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Preface

In the vast landscape of chemical engineering, the impact of innovation in chemical plant

design is propelling remarkable advancements in the realms of efficiency, safety, and environmental

sustainability. The genesis of this progress is rooted in a complex web of dynamic factors,

each wielding a pivotal influence. Safety standards serve as the bedrock, ensuring that the

industry remains a paragon of responsible practices that prioritize the well-being of workers

and the broader community. Environmental regulations play a complementary role, stressing

the importance of reducing ecological footprints in chemical manufacturing, thereby weaving

environmental stewardship into the fabric of the industry. Meanwhile, market dynamics keep the

industry responsive to the ever-evolving needs of a fast-paced world, driving the quest for greater

efficiency and competitiveness. Technological marvels serve as catalysts, ushering in a new era of

possibilities in chemical plant design.

These innovations have cast their net wide, manifesting across an array of applications that

touch upon the very essence of human well-being and industrial progress. The pharmaceutical

and biomedical realm has borne witness to groundbreaking endeavors, none more promising than

the supercritical fluid-assisted production of liposomes loaded with antibodies. This innovation

is poised to yield a profound transformation in the efficacy of drug delivery systems, promising

not just improved therapeutic outcomes but also sustainability as it aligns with environmentally

responsible practices. In the textile industry, strides in natural dyeing and the infusion of antibacterial

properties in cotton fabrics results in a sustainable and hygienic future. Meanwhile, the synergistic

relationship between spray-drying and extraction processes reverberates through numerous sectors,

enhancing product development, improving quality, and promoting sustainability. The confluence of

remote sensing and microelectronics is illuminating our understanding of land surface temperature,

with far-reaching applications spanning agriculture and climate change studies. The adoption

of Convolutional Neural Networks in material science is revolutionizing material identification,

accelerating progress in areas as diverse as energy storage and lubrication. In parallel, the study

of techno-economics in the realm of gas-to-liquid processes for natural gases is not only vital but

emblematic of the industry’s relentless commitment to energy and environmental sustainability.

The evolution of the field of chemical engineering is not merely a matter of choice; it is an

imperative, etched in the very core of this discipline. It is a quest to craft chemical processes that

are not only safer but also more sustainable and economically viable, reducing their environmental

impact and contributing to the prosperity and sustainability of our world. The future of chemical

plant design is a beacon of promise, heralding a new era of industrial chemistry that harmonizes

with our environment, bolsters our society, and ensures a more sustainable and prosperous future for

all. This continuous pursuit of innovation is the lifeblood that ensures that we remain at the cutting

edge of technology and best practices, ever adaptable to new challenges and opportunities that lie

ahead

Roberta Campardelli and Paolo Trucillo

Editors
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Editorial

Editorial Overview of the Special Issue “Innovation in
Chemical Plant Design”

Paolo Trucillo 1,* and Roberta Campardelli 2
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* Correspondence: paolo.trucillo@unina.it

Innovation in chemical plant design stands at the forefront of transformative advance-
ments in the dynamic field of chemical engineering [1]. The intricate process of designing
and constructing chemical plants holds pivotal significance, as it fundamentally governs the
trifecta of efficiency, safety, and environmental sustainability within the realm of chemical
manufacturing operations. Over the course of years, this field has borne witness to a strik-
ing metamorphosis, catalyzed by an intricate interplay of factors including the evolution
of stringent safety standards, increasingly demanding environmental regulations, shifting
market dynamics, and the advent of groundbreaking technological marvels [2–4].

From the pioneering embrace of process intensification and modular design principles
to the seamless integration of cutting-edge automation, data analytics, and sustainability-
centric solutions, the landscape of chemical plant design has undergone profound evolution.
This evolution is an ardent response to the multifaceted challenges and golden opportuni-
ties in the contemporary era. The papers presented in this Special Issue provide a vivid
and dynamic panorama of innovative approaches, breakthrough technologies, and ground-
breaking methodologies that are actively shaping the future of chemical plant design.
Collectively, they pave the way for the realization of chemical processes that are not only
more efficient and competitive but also significantly more sustainable, in alignment with
the pressing needs of our modern world.

The topics involved in this Special Issue concern different fields of applications, such
as the production of drug delivery systems, textile technologies, spray drying, extraction,
active packaging, land surface temperature monitoring, microelectronics industry, neu-
ral networks, sustainability indicators, economics, and drug release modeling. A brief
description of these topics is provided in the following paragraphs.

The field of pharmaceutical and biomedical research continues to push the boundaries
of innovation and precision to develop novel drug delivery systems that can revolution-
ize medical treatments [5]. Among these groundbreaking endeavors, the production of
liposomes loaded with antibodies using a supercritical fluid-assisted process is a pivotal
pursuit [6]. This intricate undertaking involves a meticulous optimization process, wherein
researchers embark on a journey to masterfully adjust various critical variables. These
variables include temperature, pressure, flow rates, and the composition of supercritical
fluids, all of which play important roles in shaping the outcome of this cutting-edge tech-
nique. Through rigorous and systematic experimentation coupled with comprehensive
data analysis, researchers are committed to achieving a delicate equilibrium that yields lipo-
somal formulations of the utmost quality. The promise of this endeavor extends far beyond
the laboratory, holding the potential to enhance therapeutic outcomes and deepening our
comprehension of the transformative power of supercritical fluid technology in the realm
of drug delivery applications. The production of liposomes loaded with antibodies via a
supercritical fluid-assisted process is a crucial endeavor in pharmaceutical and biomedical
research. This complex optimization process involves meticulously fine-tuning various

Processes 2023, 11, 3023. https://doi.org/10.3390/pr11103023 https://www.mdpi.com/journal/processes
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variables, such as temperature, pressure, flow rates, and the composition of supercritical
fluids. Using systematic experimentation and data analysis, researchers strive to strike
a delicate balance that yields the highest quality liposomal formulations, promising im-
proved therapeutic outcomes and a deeper understanding of the potential of supercritical
fluid technology in drug delivery applications.

