  0.299
F-ratio 17.30  11.02 8.78 13.47 7.01 11.82 4.140 4760  1.200

1 Solvent to water volume ratio, 2 ultrasound amplitude, 3 ultrasound time

X, X;; and X;; are linear, quadratic and interaction effects of independent variables, respectively

In preparation of nanodispersions using ultrasonication,
cavitation occurs as the pressure amplitude of the applied
aquatic irradiation reaches a definite minimum, known as the
cavitation threshold. The emulsification subsequently initi-
ates when this threshold of cavitation reaches, and it can
offer an additional energy for new interface formation and
broken down of liquid in the form of small bubbles. These
bubbles and their sequential collision, collapse the larger
particles into smaller ones [23].

From the data of Tables 2 and 3, it can be concluded that
all selected processing variables in either linear or quadratic
and interaction forms, except for quadratic effect of ultra-
sound time, had influenced the mean particle size changes
of produced nanodispersions, significantly (p-value < 0.05).
Furthermore, the negative signs of linear and positive signs
of quadratic terms of all independent factors, illustrated that
by increasing the solvent to aqueous phase ratio, ultrasound

amplitude or time up to certain levels the particle size of
produced nanodispersions would be decreased, while, fur-
ther increases of them passing this threshold, they affected
inversely and increased the sizes of nanodispersions. There-
fore, it would be an optimum level for each factor leading
to production of nanodispersions with the smallest average
particle size. These trend can be clearly observed in Fig. 1.
The inspection of the interactions effects also indicated that
parallel increase/decrease of processing parameters also
caused the production of lycopene nanodispersions with
larger particle sizes.

As clearly shown in Fig. 1a, at less uses of organic sol-
vents, increasing the amplitude up to 85%, reduced the
dispersed phase sizes of products, but applying additional
pressures acted reversely. On the other hand, at high levels
of solvent used, the size of nanodispersions increased by
enhancing the ultrasound amplitudes.
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Fig.1 The 3D plots for particle size variations in various levels of
organic to inorganic phase ratio (v/v), ultrasound amplitude (%) and
time (min) (binary interactions, holding values for third variable were
0.555, 70 and 20 for organic/aqueous, ultrasonic amplitude and time,
respectively)

The particle sizes of prepared nanodispersions also
decreased by increasing the ultrasound time at less sol-
vent to aqueous uses. However, this tendency was changed
at high solvent to aqueous ratios (Fig. 1b). It can be also
seen that, at high ultrasonic amplitudes or times, increas-
ing the solvent to water ratio, led to an increase in particle
size. Though, this effect became negligible at low levels
of applied ultrasonic time and amplitude.
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The monitoring of ultrasonic time and amplitude at cer-
tain level of used organic phase (middle level), illustrated
that middle levels of these parameters, as well as short
time applying of high ultrasonic amplitude and longtime
exposure of samples to low amplitude ultrasound process,
could produce more desirable lycopene nanodispersions in
term of their average particle sizes (Fig. 1c¢). Decreasing
the size of nanodispersions by increasing the ultrasound
amplitude and time has also been resulted through nano-
precipitation of some other active compounds in several
studies, which can be related to promoting the nucleation
rate and breaking down the agglomerated particles, due to
increase in interfacial instabilities resulted by augmented
cavitation. Moreover, the temperature of system raised up
due energy dissipation, resulting a considerable decrease
in viscosity and interfacial tension, which improved the
dispersion of one phase to other [23-25].

