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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Lycopene was extracted from tomato 
waste and encapsulated in poly
caprolactone (PCL).

• Use of two green methods: Supercritical 
Emulsion Extraction and Solvent 
Evaporation.

• Process optimization was done via Box- 
Behnken design and response surface 
modeling.

• Experimental validation confirmed the 
optimal conditions predicted by the DoE 
model.

• SEE showed more consistent encapsula
tion efficiency than solvent evaporation 
method.
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A B S T R A C T

Lycopene, a lipid-soluble carotenoid with potent antioxidant properties, is typically found in tomato peels, which 
are often discarded as by-products in the food industry. This study focused on extracting lycopene using solvent 
extraction and encapsulating it in polycaprolactone (PCL), a biodegradable polymer, using two different 
methods: solvent evaporation and supercritical emulsion extraction (SEE). Both methods were used to produce 
microparticles for nutraceutical applications. An optimization study based on Box-Behnken design and response 
surface modelling was conducted to assess the effects of emulsification stirring speed, emulsification time, and 
polymer amount on encapsulation efficiency and particle size. Particle sizes, measured by laser diffraction, 
ranged between 1.77 ± 0.10 and 2.82 ± 0.17 μm for solvent evaporation, and between 1.12 ± 0.03 and 
2.72 ± 0.15 μm for SEE. Encapsulation efficiencies, measured by UV–vis spectroscopy, ranged between 
28.45 ± 0.28 % and 89.94 ± 1.70 % for solvent evaporation, and between 66.52 ± 0.64 % and 89.45 ± 1.31 % for 
SEE. Results show that SEE yields more consistent encapsulation efficiencies compared to solvent evaporation. 
Additionally, the design of experiments (DoE) approach helped identify optimal conditions that minimize waste 
and maximize productivity. This work offers a sustainable method for converting agro-industrial waste into 
valuable nutraceutical products.
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1. Introduction

The food processing industry generates large quantities of by- 
products and waste at every stage each year. These materials repre
sent an abundant, cost-effective, and renewable resource. Since typical 
food waste contains approximately 30–60 % starch, 10–40 % lipids, and 
5–10 % proteins by weight, there is significant – yet underutilized – 
potential for nutrient recovery from both plant and animal sources [1]. 
The growth of the global tomato processing sector, largely driven by 
increasing demand for fresh and processed tomato products, has natu
rally resulted in a higher volume of by-products and waste. Studies show 
that tomato processing generates 30–40 % waste [2]. Proper disposal of 
this waste presents both economic and environmental challenges, as its 
low biological stability and microbial activity contribute to greenhouse 
gas emissions, exacerbating climate change [2]. In this context, repur
posing agricultural and food industry by-products for nutrient recovery 
not only reduces waste but also supports Sustainable Development Goal 
12.3, which aims to halve food waste and losses at all stages of the 
supply chain – including post-harvest – by 2030 [3].

Tomato by-products such as peels, seeds, and pomace are rich in 
fiber, polyphenols, carotenoids (including lycopene and β-carotene), oil, 
and proteins. These components offer notable health benefits due to 
their chemical and biological properties [4]. Lycopene is renowned for 
its strong antioxidant activity, which has been associated with the 
reduction of oxidative stress and the potential prevention of cancer, 
cardiovascular diseases, and neurodegenerative disorders [5,6].

In recent years, increased interest in healthy lifestyles has led to 
growing demand for functional nutrients and greater acceptance of 
alternative therapies. Lycopene, due to its promising properties, has 
become one of the most extensively studied bioactive compounds used 
in nutraceuticals [7,8]. However, lycopene remains underused because 
of its instability and low bioavailability [9]. Encapsulation can improve 
the stability of this compound, protecting it from degradation caused by 
light, oxygen, and heat, and thus extending its shelf life and enhancing 
its effectiveness [10,11]. Moreover, the right encapsulation strategy can 
increase solubility and enable controlled release [12].

Polymeric microparticles are a commonly used carrier for encapsu
lating lipophilic substances. The single oil-in-water emulsion solvent 
evaporation technique is typically used for the polymeric particles 
production [13–15]. In this method, the bioactive compound and 
polymer are dissolved in the oil phase, which is then dispersed into an 
aqueous phase containing a surfactant to stabilize the emulsion. Solvent 
removal from the oil phase results in the formation of polymeric parti
cles. This method influences particle size, encapsulation efficiency, 
release characteristics, and the stability of the encapsulated compound 
[16]. Solvent evaporation is a fast process that usually occurs at room 
temperature, which is advantageous for preserving sensitive compounds 
such as enzymes [17]. However, it is generally a batch process, which 
limits productivity compared to continuous processes.

In recent years, supercritical fluids have gained attention as a me
dium for extracting organic solvents from the oil phase of emulsions. The 
supercritical emulsion extraction (SEE) method produces microparticles 
with a narrow size distribution and high encapsulation efficiency, while 
minimizing solvent residues and eliminating the need for a drying step 
[18,19]. Its mild operating conditions make it particularly suitable for 
thermolabile compounds, including essential oils, vitamins, and hydro
phobic drugs [20,21]. Moreover, SEE can operate continuously, offering 
higher productivity compared to traditional batch processes.