Supercritical fluid technologies can be used to produce liposomes loaded with var-
ious compounds. Supercritical fluids, often carbon dioxide in a supercritical state, offer
a unique set of properties that make them ideal for liposome production [7]. In their
supercritical state, these fluids exhibit both gas-like and liquid-like properties, enabling
precise control over critical parameters such as temperature and pressure. This level of
control is paramount for crafting liposomal formulations with exceptional precision and
consistency. The beauty of supercritical fluid technology lies in its ability to serve as a
clean and green solvent, eliminating the need for toxic organic solvents typically used
in traditional liposome production methods. This not only enhances the safety of the
process but also aligns with sustainability goals by reducing the environmental impact.
Furthermore, the versatility of supercritical fluids allows researchers to encapsulate a wide
array of compounds within the liposomes. The controlled expansion of supercritical so-
lutions into aqueous phases or other suitable media facilitates liposome formation. This
controlled encapsulation process ensures high encapsulation efficiency, uniform liposome
size distribution, and enhanced stability of the loaded compounds.

The utilization of supercritical fluid technologies to produce liposomes loaded with
diverse compounds represents a pivotal convergence of science and technology, offering
a promising pathway for the development of advanced, efficient, and environmentally
friendly drug delivery systems and other innovative products across multiple industries.
This approach not only enhances the precision and sustainability of liposome production
but also expands the horizons of what can be achieved in the realms of pharmaceuticals,
biotechnology, and beyond. In particular, the supercritical-assisted production of lutein-
loaded liposomes and the modeling of drug release represent an innovative approach in
drug delivery systems [8]. Moreover, modeling the drug release kinetics is essential to pre-
dict and control the release profile over time. This combination of supercritical technology
and drug release modeling not only enhances the precision and efficiency of drug delivery
but also opens avenues for the development of targeted and patient-specific therapies,
promising significant advancements in the pharmaceutical field. However, supercritical-
assisted processes need to be evaluated in terms of sustainability. The environmental
and sustainability analysis of supercritical carbon dioxide (scCO2)-assisted processes for
pharmaceutical applications is a crucial aspect of modern drug manufacturing. The anal-
ysis encompasses various factors, including energy consumption, waste generation, and
overall process efficiency. By evaluating these parameters, it was possible to quantify the
environmental benefits, such as reduced greenhouse gas emissions and waste disposal
costs, associated with scCO2-based processes.

The incorporation of antibacterial properties via enhanced natural dyeing processes
not only adds value to textiles but also extends their potential applications to innovative
therapeutics, where infection control and patient comfort are of paramount importance.
The enhanced natural dyeing and antibacterial properties of cotton using physical and
chemical pretreatments represent significant advancements in textile technology. This
innovation not only offers sustainable alternatives to synthetic dyes but also addresses
hygiene concerns, making cotton fabrics ideal for various applications, including healthcare
and fashion. These combined advancements underscore the potential of interdisciplinary
research at the intersection of textiles, chemistry, and microbiology, opening doors to more
environmentally friendly and versatile cotton-based products in the market.

Spray-drying and extraction processes are also objects of this issue. Spray-drying and
extraction processes are closely intertwined in the field of chemical engineering, as spray-
drying can be employed to extract valuable compounds from various substances, making
them integral steps in the development of many products and materials. Understanding

2
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the mechanism of particle agglomeration in spray drying, particularly in the context of
both single- and multi-nozzle atomization techniques, is a critical topic explored in various
research studies. Insights gained from such studies contribute significantly to optimizing
spray-drying processes for a wide range of applications, including the production of
powders, pharmaceuticals, and food products, ultimately leading to improved product
quality and process efficiency. The high-performance extraction process of anthocyanins
represents a promising approach in the field of natural product extraction and bioactive
compound recovery. This methodology not only ensures the preservation of the integrity
and bioactivity of the extracted compounds but also aligns with the principles of green
chemistry and sustainable extraction practices.

This Special Issue began with topics regarding purely therapeutic approaches and
continued with the definition and description of innovative ways of food preservation.
The optimization of poly(ε-caprolactone) loaded with alpha-tocopherol polymeric films as
an active packaging component via a combination of green processes represents a signif-
icant advancement in sustainable packaging technology. The resulting active packaging
material offers effective protection against the oxidative degradation of packaged goods
while minimizing the environmental footprint associated with conventional packaging
processes, emphasizing the importance of green chemistry and sustainable practices in the
packaging industry.

Other topics are related to the advancement of the integration of remote sensing and
microelectronics industries. Earth observations can mitigate the limitations of each sensor
individually and produce a more reliable representation of the surface temperature across
different landscapes. This evaluation not only enhances our ability to monitor and under-
stand the dynamics of land surface temperature but also contributes to various applications,
including agriculture, urban planning, and climate change studies, and provides a more
robust and comprehensive Earth observation dataset. In the microelectronics industry,
joints serve as critical connections within electronic devices, and their integrity directly
influences the overall performance and durability of the components. The evaluation
of the interfacial microstructure involves examining the composition, morphology, and
distribution of the phases at the solder-to-substrate interface. This assessment is pivotal
for understanding the bonding mechanisms and potential issues like intermetallic com-
pound formation, preventing premature failure in electronic devices, and maintaining their
functionality throughout their intended lifespan.

The classification of graphite based on an improved Convolutional Neural Network
(CNN) represents a cutting-edge approach in material science and image analysis. The use
of CNNs, a type of deep learning algorithm, allows researchers to train models capable
of recognizing subtle differences in graphite morphology, layering, and other important
features. This innovative approach not only expedites material identification but also
contributes to advancements in fields such as energy storage, lubrication, and composite
materials by facilitating precise material selection and quality control.

The techno-economics of gas-to-liquid (GTL) processes for the associated natural gas,
biogas, and landfill gas are pivotal in the realm of energy and environmental sustainabil-
ity. These GTL technologies provide a viable solution to harness and convert these gas
resources into valuable liquid fuels, such as diesel or synthetic crude oil. The economic
analysis involves assessing the capital investment, operating costs, and revenue potential
associated with each gas feedstock, considering factors like gas composition, availability,
and market demand.

In conclusion, innovation in chemical plant design is a dynamic and essential aspect of
the chemical engineering landscape. It is clear from the various innovative approaches and
technologies discussed that the industry is continuously evolving to meet the challenges of
safety, sustainability, and efficiency. The adoption of modular design, process intensification,
digitalization, and sustainable practices all contribute to a more resilient and competitive
chemical manufacturing sector. These innovations not only improve the economic viability
of chemical processes but also reduce environmental impacts and enhance safety standards.

3
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However, it is important to emphasize that innovation should not be viewed as a one-time
effort but rather as an ongoing commitment to staying at the cutting edge of technology
and best practices. The future of chemical plant designs holds tremendous promise. By
embracing innovative approaches and technologies, the chemical engineering community
is poised to create safer, more sustainable, and economically viable chemical processes that
meet the ever-evolving needs of society while minimizing their environmental footprint.
This journey of innovation is not only exciting but also imperative in the pursuit of a more
sustainable and prosperous future for the chemical industry and our planet.