In anti-solvent nanoprecipitation technique, the ultra-
sound affects all mixing (in both extraction and size reduc-
tion steps), crystallization, crystal size growth, crystal
habit and agglomeration in preparation of nanodispersions.
In mixing step, ultrasound increased the energy dissipation
rate and consequently, decrease the mixing time. It was
reported that the mixing time can be decrease 10 times
during ultrasonic irradiation compared to mechanically
or magnetically ones [25]. The ultrasound increases the
mixing rate and mass transfer during precipitation step
of organic nanodispersions’ process [26]. It also resulted
that the ultrasound significantly reduced the time among
the supersaturation creation and crystals appearance,
known as induction time, due to enhanced diffusion of
solute molecules. Ultrasound also decreased the variability
in the spread of initiation times at different supersatura-
tion levels. Moreover, ultrasound decreased the width of
metastable zone that directly related to induction time.
Consequently, shorter metastable zone width led to less
induction time and greater nucleation rate, and as a result,
smaller particle size [25-28]. Decreasing the particle size
by increasing ultrasound amplitude or time can also be
related to accelerated diffusion of solute due to sonication
energy applied. Therefore, the ultrasound can decrease
the size of produced nanodispersions through increas-
ing the supersaturation, enhancing the nucleation time
and increasing the diffusion coefficient of solute [19, 23].
Furthermore, some previous researches reported that the
moderate power applied by sonication, can increase the
crystallization rate in uses of higher solvent to aqueous
phase ratio, which was also be seen in the results of cur-
rent study.

In moderate levels of ultrasonic amplitudes, increas-
ing the ultrasonic exposure time provides adequate time
for mixing (either in macro or meso and micro scale), and
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consequently sufficient contact time and collaboration of the
organic and aqueous phases.

However, increasing the size of nanodispersions by simul-
taneous increasing the ultrasound amplitude and time can be
related to over-processing mechanism due to extra produc-
tion of cavitation creating mechanical turbulences in liquids
and increasing mass transfer and consequently, rate of move-
ment of solute to the surface of growing crystal [25, 26, 28].

Increasing the solvent or organic to aqueous phase ratio
the size, promoted the Ostwald ripening and caused an
increase in mean particle size of produced nanodispersions
particularly at high ultrasonic exposure time or amplitudes.
Additionally, the temperature of system increased due
to high input at great ultrasonic time and amplitude, and
caused the organic system, mainly acetone, to evaporate.
Hence, before the production of nanoparticles, the optimum
organic phase composition would be interrupted, causing
the production of greater particles through nanodispersions
preparation process [20, 23, 26].

As indicated in Tables 2 and 3, the ultrasound ampli-
tude was the most affective parameter on the variation of
mean particle sizes of prepared nanodispersions (according
to obtained higher F-ratio values for the linear and quad-
ratic effects of this variable). The attained high coefficient
of determination (R?>90%) confirms the suitability of sug-
gested model for predicting the particle size changes by
ultrasound amplitude and time, as well as, solvent to aque-
ous phase ratio (v/v).

The individual optimization of independent variables to
obtain the nanodispersions with the least particle sizes, pre-
dicted that using organic to aqueous phase ratio of 0.11, and
exposure them to ultrasound irradiation with the amplitude
of 90% and for 10 min, would produce the lycopene nano-
dispersions with minimum mean particle sizes (23.7 nm).

PDI

The results of analysis of regression for size distribu-
tion or PDI of prepared nanodispersions indicated that
all selected process parameters also influenced this char-
acteristic significantly (p-value <0.05), as well (Tables 2,
3). Therefore, according to obtained R? for this response
(R%> 94%), more than 94% of PDI variation of prepared
nanodispersions could be predicted by suggested polynomial
regression model (Table 2). The ANOVA analysis for this
characteristics revealed that the linear effect of ultrasonic
amplitude, the quadratic effect of organic to aqueous phase
and the interaction effect of organic to aqueous phase with
ultrasonic time, retained the highest F-ratio values and were
the most affective linear, quadratic and interaction terms,
respectively, in suggested model. It was shown that at higher
used solvent concentrations, increasing the ultrasound
amplitude or time caused a considerable increase in PDI

of prepared nanodispersions up to certain levels. However,
extra increasing of these ultrasonic parameters, affected the
PDI, contrariwise.

On the other hand, using less either amplitude or time
of ultrasound exposure, caused the preparation of lycopene
nanodispersions with less homogeneity (high PDI), while
increasing the levels of these parameters would improve the
homogeneity of system and decrease the PDI of produced
nanodispersions, mainly at high solvent used. Contrary, at
a reduced amount of used solvent to aqueous phase ratio,
increasing the amplitude and time of ultrasonic irradiation,
enhanced the PDI of obtained nanodispersions, noticeably.