The choice of polymer plays a crucial role in encapsulation perfor
mance. Poly(ε-caprolactone) (PCL) is a biodegradable and biocompat
ible polymer, approved for pharmaceutical use and obtainable from 
renewable resources. Its slow degradation rate makes it suitable for 
sustained release of lipophilic compounds such as lycopene [22]. PCL 
microparticles also offer high encapsulation efficiency and protect 
bioactive ingredients from oxidation. Furthermore, PCL is compatible 
with various other polymers and surfactants, increasing its versatility in 

nutraceutical applications [23,24].
Several studies in the literature have shown progress in encapsu

lating carotenoids, including lycopene, within PCL and other polymer 
matrices [25]. For example, PCL-based carriers are known to create 
nanoparticles that are smaller and have a slower erosion rate compared 
to poly(lactic-co-glycolic) acid [26]. Additionally, methoxy poly 
(ethylene glycol)-block-poly(ε-caprolactone) formulations of lycopene 
have demonstrated enhanced bioavailability and biological activity 
[27]. Lycopene has also been successfully encapsulated in PCL lipid-core 
nanocapsules, resulting in particles of approximately 190 nm with good 
stability [28]. Furthermore, earlier research has explored encapsulating 
carotenoids in polymeric carriers using the SEE process. Indeed, SEE has 
been employed to encapsulate astaxanthin in ethyl cellulose, resulting in 
particles of approximately 300 nm in diameter with a high encapsula
tion efficiency of 83 % [29]. Moreover, Santos et al. [30] reported the 
production of sub-micrometric particles of β-carotene and lycopene 
using the SEE process, achieving particles that are both highly stable and 
easily soluble in water.

To develop a process that not only transforms industrial waste into 
high-value nutraceutical ingredients but also enhances efficiency, a 
statistical methodology such as Design of Experiments (DoE) can be 
employed. DoE combined with response surface methodology (RSM) 
allows for a systematic investigation of the relationships between input 
variables and outcomes [31]. In this study, factors such as polymer 
concentration, emulsification time and stirring speed were evaluated to 
determine their influence on product quality and yield. Once optimal 
conditions are identified, the process becomes easier to standardize and 
control, thereby reducing variability [32]. DoE also contributes to sus
tainability by identifying process conditions that maximize efficiency 
while minimizing environmental impact, such as energy, water, and 
solvent use.

Building on these considerations, the primary objective of this work 
was to extract lycopene from tomato peels, an agro-industrial waste, and 
used it to produce particles that enable the creation of a stable lycopene 
formulation suitable for nutraceutical applications. Two different 
encapsulation techniques, emulsion solvent evaporation and supercrit
ical emulsion extraction (SEE), were compared to produce microparti
cles. The effects of polymer concentration, emulsification time, and 
emulsification stirring speed were investigated with respect to particle 
morphology and encapsulation efficiency. A Box-Behnken design was 
applied to optimize the experimental process, and the effects of different 
process variables were systematically studied using response surface 
modeling (RSM). The overall aim of this study was to promote sustain
ability and support the circular economy by transforming food waste 
into valuable resources, while also highlighting the environmental and 
quality-related benefits of the supercritical encapsulation method.

2. Materials and methods

2.1. Chemicals

Tomato waste (peels and seeds) was kindly provided by a producer of 
tomato sauce in northern Italy. Poly(ε-caprolactone) (average Mn ~ 
14000 g/mol) (PCL) was purchased from Sigma-Aldrich (Saint Louis, 
MO, USA). Polysorbate 80 (Tween 80) was purchased from Acros Or
ganics (Geel, Belgium). Chloroform was purchased from Carlo Erba 
(Milan, Italy). Carbon Dioxide was purchased from Morlando Group 
(Naples, Italy). Distilled water was produced with lab-scale equipment 
in our laboratory.

2.2. Lycopene extraction from tomato waste

The extraction of lycopene was performed using chloroform through 
conventional solid-liquid extraction, following the methodology re
ported by Rozzi et al. [33], with minor modifications. The tomato waste 
was partially dried at 60◦C up to a constant weight before the extraction. 
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The extraction was conducted using a liquid-to-solid ratio of 10 mL/g at 
room temperature (25 ◦C), with an extraction time of 12 h, using a 
magnetic stirrer and in the dark. The extraction vessel used had an in
ternal volume of 500 mL. The obtained enriched lycopene extract was 
characterized in terms of total lycopene concentration, which was 
evaluated by measuring the absorbance at 470 nm using a UV–vis 
spectrophotometer (Lambda 25, PerkinElmer, Wellesley, MA, USA) 
[34]. The used calibration curve is reported in Eq. 1. 

CTL = 7.2884 × Abs (1) 

where CTL is the total lycopene concentration expressed as milligrams of 
equivalent lycopene per milliliter of extract (mgLE/mL) and Abs is the 
absorbance at the wavelength of 470 nm.

2.3. Emulsion preparation

To prepare the oil-in-water emulsion (O/W), the oil phase (O) was 
obtained by adding PCL to the lycopene extracted from tomato peels; in 
particular, 1–3 g of PCL were added to 20 g of extract constituted by 
chloroform rich in lycopene. The water phase (W) was prepared by 
dissolving Tween 80 at a concentration of 1 % (w/w). The mass ratio 
between the oil and the water phase was fixed at 20/80, and 100 g of 
emulsion was produced for each batch. Different emulsification stirring 
speeds (5000 – 9000 rpm), and emulsification times (3 – 9 min) were 
tested. Moreover, various amounts of PCL as the carrier agent were 
investigated. These different quantities were reported as PCL weight 
percentage, defined as the mass of PCL (ranging from 1 to 3 g) relative to 
the total mass of the oil phase (fixed at 20 g). The emulsion production 
was carried out using a Silverson L5M-A rotor-stator type emulsifier 
(Silverson Machines Ltd, Chesham, UK). All the processes were con
ducted in an ice bath to prevent a possible degradation of the com
pounds due to high temperatures.

2.4. Production of polymeric particles with emulsion solvent evaporation 
method

The loaded polymer particles were produced using the solvent 
evaporation method. Specifically, the emulsions were mixed at 200 rpm 
at room temperature (25 ± 2◦C) to allow complete solvent evaporation, 
which, for a 100 mL batch, corresponds to approximately 8 h. The ob
tained particle suspension was centrifuged at 11760 ×g for 10 min. 
Then, the particles were resuspended in pure water and recovered by 
filtration (membrane filters 0.22 μm, Millipore, Burlington, MA, USA). 
Unloaded particles were also produced without the addition of lycopene 
extract in the oil phase.