In conclusion, this insightful analysis underscores the dynamic and indispensable
nature of innovation in chemical plant design within the broader landscape of chemical
engineering. It is evident from the diverse array of innovative approaches and cutting-edge
technologies discussed that the industry is in a perpetual state of evolution, driven by
the imperatives of safety, sustainability, and efficiency. The strategic embrace of modular
design principles, the implementation of process intensification strategies, the integration
of digitalization, and the promotion of sustainable practices collectively contribute to
forging a chemical manufacturing sector that is not only robust but also highly competitive.
One notable aspect of these innovations is their potential to yield significant economic
benefits concurrently with their capacity to mitigate environmental impacts and elevate
safety standards. This dual focus on profitability and responsibility reflects a conscientious
commitment to balancing progress with ethical stewardship. However, it is paramount to
emphasize that innovation should not be perceived as a one-time endeavor but rather as
an enduring dedication to remaining at the forefront of technological advancements and
best practices. The ever-evolving nature of science and technology necessitates a perpetual
quest for improvement to keep chemical engineers vigilant and adaptable in the face of
new challenges and opportunities.

The future of chemical plant design is promising, holding the potential to reshape the
landscape of industrial chemistry [9,10]. By embracing innovative approaches and cutting-
edge technologies, the chemical engineering community stands poised to usher in a new era
of safer, more sustainable, and economically viable chemical processes. This transformation
is vital not only for meeting the evolving demands of society but also for minimizing the
environmental footprint of the industry, thereby contributing to a more sustainable and
prosperous future for both the chemical sector and our planet. The journey of innovation
is not only exciting but also imperative as we strive for harmonious coexistence with our
environment and seek solutions that benefit both industry and society.
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Abstract: In this study, pomegranate peel extract was used to dye cotton fabrics. Generally, natural
dyes have low affinity for cellulosic fibers and therefore need treatment for attachment. Air atmo-
spheric plasma was applied to lower the concentrations of mordants needed and enhance dyeability.
The outcomes showed that the residual concentrations of metallic ions decreased when applying
the plasma treatment. ATR-FTIR and SEM analysis were performed to evaluate the effect of plasma
modification on the surface chemistry and topography of the cellulosic fibers. The traces of metals
released from finished fabric were quantified using ICP OES spectrometry. Color fastnesses (wash,
rubbing and light) were evaluated to assess the mordanting step effect and the durability of the color.
All tested fastnesses were good to very good. The concentrations of metal ions in finished fabrics
were 32.4 for Fe, 0.28 for Al, 0.29 for Cr and 1.21 for Cu. Plasma treatment can be considered an
efficient strategy to reduce the concentration of toxic metallic mordants.

Keywords: air-atmospheric plasma; mordant; natural dye; cotton; antibacterial activity

1. Introduction

The textile finishing industry is moving towards cleaner production strategies since it
is under increasing social pressure to lower the use of hazardous chemicals [1], especially
substances classified as carcinogenic, mutagenic and allergenic [2]. Recent studies have
developed new nontoxic, sustainable, ecofriendly, and cost-effective processes [3]. New
restrictions related to health hazards and environmental impacts have resulted in the
replacement of hazardous substances by safer alternatives [4,5]. Recently, the use of natural
dyes has been an emerging trend for textile finishing. These dyes are derived from plants,
animals and minerals [6,7] and they offer the advantage of being safe, ecofriendly and
sustainable [8,9]. However, it is well known that they have a very low attachment to cotton,
the most used natural fiber in the world [10,11].

Textile fibers and especially cellulosic ones do not present sufficient affinity for nu-
merous natural dyes, which are nonsubstantive [12]. Cellulosic fibers, when immersed
in the dyeing bath, generate ionized hydroxyl groups characterized by a negative charge,
whereas most natural dyes are anionic when immersed in water. The negative charge on
the cotton fabric is responsible of the repellency between fibers and dye [13].
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Cotton, a carbohydrate polymer that is made up of cellulose, is the most used fiber in
day-to-day life. It is a soft polymer. Cotton fibers can hold more water than their weight
and they are considered as absorbent and breathable materials.

The application of natural dyes for cotton dyeing is always associated with the appli-
cation of a pretreatment to improve dye uptake and fastness [14]. The fixing substances,
called mordants, contain heavy metals such as iron, copper, chromium, aluminum, cobalt
or nickel [15]. After dyeing, the residual amounts of such chemicals in wastewater cause
serious health and environmental problems [16]. Mordants are able to form an insoluble
complex with the dye used to intensify and fix the color [17]. Colorimetric parameters such
as color strength (K/S), lightness (L), blueness-greenness (b) and redness-yellowness (a)
significantly vary relying on the used mordant and the mordanting method [18].

The data generated from a literature survey demonstrated significant enhancement of
color strength during the dyeing step when using mordants [19].

Meena et al. reported that the color yield of cotton fabrics, dyed with pomegranate
peel increased with rising mordant concentration [20]. Ibrahim et al. showed that mordants
are important to fix the natural dye extracted from the plant Bisham (Commiphora gilead-
ensis) [21]. Moniruzzaman et al. investigated the influence of mordant concentration on
the dyeing efficiency of cotton fabric using tea extract and found that a darker shade was
obtained when using a mordant concentration of 3% [22]. Mulec et al. carried out cotton
dyeing with turmeric extract. The results revealed the effect of mordants in enhancing the
color yield of dyed fabrics [23]. Other researchers reported that natural dyeing of cotton
fabrics using metal mordants leads to a significant amelioration in color depth [15].

Generally, metallic mordants are considered as hazardous chemicals. Metal ions are
known to induce organ damage. They are considered as human carcinogens according
to the U.S. Environmental Protection Agency, and the International Agency for Research
on Cancer [24,25]. However, the degree of danger depends on the concentration of the
mordant. This is the parameter that defines the hazards it presents [15]. The amount of
mordant left in wastewater or released from finished fabrics has to be considered according
to the limit values of ecological standards [26].

Some strategies have been proposed to reduce the toxic effects of metal mordants
while keeping their efficiency, such as using auxiliaries or pretreating textile materials by
physical or chemical treatments such as UV, ultrasound and microwave [15].