The observed curvature in Fig. 2a, b, confirmed the sig-
nificance of the interaction effects of solvent to aqueous
phase ration with ultrasonic amplitude and time, as indicated
in Table 3, as well. Then, simultaneous increase of x; and x,
or x, and x5, reduced the PDI of system. It meant that in the
uses of greater solvent to aqueous phase ratios, more power
was needed to production of the homogenous nanodisper-
sions with less PDI, which can be provided at either high
levels of amplitude or exposure time of ultrasound.

Generally, in nanodispersions systems, uniform energy
apply causes the production of homogeneous dispersions
with less PDI. Thus, if the particles experience similar
power, they will be broken down consistently into smaller
particles. Therefore, despite of mean particle size, the PDI of
product are influenced mainly by the applied power changes,
instead of the power strength [7, 22, 29, 30]. At less solvent
uses, increasing either ultrasound amplitude or time, caused
an intensive rise in energy input of system. Therefore, the
dispersed phase particles were broken up, rapidly. However,
the sufficient time for even and completely attaching of sta-
bilizer molecules onto the newly created smaller particles
could not be provided in system, led to re-attaching of some
incomplete stabilized particles and production the dispersed
phase with various mean particles sizes and broad size dis-
tribution [20, 29, 31]. It has also been reported that at less
solvent uses, the shock waves generated due to cavitation
led to shortening of the crystals contact time, prevent their
agglomeration and size growth [25].

On the other hand, increasing the solvent quantity, or
dispersed phase volume in preparation of lycopene nano-
dispersions, enhance the energy need of system for complete
mixing and homogenization of the phases. Therefore, less
ultrasonic time or amplitude are not sufficient for disintegra-
tion of all particles and some of them remained unbroken,
which leading the production of particles with different sizes
[22, 29, 32]. Moreover, at high levels of solvent used, the
collisions of the dispersed phase particles were increased,
which raised the chance of their association together and
production of uneven particles. The PDI of system will be
improved by intensive upsurge of ultrasonic amplitude or
time, at high solvent uses. Therefore, long time exposure of
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Fig.2 The 3D plots for PDI variations in various levels of organic to
inorganic phase ratio (v/v), ultrasound amplitude (%) and time (min)
(binary interactions, holding values for third variable were 0.555, 70 and
20 for organic/aqueous, ultrasonic amplitude and time, respectively)

ultrasound or using high ultrasonic amplitude can provide
adequate energy need for disruption of all fresh particles
and re-arrange the insufficient stabilized particles. Previ-
ous researches also concluded that more energy dissipation
caused a uniformity in system [26], which was opposed by
most current study results for PDI changes.

Furthermore, the enhanced PDI of produced nanodisper-
sions at certain organic phase concentrations and long time
exposure of ultrasound with less amplitude levels or using

@ Springer

short time ultrasound with higher amplitudes, revealed the
unevenness of applied ultrasound power in these cases.

The individual optimization predicted that using equal
volumes of organic and aqueous phases, and ultrasonic pro-
cess with amplitude of 90% for 30 min, would produce the
most homogeneous lycopene nanodispersions with the least
PDL

Lycopene Content

Since the ultrasonic irradiation effect in homogenization step
is mostly appear on particle size and PDI characteristics of
produced nanodispersions, its effect in extraction step, is
typically reflected on lycopene content of prepared nanodis-
persions. The lycopene content of product is also affected
by the chemical stability of extracted lycopene during size
reduction process. As stated before, like other carotenoids,
the chemical structure of lycopene is liable to heat and light
and is declined in presence of oxygen in environment [20].

The selected independent process parameters had signifi-
cant effect on lycopene content of gained lycopene nanodis-
persions. The high coefficient of determination (R*=0.9271)
of suggested regression model for prediction this response
can confirm the suitability of obtained model. The obtained
positive linear and negative quadratic coefficients of sug-
gested models, indicated that increasing all process vari-
ables to certain threshold, increased the lycopene content
of produced nanodispersions. However, further rise of them
affected inversely, and decreased the active compound con-
tent in products (Table 2).