2.5. Production of polymeric particles with supercritical emulsion 
extraction (SEE)

The oil-in-water emulsions were also processed using the SEE plant, 
schematically represented in a previous work [35]. The setup consists of 
a 1.6-meter-high column with an internal diameter of 13 mm. The col
umn is divided into four cylindrical sections, connected by cross-shaped 
unions. The interior was packed with stainless steel structured packing 
(0.16-inch ProPak, Scientific Development Company, State College, PA) 
characterized by a void fraction of 0.94, to assure phase contact and 
mass transfer efficiency under the selected operating conditions. The 
column is thermally insulated with a fiberglass jacket, and the temper
ature profile is controlled by six temperature controllers along the col
umn (Series 93, Watlow, Milan, Italy).

In each SEE experiment, CO2 is supplied to the bottom of the column 
at a constant flow rate via a high-pressure pump (Milroyal B, Milton Roy, 
Pont Saint Pierre, France), while the emulsion is fed into the top of the 
column using a high-pressure piston pump (Model 305, Gilson, France). 
The extracted oily phase is collected in a separator located downstream 

of the column’s top, while the particle suspension is continuously 
recovered at the column’s bottom through decompression using a needle 
valve. In the case of SEE, the processing time is 90 min for a 100 mL 
batch. Operating conditions were selected based on previous studies, 
with an emulsion flow rate of 2.4 mL/min, a fixed liquid-to-gas mass 
ratio of 0.1, and temperature and pressure set at 37◦C and 80 bar [36]. 
The pressure value was chosen to ensure lycopene insolubility in su
percritical carbon dioxide, thus preventing its extraction [37]. Solid 
particles were recovered from the suspension using the same treatment 
method as in the conventional process.

2.6. Experimental design

Response Surface Methodology (RSM) was used to adapt the Box- 
Behnken design to tune the preparation of particles for both the inves
tigated techniques [38]. The independent variables for optimization 
were selected as follows: emulsification stirring speed as factor 1 (X1), 
emulsification time as factor 2 (X2), and PCL weight percentage as factor 
3 (X3). The selected responses were particle mean Sauter diameter (D32) 
and encapsulation efficiency of lycopene (EE). Each independent vari
able was given a high- and low-level value for a total of 15 runs, in which 
the central point was performed in triplicate (Table 1). The experimental 
data were mathematically fitted through a second-order polynomial (Eq. 
2): 

Y = a0 +
∑k

i=1
aiXi +

∑k

i=1
aiiX2

i +
∑k

i=1

∑k

j=1
aijXiXj (2) 

where Y are response variables, Xi and Xj are the input variables, a0 is a 
constant, ai, aii, and aij are the coefficients of the linear, quadratic, and 
interaction terms of the equation, respectively. The model adequacy was 
determined by the analysis of variance (ANOVA) using the Design 
Expert Software (Stat-Ease, Inc., Minneapolis, MN, USA).

2.7. Physicochemical characterization

2.7.1. Polymeric particles morphology
The morphology of polymeric particles was observed using field 

emission scanning electron microscopy (FESEM, LEO 1525, Carl Zeiss 
SMT AG, Oberkochen, Germany), equipped with a secondary electron 
detector, used with a 10 kV voltage. Samples were placed on a carbon 
tab previously fixed to an aluminum stub (Agar Scientific, Stansted, UK) 
and then coated with gold-palladium (layer thickness 25 nm) using a 
sputtering coater (108 A, Agar Scientific, Stansted, UK).

2.7.2. Particle size analysis
The produced particles were analyzed using a laser diffraction par

ticle size analyzer (Mastersizer 3000, Malvern Instruments Ltd, Wor
cestershire, UK) for particle size distribution (PSD) using the methods 
described by Ushikubo & Cunha [39] with slight modifications. Briefly, 
the samples were dispersed in deionized water up to a laser obscuration 
between 10 % and 20 %. All measurements were performed in triplicate, 
and the polymeric particles were characterized by Sauter mean diameter 

Table 1 
Main chart of Box-Behnken design for the production of polymeric 
microparticles.

Independent 
variables

Emulsification stirring 
speed X1 

[rpm]

Emulsification 
time 
X2 

[min]

PCL weight 
percentage 
X3 

[g]

Level Low 5000 3 5

High 9000 9 15
Dependent 

variables
D32 [μm] EE [%]
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(D32).

2.7.3. Encapsulation efficiency
The encapsulation efficiency (EE) was evaluated by analyzing the 

total and free lycopene content in the particles and comparing them to 
the initially loaded lycopene, following the procedure adapted from 
Zhao et al. [40]. To determine the total lycopene content, 1 mL of the 
particle suspension was dissolved in 3 mL of chloroform and vortexed 
for 1 min to release the lycopene from the produced particles. A particle 
suspension without lycopene was used as a control.

For the free lycopene content, 1 mL of the particle suspension was 
dissolved in 3 mL of acetone and shaken for 1 min. The solid was then 
separated by centrifugation at 4000 rpm for 10 min to obtain the 
acetone phase.

Both total and free lycopene contents were measured by evaluating 
absorbance (Abs) using a UV-Vis spectrophotometer (Lambda 25, Per
kinElmer, Wellesley, MA, USA) at 470 nm, based on the calibration 
curve reported in Eq. 1 [40].

The encapsulation efficiency (EE) was calculated by the following 
Eq. 3: 

EE =
mtotal − mfree

mloaded
x 100 (3) 

Where mtotal was the mass of total lycopene, mfree was the mass of free 
lycopene, and mloaded was the mass of initial loaded lycopene.

2.7.4. Dissolution tests
Lycopene dissolution tests were conducted using a Cary 60 UV/vis 

spectrophotometer at a wavelength of 475 nm. To compare dissolution 
rates, samples with the highest encapsulation efficiency, obtained by the 
solvent evaporation method and the SEE method were selected. Both 
samples, weighing 30 mg each, were placed in a porous paper filter and 
incubated in a 50/50 v/v acetone/water solution. The mixture was 
continuously stirred at 200 rpm and maintained at 37 ◦C. The absor
bance was continuously monitored throughout the release process with 
Kinetics software until all the lycopene was released into the medium. 
The final release percentage was then calculated by comparing the 
initial and final absorbance values at the plateau.