Plasma is an ecofriendly initiating system to achieve cotton surface modification
without changing its inner properties. It is a good alternative to the use of chemicals for
the activation of textile surfaces. Plasma treatment is a technique with low environmental
pollution, low maintenance costs, and is a quick and simple process with an energy and
water-saving effect with high productivity [27,28]. Compared to conventional wet methods,
air plasma treatment reduces the use of chemicals, energy and water. The elimination of
chemicals and water is cost-effective [29]. Materials treated with plasma show changes
in surface properties resulting in enhanced attachment of metals on the surface. The
attachment of metal ions on the surface is an important issue. In fact, when the textile
is in contact with liquids or with the skin, the metal ions leach from the surface causing
undesirable effects and leading to serious consequences, especially when the leached
concentrations are high [30].

During this study, we aimed to investigate an eco-friendly physical treatment using
air atmospheric plasma to enhance uptake of metal ions while keeping good coloring and
antibacterial properties using pomegranate peel extract, which is known as a good natural
dye for textile dyeing [31–33]. By enhancing the metal ions uptake using a plasma physical
treatment, their concentrations in wastewater are reduced. Indeed, the concentrations of
metal ions discharged from the finished fabric must be in the safe zones to avoid human
health risks. In addition, metals are known to exhibit antibacterial activities. They were
applied in medicine before antibiotics were discovered. The rapid increase in resistance
of bacteria, fungi and viruses has brought into focus the lack of new antimicrobial agents.
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To avoid the transmission of infectious diseases, there has been a revival of interest in the
application of metals as antimicrobial agents.

To our knowledge, little research has been done on air-atmospheric plasma and
mordants preparation for dyeing.

2. Materials and Methods

2.1. Materials

Pomegranate peels were collected and impurities were removed by washing with
water. After washing, the peels were dried at room temperature (25 ± 2 ◦C) for 72 h
and powdered using a grinder. An aqueous extract of powdered pomegranate peel was
used as a natural dye for finishing cotton fabrics. Commercially available woven cotton
fabrics were used. Alum (KAl (SO4)2 12H2O), potassium dichromate (K2Cr2O7), Iron
sulfate hydrate (FeSO4 7H2O) and copper sulphate hydrate (CuSO4 5H2O) were kindly
provided by Chimitex plus company. Analytical grade chemicals were employed for the
entire experiments.

2.2. Plasma Treatment

A plasma machine Coating Star (Ahlbrandt System, Lauterbach, Hessen, Germany)
was used to treat cotton fabrics before mordanting and dyeing steps. Plasma discharge was
created at atmospheric pressure by a mechanism composed of three ceramic electrodes.
The parameters of the plasma machine were adjusted as following: ambient air as working
gas, a frequency of 30 kHz, electrical power of 1 kW, inter-electrode distance of 1.5 mm and
an electrode length of 0.5 m. The power was adjusted to 1000 W and the treatment speed to
2 m·min−1. Each side of the fabric (30 cm × 30 cm) was treated twice.

2.3. Cotton Surface Characterization

To examine the effects of plasma treatment, the wettability of cotton samples was
evaluated using a Drop Shape Analyzer-DSA25. The contact angle of the immediate
contact with ultrapure water (2 μL) was recorded. The presented values are an average of
three measurements.

To monitor the difference between cotton samples before and after plasma treatment,
attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were recorded
using a commercial ATR-FTIR attachment (Spectrum Two™ FTIR, Perkin Elmer, Waltham,
Massachusetts, United States). Spectra were recorded between 4000 cm−1 and 400 cm−1,
resolution = 4 cm−1, 400 scans. The peak area at 3271 cm−1 was calculated for the untreated
and plasma treated samples using the software OriginPro 2019.

Morphological changes of different cotton samples were evaluated using a pressure-
controlled scanning electron microscope (JEOL JSM5400). Cotton fabric samples
(5 mm × 10 mm) were mounted on the specimen stabs and then coated with a thin film of
gold using a sputtering method.

2.4. Dyeing Process

Cotton fabric dyeing was carried out using an Ahiba Datacolor machine using a bath
ratio of 40:1. After adding the fabrics, the dyeing baths were heated to 100 ◦C and held for
45 min. The beakers of the machine were used for controlling fabrics and the dyeing bath
throughout the dyeing process. Subsequently, the cotton samples were washed with water
to remove residual dye and dried at room temperature.

During this study, a simultaneous mordanting method was applied (dyeing and
mordanting carried out in the same bath). Three-percent mordant was used at 40 ◦C for
20 min before adding the natural dye (Figure 1).

9



Processes 2022, 10, 2263

 

Figure 1. Simultaneous mordanting dyeing process.

2.5. Concentrations of Metal Ions in Dyed Fabrics

Before the experiments, prepared samples were dried for 24 h at 65 ◦C. Metal ions
were extracted from the fabrics using an artificial sweat solution prepared according to
the ISO 3160/2 standard as follows: 17.5 g NH4Cl, 20 g NaCl, 5 g CH3COOH, and 15 g
lactic acid were dissolved in 1 L of ultrapure water. The pH was regulated at 4.7. A mass of
1 g of each sample was mixed with 30 mL of artificial sweat solution for 24 h. Then, the
solutions were filtered and analyzed by ICP OE (Perkin Elmer, Norwalk, CT, USA) [34].
The operating conditions were adjusted as follow: RF power 1450 W, plasma gas flow rate
15 L min−1, auxiliary gas flow rate 0.2 L min−1, sample flow rate 1.5 mL min−1, Read delay
(s) 50 s, replicates 3 and plasma gas: Argon.

2.6. Assessment of Natural Dye Attachment

Natural dye attachment was evaluated based on colorimetric data using a laboratory
machine (Data Color 650®, Datacolor, Suzhou, China) under the following parameters:
illuminant D65 and 10◦ standard observer. Color parameters (L, a, b, and K/S) were
evaluated. The parameters L, a, b and K/S refer to lightness-darkness, red-green share
yellow-blue share and the color yield, respectively.

2.7. Color Fastness

For assessment of color fastness levels of dyed fabrics, standard methods were used.
Color fastness (washing, rubbing and light) were carried out by using scales of color
change according to ISO 105-C06 (washing), ISO 105-X12 (dry and wet rubbing) and ISO
105-B02 (light).