The ANOVA analysis also indicated that linear effect of
phases’ ratio is the most affective term on lycopene content
of products. Moreover, all interaction terms are insignificant
in confidence level of 95% (p-value > 0.05, Table 3). Gener-
ally, increasing the solvent content, as well as ultrasound
time and amplitude, can increase the lycopene content in
prepared nanodispersions. These effects are predictable,
since increasing all these operation parameters can improve
the extraction yield of lycopene from plant cells of waste [4,
19, 24, 33]. For example, Konwarh et al. [24] resulted simi-
lar trend for changing the yield of extracted lycopene from
tomato peels for ultrasound amplitude and time. Increas-
ing the extracting solvent normally caused an increase in
extraction yield due to a considerable rise in equilibrium
concentration of extracted component in media [4, 15, 34].
The cavitation intensity also increased by surge of the sol-
vent content in system, since the used solvent system has
less vapor pressure compared to aqueous phase [35]. The
increase of the ultrasonic amplitude or time also increased
the energy input to system and strengthened the cavita-
tion leading to efficient plant cell collapse and increased
mass transfer of lycopene from cells into extracting solvent
[4, 15, 35]. However, extra increase of solvent, caused a
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considerable increase on duration of the solvent removal
step, which decreased the chemical stability of extracted
lycopene and promoted its deterioration through the process
due to long time exposure to heat, light and oxygen (Fig. 3).
Also, as observed in Fig. 3, the severe increase of ultrasonic
amplitude or time, degraded the active compound chemi-
cally due to production of highly reactive radicals and oxy-
gen derivatives, and decrease the size of nanoparticles [20].

The single optimization resulted that using organic to
aqueous phase with the volume ratio of 0.93, and ultrasonic
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Fig.3 The 3D plots for lycopene concentration variations in various
levels of organic to inorganic phase ratio (v/v), ultrasound amplitude
(%) and time (min) (binary interactions, holding values for third vari-
able were 0.555, 70 and 20 for organic/aqueous, ultrasonic amplitude
and time, respectively)

process in amplitude of 65 and 18 min, would give the lyco-
pene nanodispersions with the highest lycopene content
(59.8 mg/100 g dry waste).

Optimization and Validation Process

The multiple optimization in order to get the lycopene nano-
dispersions with the least mean particle size, PDI and the
highest lycopene content were also performed either graphi-
cally or numerically. The acceptance level of these charac-
teristics were set from minimum to first quarter of measured
data for mean particle size and PDI and from third quarter to
maximum for lycopene contents of samples. The results for
graphical optimization are shown in Fig. 4. The white area
in each contour plot shows the operation conditions resulting
the production of the most desirable nanodispersions. It can
be seen that using organic to aqueous phase with the ratio
ranged from 0.5 to 0.6, ultrasonication with the amplitude
ranges of 65-75% and time ranges of 15-20 min would give
the best products.

The numerical optimization also indicated that setting
organic to aqueous phases ratio on 0.5, and ultrasonic ampli-
tude and time on 70% and 20 min, respectively, would pro-
duce the best lycopene nanodispersions (66.3 nm, PDI of
0.245 and 52 mg/g waste lycopene), with overall desirability
of 0.854.

The suitability of suggested models were also checked
by comparison the measured characteristics with the data
obtained from model using two sample t-test. All acquired
p-values are 1 with the F-ratio of 0, meaning that there are
no significant difference (p-value < 0.05) between the experi-
mental and calculated data for characteristics of produced
nanodispersions. Thus, the suitability of models can be
established.

Moreover, the suggested optimum lycopene nanodisper-
sions were prepared at three replications and their mean par-
ticle sizes, PDI and lycopene contents were measured and
compared to predicted values, as well. The data are shown
in Table 4. It can be concluded that the experimental values
do not differ from calculated ones significantly due to more
than 0.05 values of obtained p-values of comparison tests.
Therefore, the accuracy of all three suggested models can
be re-confirmed.