3. Results and discussion

3.1. Extract production and characterization

To ensure a lycopene-rich extract, tomato waste was subjected to 
chloroform extraction at a solid-to-liquid ratio of 1:10, following a 
protocol reported in the literature. The obtained extract was charac
terized by a concentration of lycopene equal to 176.76 µg/mL in the 
final extract.

3.2. Experimental design of polymeric particles production by emulsion 
solvent evaporation

Polymeric particles are a potential carrier for the encapsulation of 
lycopene-rich extract. Due to the strong lipophilicity of lycopene, the 
emulsion solvent evaporation technique was investigated as producing 
technique. The response surface methodology was used to investigate 
the effect of process parameters and to optimize the production. A total 
of 15 experimental runs were carried out in order to study the effect of 
three independent variables, i.e. emulsification stirring speed (X1), 
emulsification time (X2), and PCL weight percentage (X3). Each exper
imental run was characterized in terms of particles mean diameter (D32) 
and encapsulation efficiency (EE). The values of the input variables in 
the considered design space points and the experimental results, in 
terms of response variables, are presented in Table 2.

All the performed tests successfully produced polymeric 

microparticles with a mean diameter D32 between 1.77 ± 0.10 and 2.82 
± 0.17 μm. The particle size distributions (PSDs) of particles with lower 
and higher D32 (Run 7 and Run 15) are shown in Fig. 1 as an example. It 
was possible to see that the PSDs were unimodal and uniform, indicating 
a good particle homogeneity. Moreover, the SEM images of all the ex
periments are reported in Fig. 2 and it can be seen that the microparti
cles obtained were well-formed and spherical in all the conditions 
investigated.

Regarding the mean diameter of polymeric particles (D32), it was 
modeled according to a reduced quadratic model (Eq. 4) and analysis of 
variance (ANOVA) was performed (Table 3) to assess the significance of 
the model and equation terms.

The model was characterized by a F – value of 52.89 and a p – value 
lower than 0.0001 (Table 3), meaning that there is less than 0.01 % of 
probability that such a large F – value will occur due to noise. The p – 
values less than 0.05 (Table 3) show that the model terms were signif
icant. This indicated that the model was highly significant for the fitting 
of particle diameter. Moreover, the goodness of fit was also checked by 
the good coefficient of determination (R2 = 0.9570). The predicted R2 

value (0.8987) was reasonably in agreement with the adjusted one 
(0.9570). The signal-to-noise ratio was satisfactory since the observed 
good precision ratio of 23.508 was greater than 4. In addition, the co
efficient of variation (CV = 2.86 %) calculated from the replicates at the 
central point showed good experimental precision. Therefore, this 
model could be used to represent the design space studied. Looking at 
the actual equation (Eq. 4), the coded coefficients (Tables 3) and 3D 
surface plots (Fig. 3), it is evident that the particle diameter was pre
dominantly affected by factor X3, representing the polymer concentra
tion, which exhibited the largest positive effect. This means that 
increasing the polymer concentration significantly increased the particle 
size. This behavior is commonly observed in polymer particle produc
tion, where a higher amount of polymer raises the viscosity of the 
dispersed phase, reducing the effectiveness of shear forces during 
emulsification and leading to larger particles [41–43]. Considering the 
emulsion solvent evaporation technique, the particle diameter was 
correlated to the operating conditions of the emulsification process, in 
terms of speed and time. In particular, the speed had a negative coeffi
cient, indicating that higher homogenization speeds resulted in smaller 
particle sizes. As reported in the literature [44,45], increasing the ho
mogenization speed enhances shear force and turbulence, promoting 
droplet breakup and reducing the average particle diameter. The 
emulsification time showed a positive effect, suggesting that prolonged 
emulsification might favor coalescence or limit further droplet size 
reduction beyond a certain duration. The interaction term between X1 
and X3 was also statistically significant and revealed a critical rela
tionship between emulsification speed and polymer concentration. As 
also shown in Fig. 3B, the efficiency of stirring is affected by the viscosity 
of the liquid, which increases with higher polymer content. In more 
viscous systems, even high stirring speeds may not translate into effec
tive shear stress, thus limiting droplet breakup. This interaction reflects 
a typical phenomenon in emulsion-based systems, where the effective
ness of mechanical forces is modulated by the rheological properties of 
the liquid phases. 

D32 = − 0.35+0.000409 X1 +0.17 X2 +0.13 X3

− 0.000010 X1X3 − 2.87 ∗ 10− 8X2
1 − 0.011 X2

2
(4) 

The encapsulation efficiency was between 28.45 ± 0.28 and 89.94 

± 1.70 %, highlighting a great variability depending on the different 
process parameters. The encapsulation efficiency (EE) was modeled 
according to a reduced quadratic model (Eq. 5) and analysis of variance 
(ANOVA) was performed (Table 4) to assess the significance of the 
model and equation terms.