2.8. Antibacterial Activity

The antibacterial activity of dyed samples was evaluated according to the ASTM
E2149 standard. Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 8739) bacteria
strains were used during experiments. A mass of 1 g of the dyed samples was placed in
a contact with bacteria (3×105 UFC/mL). Treated and control samples were shaken with
the bacterial suspension for 1 h at 200 rpm. Then, 0.1 mL of prepared suspension was
distributed over a petri dish. All petri dishes were incubated for 24 h at 37 ◦C. Finally, the
formed bacteria colonies were counted. Results are presented as viable colonogenic cell
numbers in CFU/mL.
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3. Results and Discussion

3.1. Surface Characterization

ATR-FTIR spectra of the samples before and after plasma treatment are presented in
Figure 2. Qualitative analysis showed the characteristic peaks of cellulose [35]. The broad
bands at 3271 cm−1 corresponds to hydroxyl groups (O-H) in cellulose [36]. The peak at
2896 cm−1 is characteristic of stretching vibration of C-H in cellulose molecules [37].

Wavenumbers (cm 1)
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)

Figure 2. ATR-FTIR spectra of (a) untreated cotton and (b) plasma treated cotton.

Characteristic peaks at 1431 and 1373 cm−1 are attributed to bending vibrations of
methyl and ethyl groups ν(CH3) and ν(CH2) [38]. The peaks at 1314, 1162–1056 and
897 cm−1 are assigned to C–O stretching of ether, C–O–C stretching, and glycosidic C-H
deformation, respectively [39,40]. The spectrum of cotton fabrics before plasma treatment
did not show any significant difference when compared to the untreated fabric. This
outcome is due to the high penetration depth (around 1 μm) of ATR-FTIR analysis. This
depth cannot detect a fine surface modification produced by plasma treatment. However,
there was a difference between both spectra in terms of peak intensity at 3271 cm−1.

Table 1 show that plasma surface activation generates additional C–OH groups. This
finding confirms the results of previous investigations [41].

Table 1. ATR-FTIR analysis: peak area.

Sample 3271 cm−1

Untreated 1.75
Plasma treated 2.13

In general, under air atmospheric plasma, CH/C-C groups decreased while the oxygen
groups increased. Thus, it is evident from ATR-FTIR analysis that the plasma treatment
increased the oxygen functional groups, which made the cotton surface more active.
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The wettability of the cellulosic fibers measured as water contact angle indicated the
hydrophilic behavior of the untreated cotton and cotton treated with plasma. Initial contact
angle values were considered to evaluate the wettability of different cotton fabrics. Figure 3
shows that plasma-treated cotton fabric had a lower contact angle compared to that of
untreated fabric. This result proves that plasma treatment enhances the hydrophilicity
of the treated fabric. This result is in agreement with the ATR-FTIR results. The plasma
treated cotton fabric had higher percent oxygen. The surface was richer in functional
groups associated with a hydrophilic property (C-O and C-OH).

Figure 3. Contact angle values of (a) untreated cotton and (b) plasma treated cotton.

The normal spiral structure of cotton fibers was evidenced by SEM images (Figure 4).
The surface of the untreated sample appeared relatively smooth (Figure 4a). However,
the plasma treated surface was rougher than that of the untreated sample (Figure 4b). No
significant differences were visible except for the more distinct macrofibrilar structure of
cellulosic fibers.

  
(a) (b) 

Figure 4. SEM images of (a) untreated cotton and (b) plasma-treated cotton.

3.2. Trace Metal Ions in Finished Samples

During this study, the mordants used were aluminum sulfate, iron sulfate, potassium
dichromate and copper sulfate. Metals extraction was conducted using a standard for
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fabrics used in direct contact with the human skin. The results are presented in Table 2.
Results were compared with previous studies. The contents of trace element of Al, Cr and
Cu range from 0.11–1.58 μg/mL, 0.01–0.32 μg/mL, and 0.05–1.95 μg/mL, respectively [26].
These concentrations are below the concentration limits set by ecological standards such as
Öko Tex [26,34,42]. There are no any limit values for the element Fe, since the use of this
metal is not prohibited [43].

Table 2. Metals concentrations expressed as μg of metal/mL.

Mordanted Sample Element Concentration

Plasma treated Untreated
Iron sulfate Fe 32.4 ± 2.4 69.3 ± 0.4

Aluminum sulfate Al 0.28 ± 0,04 1.11 ± 4.2
Potassium dichromate Cr 0.29 ± 0.11 0.36 ± 1.4

Copper sulfate Cu 1.21 ± 0.53 2.14 ± 25
± Standard deviation.

3.3. Colorimetric Parameters

Table 3 shows the influence of cotton treatment on dyed samples. A difference in
colorimetric parameters was detected. This was due to the effect of different mordants.
The uses of copper sulfate and iron sulfate affected the shades of the dyed fabrics. Many
flavonoids can coordinate various metal ions to form metal complexes due to the presence
of oxo and hydroxyl groups [44]. The formed complex acts as a binding agent and thus
produces deeper color on the fabric [45]. It is clear from the values presented in Table 2 that
metal mordants affected the colorimetric data (L, a and b).

Table 3. Colorimetric data of cotton samples.

Sample K/S L a b

Without mordant 1.37 78.24 2.78 18.03
Iron sulfate 0.85 64.94 0.43 0.99

Aluminium sulfate 0.78 83.71 0.43 19.68
Potassium dichromate 0.24 87.76 −0.27 11

Copper sulfate 1.93 71.69 2.94 20.88

The different obtained colors were expressed in CIELAB (Figure 5); L expresses light-
ness while a and b parameters define the red/green and yellow/blue value, respectively.
A value movement in the direction +a indicates a tendency toward reddish hue. For the
b axis, a value movement in the direction + b represents a shift toward yellow. Values
moving in the directions -a and -b reflect a tendency towards greenish and bluish shades,
respectively. The L scale (degree of lightness) is also presented in Figure 5. Lightness varies
from 0 (black) to 100 (white).
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Figure 5. The L, a and b values expressed in CIELAB (CIE, International Commission on Illumination).

3.4. Color Fastness

The results of washing fastness are shown in Table 4. The untreated sample showed a
poor color fastness rating. For all mordanted samples, the color change rating was 4–5. The
treated cotton fabrics exhibited very good washing fastness.

Table 4. Color fastness.

Sample Washing
Rubbing

(Dry)
Rubbing

(Wet)
Light

Without mordant 3 4 4 2
Iron sulfate 4–5 4–5 4–5 2–3

Aluminium Sulfate 4–5 4–5 4–5 2–3
Potassium dichromate 4–5 4–5 4–5 2–3

Copper sulfate 4–5 4–5 4–5 2–3

The rubbing fastnesses (dry and wet) of all mordanted fabrics were very good. Un-
treated dyed samples exhibited good fastness for dry and wet rubbing properties. Con-
cerning the color fastness to light, the unmordanted sample showed a rating of 2. This
result indicates a poor light fastness property. Mordanted samples displayed light fastness
ratings of 2–3, which means light fastnesses were slightly improved when using mordants.