Physical and Chemical Stability of Optimum
Lycopene Nanodispersions

The mean particle size, PDI and lycopene contents of optimum
lycopene nanodispersion were measured after 30 days storage
at either 4 or 25+ 1 °C in order to evaluate its physical and
chemical stabilities. The results are presented at Table 5. It
can be seen that regardless of lycopene content, the particle
size and PDI of stored optimum lycopene nanodispersions
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Fig.4 The contour plots of obtained optimized area to get the most
desirable lycopene nanodispersions

remained constant at 4 °C. Thus, they show good physical, but
less chemical stabilities. However, the increasing of particle
size and PDI of stored nanodispersions at 25 °C and decreas-
ing of their lycopene content, unveiled their neither physical
nor chemical stabilities at room temperatures. Previous studies
resulted first order kinetic model for degradation of carotenoids
in nanodispersion systems. Moreover, their reported degra-
dation rate constant (k) augmented by increasing the storage
temperatures, according to Arrhenius equation. Therefore, the

@ Springer

Table4 The measured (experimental) and calculated (predicted)
values for characteristics of optimum lycopene nanodispersions (pre-
pared at organic to aqueous phase ratio of 0.5, ultrasound amplitude
and time of 70% and 20 min) and their comparisons results (p-value
and t-value)

Mean PDI Lycopene con-
particle size centration (mg/g
(nm) dry waste)
Characteristics 60.4+7.0 0.209+0.0584 50.9+3.41
(Exp)
Characteristics 66.3 0.245 52.03
(Pred)
p-value 0.282 0.397 0.624
t-value —1.46 -1.07 -0.57

Exp experimental data, Pred predicted by suggested model

Table 5 Characteristics of optimum lycopene nanodispersions, pre-
pared at organic to aqueous phase ratio of 0.5, ultrasound amplitude
and time of 70% and 20 min, respectively (fresh sample and after
30 days storages at different temperatures)

Mean particle ~ PDI Lycopene
size (nm) concentra-
tion (mg/g
dry waste)
Fresh sample 60.4+7.0* 0.209+0.0584* 50.9+3.41°
After storage at 58.3+8.1% 0.228 +£0.012* 21.0+2.5°
4°C
After storage at 90.5+12.5° 0.397+0.041°  11.7+4.8°
25°C

“Different letters indicate statistically significant differences
between similar characteristics (p-value <0.05)

current study outcome agreed to the earlier ones [36]. The
lycopene content of stored nanodispersions at 25 °C decrease
twofold quickly compared to 4 °C. Therefore, the lycopene
content of stored nanodispersions at 25 °C are approximately
50% of stored ones at 4 °C. Then, decreasing the storage tem-
perature, as well as oxygen content and light of environment
can improve the chemical stabilities of nanodispersions con-
siderably, as the lycopene is greatly liable to these conditions
[1, 36]. Moreover, the less physical stability of produced nano-
dispersions at room temperature can be related to lycopene
degradation reactions in system leading to disturbing the sta-
bilizer molecules by produced radicals as well as their action
as connecting agents of nanoparticles in systems [1, 36, 37].

Conclusion

Lycopene nanodispersions were successfully fabricated
using ultrasound assisted simultaneously extraction and
size reduction of lycopene from tomato wastes. The effects
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of main processing parameters, namely, organic to aqueous
phase ratio, ultrasonic time and amplitude, were studied on
mean particle size, PDI and lycopene content of products,
response surface method based on central composite design
of experiments. The empirical second order polynomial
models were presented to predict the variations of studied
responses, with quite high coefficients of determinations
(R?>0.9). The results clearly showed that the main effect
of ultrasound amplitude, the quadratic effect of phases’ ratio
and also its main effect are the most significant terms on
mean particle size, PDI and lycopene content of lycopene
nanodispersions, respectively. Furthermore, the optimization
procedures suggested that using organic to aqueous phases
at ratio of 0.5, and ultrasonic process at amplitude and time
of 70% and 20 min, respectively, would lead to production
the most desirable lycopene nanodispersions with particle
size of 66.3 nm, PDI of 0.245 and 52 mg/g waste lycopene
content. The prepared nanoparticles had acceptable physical
stability, especially at less temperature storage, but relatively
less chemical stability due to observed lycopene content
decrease in optimum sample during 30-day storage at either
4 or 25 °C. The formulated lycopene nanodispersions can
be successfully used in various food, cosmetic and pharma-
ceutical applications.
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