The analysis of variance (ANOVA) showed a F – value of 106.10 and 
a p – value less than 0.0001 (Table 4), indicating an excellent overall 
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model fit. The coefficient of determination (R² = 0.9907) further 
confirmed the model’s strong agreement with the experimental data, 
explaining most of the variability in the response variable. In addition, 
the similarity between the predicted R² (0.9441) and the adjusted R² 
(0.9813) suggested the model had good predictive ability and a low risk 
of overfitting. Furthermore, the signal-to-noise ratio of the model 
reached 39.120, well above the recommended minimum of 4. This 
provides further evidence of the model’s robustness and reliability. 
Looking at the actual equation (Eq. 5) and at the coded coefficients 
(Table 4), the encapsulation efficiency was predominantly affected by 
factors X3, X1×2, and X2×3. Among the linear effects, X3 showed the 
positive impact, indicating that increasing the quantity of carrier ma
terial enhances the availability of wall matrix for the encapsulation of 
lycopene, thereby improving the overall encapsulation efficiency [46]. 
On the other hand, emulsification time had a negative linear effect, 
suggesting that prolonged emulsification may negatively affect the 
encapsulation process, while emulsification speed contributed posi
tively. The positive interaction between X2 and X3 was the most influ
ential among the interaction terms, indicating a synergistic effect: when 
adequate emulsification time is combined with enough polymer, the 

encapsulation process is significantly enhanced. Additionally, the 
interaction between X1 and X2 (X1×2) also contributed positively, sug
gesting that under certain conditions, increasing both speed and time 
could support more efficient particle formation. The presence of sig
nificant negative quadratic effects for X1² and X3² indicates that further 
increases in emulsification speed or polymer concentration may lead to 
decreased encapsulation efficiency, possibly due to excessive shear or 
unfavorable viscosity and particle aggregation. These results are 
consistent with the trends observed in the 3D response surface plots 
(Fig. 4), which illustrate how the combined effects of the process pa
rameters influence the system’s behavior. 

EE = 116.06+0.011 X1 − 26.32 X2 − 3.51 X3 +0.0016 X1X2

+1.34 X2X3 − 1.30 ∗ 10− 6X2
1 − 0.134 X2

3

(5) 

After studying the effect of the process parameters on the responses 
(D32 and EE), the optimum values of the input variables in order to 
obtain the maximum encapsulation were found. The optimized oper
ating conditions were: 7422 rpm, 8.978 min, and 14.992 %. The 

Table 2 
Values of the input variables (X1: emulsification stirring speed; X2: emulsification time, X3: PCL weight percentage) in the Box-Behnken design of the polymeric 
particles production process, and experimental results of the response variables (D32: mean diameter of polymeric particles, EE: encapsulation efficiency) for particles 
produced by the emulsion solvent evaporation and supercritical emulsion extraction methods. Data are reported as mean value of triplicate analyses ± standard 
deviation.

Run Factor Response for emulsion solvent evaporation Response for supercritical emulsion extraction

X1 [rpm] X2 [min] X3 [%] D32 

[μm]
EE 
[%]

D32 

[μm]
EE 
[%]

1 9000 9 10 2.11 ± 0.35 70.34 ± 0.52 1.81 ± 0.04 87.13 ± 1.93
2 5000 9 10 2.56 ± 0.15 43.41 ± 0.65 1.31 ± 0.04 75.76 ± 0.53
3 5000 3 10 2.18 ± 0.43 73.52 ± 0.41 2.72 ± 0.15 72.12 ± 1.35
4 7000 9 15 2.69 ± 0.78 89.94 ± 1.70 1.12 ± 0.03 87.78 ± 0.86
5 7000 6 10 2.40 ± 0.32 66.81 ± 0.54 1.50 ± 0.04 82.55 ± 0.53
6 7000 6 10 2.36 ± 0.09 65.95 ± 1.15 1.55 ± 0.07 78.18 ± 0.82
7 7000 3 5 1.77 ± 0.10 78.63 ± 0.19 1.19 ± 0.06 69.99 ± 0.39
8 9000 6 15 2.19 ± 0.27 68.06 ± 0.43 1.68 ± 0.06 89.45 ± 1.31
9 9000 3 10 1.9 ± 0.33 62.12 ± 0.61 1.94 ± 0.03 80.32 ± 0.82
10 7000 3 15 2.45 ± 0.10 59.76 ± 0.51 1.81 ± 0.02 84.87 ± 0.99
11 5000 6 5 2.05 ± 0.09 45.17 ± 0.64 1.18 ± 0.04 66.52 ± 0.64
12 9000 6 5 1.84 ± 0.76 54.66 ± 0.29 1.36 ± 0.06 76.23 ± 0.82
13 7000 6 10 2.46 ± 0.14 65.47 ± 0.20 1.43 ± 0.01 81.46 ± 1.11
14 7000 9 5 2.07 ± 0.08 28.45 ± 0.28 1.23 ± 0.02 72.45 ± 1.03
15 5000 6 15 2.82 ± 0.17 63.04 ± 0.72 1.83 ± 0.05 81.43 ± 0.49

Fig. 1. Particle size distribution (PSD) for polymeric particles of Run 7 (A) and Run 15 (B) for the emulsion solvent evaporation method.
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obtained optimal point was experimentally verified, and the produced 
particles were characterized by a D32 of 2.69 ± 0.50 μm and an EE of 
89.95 ± 0.83 %. These results showed a good agreement with the pre
diction, highlighting the validity of the model.

3.3. Experimental design of polymeric particles production by 
supercritical emulsion extraction (SEE)

The same emulsions were processed using supercritical emulsion 
extraction to remove chloroform from the oil phase. The performed 
experiments and the corresponding results are summarized in the last 
two columns of Table 2.

The results presented in Table 2 show that the SEE process produced 
microparticles with a mean diameter (D32) ranging from 1.12 ± 0.03 
and 2.72 ± 0.15 μm. The particle size distributions (PSDs) for runs 7 and 
15 (Fig. 5) clearly demonstrate that this method enables effective con
trol over particle size, resulting in unimodal and uniform distributions. 
Furthermore, Fig. 6 shows SEM images from all tests, demonstrating the 
attainment of spherical, well-shaped microparticles across all tests per
formed using the SEE process.

Fig. 2. SEM images of particles produced using emulsion solvent evaporation method at each run described in Table 2.

Table 3 
Coded coefficients for Eq. 4 and statistical analysis results of ANOVA of the fitted 
reduced quadratic polynomial model for particles diameter (D32) for emulsion 
solvent evaporation method.