The mordant-dye complex has excellent cross-linking performance onto the cotton
surface. So, an almost equivalent color fastness was observed for natural dyed cotton
as with synthetic dye. However, the natural dye had an inferior light fastness property
compared to synthetic dyes [46].

3.5. Antibacterial Activity

Antibacterial activity results after 1 h of contact are shown in Table 5. The counting
test results of mordanted samples showed better activity against bacteria, causing bacterial
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reduction. It is known that metals such as aluminum, iron and copper are effective agents
in reducing the growth of a wide range of microorganisms.

Table 5. Antibacterial activity results.

Sample
CFU/mL

(E. coli) (S. aureus)

Without mordant 126.67 ± 8.62 142.11 ± 3.42
Iron sulfate 11.14 ± 5.05 35.14 ± 2.61

Aluminium sulfate 29.2 ± 5.75 38.2 ± 4.12
Potassium dichromate 31.33 ± 1.17 51.21 ± 3.21

Copper sulfate 21 ± 2.79 42 ± 1.64
± Standard deviation.

The mechanism of bacterial inhibition consists of the entry of metal ions into the
metabolic system of bacteria with consequent formation of secondary metabolites. These
secondary metabolites contain metal ions and are toxic to the organism [47]

Heavy metals cause a change in bacterial cell enzyme activities, growth inhibition and
inhibition of replication. These mechanisms lead to cell lysis [48].

4. Conclusions

In this work, an aqueous extract of pomegranate peel was used for dyeing cotton
fabrics. To improve the attachment of mordants metal ions, plasma treatment of cotton
samples was used as a safe and ecofriendly pretreatment. Contact angle, ATR-FTIR, and
SEM analysis showed the effects of plasma treatment on the surface morphology and
chemistry of cotton fibers. Colorimetric data were evaluated. The results prove that the
attachment of pomegranate peel dye was enhanced using metal mordants. Mordanting
with aluminum sulfate, potassium dichromate, ferrous sulfate and copper sulfate enhanced
the color yield and fastness properties of dyed samples.

The air atmospheric plasma treatment showed an effect on dying ability of cotton
with natural dye and mordant. This was due to an etching effect and the introduction of
functional groups on the surface of cotton fibers that enhanced mordant absorption into
the plasma treated fibers. Plasma pretreatment is a promising method to lower the impact
of toxic metal ions usually released after natural dyeing processes.
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Abstract: New strategies for obtaining target bioactive compounds and natural pigments with the
use of “green solvents” are consistently being developed, and deep eutectic solvents are (DES) a great
alternative. This work established the significant variables and models for anthocyanin extraction,
using DES and experimental design, of Euterpe edulis Mart. (jussara) fruit pulp, an endangered
palm tree from the Brazilian Atlantic Forest. From a screening of seven initially tested DES, choline
chloride/xylitol-based solvents had the best results with up to 42% increase in the total anthocyanin
yield compared to methanolic extraction. Antioxidant assays also revealed a maximum antioxidant
capacity of 198.93 mmol Trolox/100 g dry weight basis. The DES extract showed slower degradation
to heat at 60◦ and 90 ◦C (2.5 times) and indoor constant light source (1.9 times) than methanolic
extracts. The optimal extract also revealed slight inhibition of S. enterica and S. aureus growth in the
agar plate.

Keywords: deep eutectic solvent; sustainable chemistry; antioxidant activity; Euterpe edulis;
experimental design

1. Introduction

Volatile Organic Solvents (VOS) are estimated to account for 60% of all industrial
emissions and 30% of all volatile organic compounds emitted worldwide [1,2]. Although
commonly used to extract organic compounds, such solvents cause environmental and
social damage due to their limitations on reuse, toxicity, flammability, volatility, and
presence of residues in the final product [3–5]. These risks have led to restrictive legislation
such as Directive 2010/75/EU proposed by the European Parliament, which aims to limit
the emission of certain VOS by industries.

Seeking to work around this problem, new technologies aiming at safer and more
sustainable alternatives for VOS use have emerged, among them the so-called deep eutectic
solvents (DES). These liquids have more desirable solvent characteristics such as negligible
volatility, non-flammability, chemical, thermal, and electrochemical stability, and the ability
to be synthesized from non-petroleum derived organic and/or inorganic ionic species [6].
Considering their unique properties and attractive price, DES have become a promising
topic for academic research and industry for both separation processes and extraction of
plant bioactive compounds [7,8].

Anthocyanins are a class of natural pigments with underexplored use in the food and
cosmetics industry, which commonly uses artificial colorants. DES have been successfully
tested for anthocyanin extraction, contributing to the “clean label” of the product, a strategy
used by industry to attract increasingly demanding consumers seeking environmentally
responsible consumption and healthy eating choices [7,9]. Potential health risks involving
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artificial colorants, including allergic reactions and carcinogenic evidence, particularly of
blue dyes [10,11], among other risks, have led to the banning of various artificial colorants
in various countries [11,12].

Based on the above, DES are ideal candidates for developing new techniques for the
extraction and preparation of poorly explored fruits, like the jussara (Euterpe edulis Mart.).
This palm tree from the Arecaceae family has a large range of distribution, residing mostly
along the Brazilian coastal Atlantic Forest, with occurrences from northeast Brazil to eastern
Paraguay and northern Argentina. The tree is an important food source for many birds and
mammals, who work as seed dispersers [13]. Despite the large area that it has occupied,
jussara is at risk of extinction because of deforestation, defaunation, and clandestine heart
of palm extraction (which kills the plant), and in some cases, it has even been locally
eliminated [14]. Alternative sustainable use of the palm include the preparation of frozen
pulp from the fruit, employed by small communities that live near the forest and consumed
locally in sorbets, juices, and children’s snacks [15,16]. Sustainable use of the plant by
collecting its berries is an alternative of great economic and environmental potential, which
is being pursued by these communities, mostly in southern states of Brazil, where they use
the discarded jussara seeds to aid reforestation [17,18].