Source
Coded 
coefficient

Sum of 
square

Mean of 
square

F – 
value p – value

Model ​ 1.32 0.2201 52.89 < 0.0001
Intercept + 2.37 ​
X1 - 0.1963 0.3081 0.3081 74.03 < 0.0001
X2 + 0.1412 0.1596 0.1596 38.35 0.0003
X3 + 0.3025 0.7321 0.7321 175.88 < 0.0001
X1×3 - 0.1050 0.0441 0.0441 10.60 0.0116
X1

2 - 0.1148 0.0490 0.04090 11.76 0.0090
X2

2 - 0.0948 0.0334 0.0334 8.02 0.0221
Residual ​ 0.0333 0.0042 ​
Lack of 

Fit
​ 0.0282 0.0047 1.86 0.3905
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The mean diameter of polymeric particles (D32) was modeled using a 
reduced quadratic model (Eq. 6), and an analysis of variance (ANOVA) 
was performed (Table 6) to assess the significance of the model and its 
terms. The model exhibited a F – value of 17.14 and a p – value of 0.0007 
(Table 6), indicating that the probability of obtaining this result by 
random noise is less than 0.07 %. The significance of the model terms 
was confirmed by p-values less than 0.05 (Table 6), further supporting 
the relevance of the selected variables. These results demonstrate that 
the model is highly significant for fitting particle diameter data.

Furthermore, the reliability of the model was validated by the high 
coefficient of determination (R2 = 0.9449), suggesting an excellent fit. 
The adequacy of the signal-to-noise ratio was confirmed by a precision 
value of 13.579, which exceeds the minimum acceptable threshold of 4. 
A low coefficient of variation (CV = 9.39 %) also reflects high experi
mental precision.

Overall, the statistical parameters confirm that the model (Eq. 6) is 
well-suited to describe the studied design space. The effect of the input 

variables on particle size is shown by the coded coefficients (Table 6) 
and illustrated in the 3D response surface plots in Fig. 7. Regarding the 
emulsification stirring speed, the linear term of X₁ was not statistically 
significant, while the quadratic term (X₁²) was significant, indicating a 
nonlinear effect of emulsification speed on particle size. This suggests 
the existence of an optimal value of X₁, beyond which further increases 
may no longer reduce the droplet size and could even lead to an increase. 
Moreover, as shown in Fig. 7A, the smallest values of diameter are ob
tained at high levels of both emulsification speed (X₁) and emulsification 
time (X₂). In contrast, emulsification time (X₂) showed a significant 
positive linear effect, and its interaction with polymer concentration 
(X₂X₃) further influenced the response. Increasing the amount of poly
mer (X₃) led to an increase in particle diameter, likely due to the higher 
viscosity of the dispersed phase, which affects the initial droplet for
mation and, consequently, the final microparticle size [47]. 

D32
− 1.3 = − 0.53+ 0.000506X1 +0.077X2 − 0.077X3 − 0.000016X1X2

+0.0072X2X3 − 2.99 ∗ 10− 8 X2
1 +0.0055 X2

3

(6) 

The encapsulation efficiency, a key parameter in this study, ranged 
from 66.52 ± 0.64 % to 89.45 ± 1.31 % when the SEE process was used. 
These values were slightly higher than those obtained with the solvent 
evaporation in the initial part of the study. Although lycopene is a non- 
polar compound known to be soluble in supercritical CO2, the chosen 
operating conditions in this study ensured that extraction did not occur. 
This confirms that under the selected conditions, supercritical CO2 did 
not interfere with the active compound or affect the encapsulation 
process [36].

Encapsulation efficiency was described using a linear model (Eq. 7), 
and its reliability was verified through ANOVA (Table 7). The statistical 
evaluation revealed a high F-value of 81.38 and a p-value < 0.0001, 
confirming the model’s statistical significance. The coefficient of 
determination (R2 = 0.9569) indicated that the model has a good pre
dictive ability. Additionally, the predicted R2 (0.9355) agreed with the 
adjusted R2 (0.9451), demonstrating that the model offers accurate 

Fig. 3. 3D surface plots for particle diameter as a function of emulsification stirring speed and emulsification time for 10 % as PCL weight percentage (A), emul
sification stirring speed and PCL weight percentage for 9 min as emulsification time (B), and emulsification time and PCL weight percentage for 5000 rpm as 
emulsification stirring speed (C) in the case of emulsion solvent evaporation method.

Table 4 
Coded coefficients for Eq. 5 and statistical analysis results of ANOVA of the fitted 
reduced quadratic polynomial model for encapsulation efficiency (EE) for the 
emulsion solvent evaporation method.

Source Coded 
coefficient

Sum of 
square

Mean of 
square

F – 
value

p – value

Model ​ 3129.72 447.10 106.10 < 0.0001
Intercept + 66.92 ​
X1 + 3.76 112.8 112.8 26.77 0.0013
X2 - 5.24 219.36 219.36 52.05 0.0002
X3 + 9.24 682.3 682.3 161.91 < 0.0001
X1×2 + 9.58 367.29 367.29 87.16 < 0.0001
X2×3 + 20.09 1614.22 1614.22 383.06 < 0.0001
X1

2 - 5.20 100.53 100.53 23.86 0.0018
X3

2 - 3.35 41.78 41.78 9.92 0.0162
Residual ​ 29.50 4.21 ​
Lack of 

Fit ​ 28.58 5.72 12.51 0.0757

Table 5 
Comparison of predicted values and experimental responses of the optimized operating conditions for the emulsion solvent evaporation method. The operating 
conditions were approximated for the experimental evaluation.