The pulp has been studied recently, with most studies evaluating the composition and
different methods of extracting the phenolic and anthocyanin content. Large concentrations
of anthocyanins and other antioxidant compounds, high lipid content and good quantities
of minerals such as potassium, zinc, copper, and cobalt were identified, increasing the inter-
est for the fruit [19,20]. Some studies regarding extraction methods to obtain anthocyanins
and phenolic were conducted [21–23], but mostly using methanol and ethanol, with the
best results coming from ultrasound assisted extraction [16].

This study proposes to develop processes for obtaining anthocyanins from jussara
pulp, using DES and water as co-solvents for the first time, providing an alternative and
exploration technique for the fruit through green extraction methods, and optimizing the
process using experimental design. The resulting extract of concentrated anthocyanins
presents a new technology for fruit usage, as a natural colorant, further encouraging their
exploration over the heart of palm extraction.

2. Material and Methods

2.1. Fruit Gathering

The Euterpe edulis fruits were collected in São Paulo, Brazil (Ubatuba city: 23◦19′01.47” S,
44◦52′37” W) in January 2014 by Instituto de Permacultura e Ecovilas da Mata-atlântica
(IPEMA). All fruits were sanitized with running water. The fruit was depulped in specific
equipment used to separate jussara pulp from seed and peel (the same used by açaí), aided
by warm water (45 ◦C maximum, to protect the seed and the anthocyanins) resulting in a
thick purple juice. This juice is then immediately frozen at −40 ◦C, lyophilized for 48 h,
and then stored at −40 ◦C to preserve the anthocyanin content. The moisture content was
performed according to the methods of AOAC [24].

2.2. Eutectic Solvent Synthesis

The eutectic solvents were synthesized by a heating method [25]. Compounds used
in the study are described in Table 1, based on the literature [25–28]. They are Chlorine
Chloride (Ch), L-proline (Lp), Levulinic acid (Leu), Butene-1,4-diol (but), and Glycerol
(Gly), Xylitol (Xyl). The DES mixtures were stirred at 80 ◦C for 1 h until a clear liquid was
obtained with minimum addition of water. They were subsequently frozen at −40 ◦C and
then lyophilized to ensure removal of water. A total of seven mixtures of DES were prepared
using methods and molarities already described in the literature as follows: [Ch-Leu 1:2],
[Ch-But 1:2], [Ch-Gly 1:2], [Ch-Xyl 5:2], [Lp-Leu 1;2], [Lp-But 2:5], and [Lp-Gly 2:5].
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Table 1. Properties of the compounds used to create deep eutectic solvents.

Compound Chemical Structure Molar Mass (g/mol)
Density (g/mL) at

20 ◦C
Chemical Characteristic

1-5
Chorine
chloride

139.62 1.10 (aq) Hydrogen bond acceptor

L-proline

 

115.13 1.35 Hydrogen bond acceptor

Levulinic acid 116.116 1.14 Hydrogen bond donor

Butane-1,4-diol  90.121 1.02 Hydrogen bond donor

Glycerol 92.0776 1.26 Hydrogen bond donor

Xylitol 152.12 0.77 Hydrogen bond donor

2.3. Experimental Design: Response Surface Methodology

We evaluated the seven synthetized DES potentials for extracting anthocyanins by
ultrasound-assisted extraction (Eco-sonics Ultronique, Campinas, Brazil), with fixed po-
tency of 400 W for all experiments. An initial screening to choose 2 of the seven initial DES
was conducted comparing anthocyanin content in the DES extracts and control (MeOH)
with 30% co-solvent (acidified water), 1:15 sample:solvent ratio, and 3 extraction repetitions,
during 5 min in the ultrasonic probe. Two of the seven initial DES were chosen (DES1 and
DES2), based on anthocyanin yield, then two experimental designs were conducted: first, a
fractional factorial experimental design 25-1 (FFED) to evaluate possible non-significant vari-
ables, and second, a central composite rotatable design (CCRD) with remaining significant
variables. The FFED 25−1 with three central points and three levels for each independent
variable was adopted, giving a total of 19 trials (Table 2 and S1A). The independent vari-
ables evaluated for each extraction were the following: (i) eutectic solvent composition;
(ii) solid–liquid ratio (R(S/L)), meaning the mass (g) of fruit pulp per mass of solution (g),
(iii) number of extraction repetitions, (iv) time of extraction, and (v) co-solvent content (%)
were chosen. The co-solvent (water) was acidified with HCl 3% to ensure the protonated
state of anthocyanins [29]. Methanol with the same co-solvent proportion and parameters
was used as a control. After the extractions, the extracts were filtered with filter paper
(Unifil qualitative 80 g/m2) and under a vacuum, then concentrated using a rotary evapo-
rator (<37 ◦C), removing the water content of the co-solvent for quantification. The results
were evaluated using ANOVA followed by Dunnett’s test considering a confidence level
of 95%, comparing the DES results to the control (MeOH extractions) in terms of total
anthocyanin level (TAL). The response was expressed in μganthocyanins/mL.

An estimate of the main effect was obtained by evaluating the difference in the total
anthocyanin yield caused by a change from the low (−1) to the high (+1) levels of the
corresponding variable. The fractional factorial experimental design’s focus was to dis-
cover the significant variables and their main interactions with the total yield of extracted
anthocyanins. Therefore, after analyzing the data, the variables that had a significative
effect on the total yield of the process were fixed and the others removed (including the
removal of DES2 from further trials) for an additional assay CCRD 22 plus axial and central
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composites, with three replicates at the central point, giving a total of 11 additional trials.
Table 3 shows the real values (coded values in Table S1B) and levels used at CCRD 22. After
analyzing the CCRD results, the best conditions for the anthocyanin extraction with the best
DES was determined, and the model was validated in triplicate to be used in further trials.

Table 2. Independent variable values of fractional factorial experimental design (25-1) with three
central points for DES1 and DES2 were used as independent variables as well as R(S/L), Repetitions,
time, and R(CoSolvt%).

Assay DES R(S/L) Extraction Repetitions Time (min) R(CoSolvt%)

X1 X2 X3 X4 X5
1 DES1 1:15 1 2 40
2 DES2 1:15 1 2 20
3 DES1 1:25 1 2 20
4 DES2 1:25 1 2 40
5 DES1 1:15 5 2 20
6 DES2 1:15 5 2 40
7 DES1 1:25 5 2 40
8 DES2 1:25 5 2 20
9 DES1 1:15 1 6 20

10 DES2 1:15 1 6 40
11 DES1 1:25 1 6 40
12 DES2 1:25 1 6 20
13 DES1 1:15 5 6 40
14 DES2 1:15 5 6 20
15 DES1 1:25 5 6 20
16 DES2 1:25 5 6 40
17 DES1/DES2 1:20 3 4 30
18 DES1/DES2 1:20 3 4 30
19 DES1/DES2 1:20 3 4 30

Table 3. Independent variable values used in CCRD 22 assays with 3 central points, used as indepen-
dent variables R (CoSolvt%) and extraction repetitions.