Parameters Goal Importance Experimental operation conditions Predicted value Observed value Prediction error [%]

X1 [rpm] In range 3 7400 ​
X2 [min] In range 3 9 ​
X3 [%] In range 3 15 ​
D32 [μm] In range 3 2.649 2.69 ± 0.50 1.55
EE [%] Maximize 5 90.072 89.95 ± 0.83 0.10
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predictions without signs of overfitting. The precision of the model was 
also supported by an adequate signal-to-noise ratio of 28.809, well 
above the acceptable threshold of 4, further validating the model’s 
robustness. Based on the coefficients in the actual equation (Eq. 7) and 
the coded coefficients (Table 7), the variables with the greatest influence 
on EE were X1 (emulsification stirring speed) and X3 (PCL weight per
centage). Eq. 7 and Fig. 8 illustrate the impact of input variables on 
encapsulation efficiency. Specifically, the coded coefficient for X3 is 
notably the largest among the linear terms, indicating that increasing 
the polymer concentration has the most substantial positive effect on EE. 
This enhancement can be attributed to the increased availability of 
polymer matrix material, which facilitates the formation of a more 
effective encapsulating barrier around the active compound, thus 
improving its entrapment efficiency [48]. Additionally, the emulsifica
tion stirring speed (X1) also positively affects EE. Higher emulsification 
speed contributes to improved encapsulation efficiency by producing 
more uniform and stable microparticles [49]. These effects are clearly 
shown in Fig. 8, indicating that increasing polymer concentration and 
emulsification stirring speed leads to improved encapsulation efficiency. 

EE = 44.22+0.0023X1 +0.66X2 +1.46X3 (7) 

Also in this case, the optimum values of the input variables in order 
to obtain the maximum encapsulation were found and they are 
8429 rpm, 8.821 min, and 14.481 %. The experimental verification 
produced particles that were optimized with a D32 of 1.45 ± 0.11 μm 
and an EE of 92.13 ± 1.4 % (Table 8). Consequently, the validity of the 
model was also verified for the SEE process.

3.4. Comparison between solvent evaporation and supercritical emulsion 
extraction

Both investigated emulsion-based processes successfully encapsu
lated lycopene in polymeric microparticles. Furthermore, the conducted 
study identified the optimal operating conditions to maximize encap
sulation efficiency. When the optimized operating conditions were 
compared, the input variable values were similar for both techniques, 
indicating that the initial emulsions were well formed and stable enough 
to allow particle production. Examining the predicted and observed 
values of the analyzed responses revealed that the encapsulation effi
ciency was high for both techniques. However, the SEE process exhibi
ted a significant lower mean diameter, from 2.69 ± 0.50 μm to 1.45 
± 0.11 μm.

Fig. 4. 3D surface plots for encapsulation efficiency as function of emulsification stirring speed and emulsification time for 15 % as PCL weight percentage (A), 
emulsification stirring speed and PCL weight percentage for 9 min as emulsification time (B), and emulsification time and PCL weight percentage for 9000 rpm as 
emulsification stirring speed (C) in the case of emulsion solvent evaporation method.

Fig. 5. Particle size distributions (PSDs) for SEE-processed particles obtained by Run 7 (A) and Run 15 (B) for SEE process.
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To understand whether the emulsion processing method affects the 
lycopene release from the obtained particles, the dissolution rates were 
evaluated using the samples obtained by solvent evaporation and SEE 
which gave the best results in terms of encapsulation efficiency. The 
drug dissolution profiles reported in Fig. 9 show the percentage of 

lycopene dissolved in a 50/50 v/v acetone and water mixture over time.
The curves are quite similar in shape. Notably, for the SEE-processed 

sample, the release occurs slightly faster initially, reaching 80 % in just 
20 min, while the solvent evaporation sample reaches 80 % release in 
40 min. Both samples demonstrate a second, slower phase, and 100 % of 
the lycopene in both samples was released in approximately 100 min.

In conclusion, while both techniques are effective for lycopene 
encapsulation, supercritical emulsion extraction is more advantageous 
for controlling particle size, which is an important aspect for pharma
ceutical or nutraceutical applications where bioavailability is strongly 
influenced by particle size. Essentially, in the SEE process, supercritical 
CO₂ rapidly extracts the organic solvent from the dispersed phase, 
leading to instantaneous precipitation of the active ingredient and 
polymer particles; the rapid precipitation limits the possibility of coa
lescence and agglomeration, as the particles quickly solidify before they 
can coalesce or aggregate. In contrast, when an emulsion is treated with 
solvent evaporation, the solvent removal process is much slower, giving 
the suspended particles time to aggregate or partially coalesce.

4. Conclusions

In conclusion, this study has explored the extraction of lycopene 
from tomato peels, a common by-product of the food industry, and its 

Fig. 6. FESEM images for all the runs for the SEE process.

Table 6 
Coded coefficient referred to Eq. 6 and statistical analysis results of ANOVA of 
the fitted quadratic polynomial model for particles diameter (D32) for SEE 
process.

Source
Coded 
coefficient

Sum of 
square

Mean of 
square

F – 
value

p – 
value

Model ​ 0.3791 0.0542 17.14 0.0007
Intercept + 0.5891
X1 - 0.0217 0.0038 0.0038 1.19 0.3109
X2 + 0.1048 0.0879 0.0879 27.82 0.0012
X3 - 0.0935 0.0699 0.0699 22.13 0.0022
X1×2 - 0.0979 0.0384 0.0384 12.14 0.0102
X2×3 + 0.1085 0.0471 0.0471 14.91 0.0062
X1

2 - 0.1196 0.0531 0.0531 16.82 0.0046
X3

2 + 0.1369 0.0696 0.0696 22.02 0.0022
Residual ​ 0.0221 0.0032
Lack of 

Fit
​ 0.0201 0.0010 4.07 0.2091
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subsequent encapsulation in polycaprolactone (PCL) using two distinct 
methods: emulsion solvent evaporation and supercritical emulsion 
extraction (SEE).

Optimization revealed that key factors such as emulsification stirring 
speed, emulsification time, and polymer quantity significantly influ
enced both particle size and encapsulation efficiency.

Laser diffraction analysis confirmed that SEE produced smaller and 
more uniform particles (ranging from 1.12 ± 0.03 to 2.72 ± 0.15 μm) 
compared to the solvent evaporation method, which yielded particles 
between 1.77 ± 0.10 and 2.82 ± 0.17 μm, as also highlighted at the 
optimal point.

Encapsulation efficiencies also showed a marked improvement with 
SEE, showing more consistent results in the range 66.52 ± 0.64 % to 
89.45 ± 1.31 %, compared to the more variable efficiencies obtained 
with solvent evaporation (28.45 ± 0.28 % to 89.94 ± 1.70 %). These 
findings underscore the superior potential of the SEE process in 

A B C

Fig. 7. 3D surface plots for particle diameter as a function of emulsification stirring speed and emulsification time for 10 % as PCL weight percentage (A), emul
sification stirring speed and PCL weight percentage for 3 min as emulsification time (B), and emulsification time and PCL weight percentage for 5000 rpm as 
emulsification stirring speed (C) in the case of SEE process.

Table 7 
Coded coefficients referred to Eq. 7 and statistical analysis results of ANOVA of 
the fitted quadratic polynomial model for encapsulation efficiency (EE) for SEE 
process.

Source
Coded 
coefficient

Sum of 
square

Mean of 
square F – value p – value

Model ​ 630.64 210.21 81.38 < 0.0001
Intercept + 79.08 ​
X1 + 4.66 173.91 173.91 67.33 < 0.0001
X2 + 1.98 31.28 31.28 12.11 0.0051
X3 + 7.29 425.44 425.44 164.70 < 0.0001
Residual ​ 28.41 2.58 ​
Lack of 

Fit ​ 18.07 2.01 0.3880 0.8697

A B C

Fig. 8. 3D surface plots for encapsulation efficiency as a function of emulsification stirring speed and emulsification time for 15 % as PCL weight percentage (A), 
emulsification stirring speed and PCL weight percentage for 9 min a emulsification time (B), and emulsification time and PCL weight percentage for 9000 rpm as 
emulsification stirring speed (C) in the case of SEE process.

Table 8 
Comparison of predicted values and experimental responses of the optimized operating conditions for SEE process. The operating conditions were approximated for the 
experimental evaluation.

Parameters Goal Importance Experimental operation conditions Predicted value Observed value Prediction error [%]

X1 [rpm] In range 3 8400 ​
X2 [min] In range 3 9 ​
X3 [%] In range 3 15 ​
D32 [μm] In range 3 1.372 1.45 ± 0.11 5.70
EE [%] Maximize 5 90.809 92.13 ± 1.4 1.45
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achieving high-quality encapsulation, along with the advantage of 
continuous operation. Moreover, the optimization approach not only 
reduced waste but also enhanced overall process productivity.

This study highlights the potential of using agro-industrial waste, 
such as tomato peels, for the sustainable production of nutraceutical 
products, presenting a promising avenue for waste valorization and 
improved resource efficiency in the food industry.
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H. Flôres, Ad.O. Rios, Development of lycopene-loaded lipid-core nanocapsules: 
physicochemical characterization and stability study, J. Nanopart. Res. 17 (2015) 
107, https://doi.org/10.1007/s11051-015-2917-5.

[29] D.F. Tirado, I. Palazzo, M. Scognamiglio, L. Calvo, G. Della Porta, E. Reverchon, 
Astaxanthin encapsulation in ethyl cellulose carriers by continuous supercritical 

0 20 40 60 80 100
0

20

40

60

80

100
)

%(
esaeler

enepocy
L

Time (min)

SEE processed
Solvent Evaporation

Fig. 9. Release curves of lycopene from solvent evaporation and SEE 
microparticles.

J. Li et al.                                                                                                                                                                                                                                         The Journal of Supercritical Fluids 229 (2026) 106803 

11 

https://doi.org/10.1111/jfpp.17063
https://doi.org/10.1111/jfpp.17063
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref2
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref2
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref2
https://doi.org/10.3390/molecules26154495
https://doi.org/10.3390/molecules26154495
https://doi.org/10.1016/j.tifs.2019.08.019
https://doi.org/10.1039/c9fo00580c
https://doi.org/10.1080/10408398.2023.2168249
https://doi.org/10.1007/s11947-024-03585-9
https://doi.org/10.1007/s11947-024-03585-9
https://doi.org/10.1016/j.tifs.2021.10.015
https://doi.org/10.1016/j.tifs.2021.10.015
https://doi.org/10.3390/molecules29050967
https://doi.org/10.3390/molecules25173966
https://doi.org/10.3390/molecules25173966
https://doi.org/10.1021/ed085p946
https://doi.org/10.1039/d4fb00205a
https://doi.org/10.1002/fft2.94
https://doi.org/10.3864/j.issn.0578-1752.2021.04.008
https://doi.org/10.3864/j.issn.0578-1752.2021.04.008
https://doi.org/10.3390/pharmaceutics16030302
https://doi.org/10.3390/pharmaceutics16030302
https://doi.org/10.1016/j.ijpharm.2020.120108
https://doi.org/10.1016/j.ijpharm.2020.120108
https://doi.org/10.1016/j.jfoodeng.2020.110215
https://doi.org/10.1016/j.supflu.2024.106306
https://doi.org/10.4028/www.scientific.net/amr.1134.249
https://doi.org/10.4028/www.scientific.net/amr.1134.249
https://doi.org/10.1007/s10853-024-09774-3
https://doi.org/10.1007/s10853-024-09774-3
https://doi.org/10.1016/j.jma.2023.01.019
https://doi.org/10.1002/fsn3.70310
https://doi.org/10.1002/fsn3.70310
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref23
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref23
http://refhub.elsevier.com/S0896-8446(25)00290-6/sbref23
https://doi.org/10.3892/ol.2025.15208
https://doi.org/10.1007/s11051-015-2917-5


emulsions extraction: a study on particle size, encapsulation efficiency, release 
profile and antioxidant activity, J. Supercrit. Fluids 150 (2019) 128–136, https:// 
doi.org/10.1016/j.supflu.2019.04.017.
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