Assay R (CoSolvt%) Extraction Repetitions

X1 X2
1 16 2
2 44 2
3 16 6
4 44 6
5 10.3 4
6 49.7 4
7 30 1
8 30 7
9 30 4
10 30 4
11 30 4

The main response evaluated for optimization of the process was based on the total
yield of cyanidin 3-glucoside (C3G), cyanidin 3-rutinoside (C3R), and total anthocyanin
level (TAL), considering only these two major anthocyanins, attempting to obtain models
for those responses as well. Statistica 14.0 software was used to analyze the results and plot
the response surfaces.

2.4. Identification and Quantification of Anthocyanins

For all the samples, anthocyanin separation was carried out on a 250 × 4.6 i.d. mm,
5 μm particle size, C18 Shim-pack CLC-ODS column (Shimadzu, Canby, OR, USA), using as
the mobile phase a gradient of methanol/5% formic acid (v/v) from 15:85 to 80:20 in 25 min,
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the latter proportion being maintained for a further 15 min, at a flow rate of 0.9 mL/min and
a column temperature set at 28 ◦C. The chromatograms were processed at 280 and 520 nm,
and the spectra were obtained between 250 and 800 nm [19,30]. The anthocyanins were
identified based on the combined information provided by the elution order in the reversed
phase column, co-chromatography with standards, UV–VIS, and mass spectra compared to
the literature data. Anthocyanins were quantified by HPLC as cyanidin 3-glucoside and
cyanidin 3-rutinoside, using an external calibration curve for both with a minimum of six
concentration levels. All analyses were performed in triplicate.

2.5. Antioxidant Activity

In order to compare the antioxidant activity of extracts obtained by DES in CCRD
trials, ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate)] assay was performed as
described by [31]. Antioxidant activity (AA) of the extracts was expressed in μmol Trolox/g
equivalents. Results were then plotted in CCRD again for the same effects, using antioxidant
activity as the dependent variable and analyzed by ANOVA with a 90% confidence level.

The oxygen radical absorbance capacity (ORAC) method was also performed as
previously described by [32], which consists of measuring the decrease in the fluorescence
of a protein as a result of the loss of its conformation when it suffers oxidative damage
caused by a source of peroxyl radicals. The measurements were taken in triplicate. The
ORAC values, expressed as μM Trolox equivalents (μM TE), were calculated by applying
the following Equation (1):

ORAC(μM TE) =
Ctrolox .

(
AUCsample − AUCblank

)
. k

(AUCtrolox − AUCblank)
(1)

where CTrolox is the concentration (μM) of Trolox (20 μM), k is the sample dilution factor,
and AUC is the area below the fluorescence decay curve of the sample, blank, and Trolox,
respectively. Results were then plotted in CCRD again for the same effects, using antioxidant
activity as the dependent variable and analyzed by ANOVA with a 90% confidence level.

2.6. Anthocyanin Thermal Stability

The determination of the anthocyanin’s thermal stability was performed for both best
DES and methanolic extracts. The stability at 60 ◦C and 90 ◦C was performed as described
by De Rosso and Mercadante [33], with modifications. After the extraction using the
validated condition from the CCRD, the best DES and methanolic extracts were prepared
and pH adjusted to 3.5 for all samples to keep anthocyanins stable (protonated). A food
preservative (10 mg potassium sorbate) was added to both extracts to avoid spoilage. Then,
each solution absorbance was adjusted to 0.8 through dilution, measured at the maximum
absorption wavelength in the visible region for anthocyanins (520 nm) to standardize the
assays, ensuring that Lambert–Beer law is considered and the citrate–phosphate buffer was
utilized since small variations of pH affects anthocyanin concentration. The solutions were
allowed to rest for 3 h to attain equilibrium among the different forms of anthocyanin. The
solutions were then distributed in 10 mL centrifuge tubes with a total sample volume of 3 mL.

All tubes were placed in a water bath and heated at 60 ◦C or 90 ◦C, removing triplicates
of each extract (DES or MeOH) at random times. The samples were immediately cooled in
an ice bath for 10 min after removal. After this time, they were placed at room temperature
for 50 min before reading the absorbance in a spectrophotometer (520 nm). When the
absorbance pointed to half the original value (0.4), the assay was finished and results were
plotted, and the emerging curve behavior was analyzed.

2.7. Anthocyanin Photostability

The anthocyanin’s photostability was performed for both DES and methanolic extracts
in the presence and absence of light. The extracts were prepared as described in Section 2.7.
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The solutions were then distributed in 15 mL transparent tubes with a total sample volume
of 10 mL.

The tubes were placed both in constant light and constant dark conditions, and samples
of each triplicate of each extract (DES or MeOH) were removed at random times over the
course of 25 days until absorbance reached half of its initial value (0.4). Samples had their
absorbance were read in a spectrophotometer (520 nm) at these intervals. Results were
plotted, and the emerging curve behavior was analyzed.

2.8. Disc-Diffusion Antimicrobial Sensitivity Test

The growth method was performed as follows: (1) three colonies, well isolated, of the
same morphological type of Salmonella enterica subsp. (ATCC 13076) and Staphylococcus
aureus (ATTCC 19095) were selected from the agar plate with Müeller–Hilton culture
medium. Microorganisms were transferred to a tube containing 4–5 mL of culture medium.
(2) The culture was incubated in broth at 35 ◦C until reaching or exceeding the standard
McFarland 0.5 solution’s turbidity measured in a spectrophotometer at 600 nm. (3) The
turbidity of the growing culture was adjusted with a sterile saline solution in order to
obtain optical turbidity comparable to that of the 0.5 McFarland standard solution. A sterile
cotton swab was then dipped into the adjusted suspension up to 15 min after changing
the inoculum suspension’s turbidity. The dry surface of the Müeller–Hinton agar plate
was inoculated by rubbing the swab across the agar’s sterile surface ensuring uniform
distribution of the inoculum. A set of antimicrobial discs was placed on the surface of a
seeded agar plate, applying samples of the best DES extract, SF (saline), DES (deep eutectic
solvent only), and positive control (vancomycin for S. aureus and meropenem for S. enterica),
as well as samples of the optimized extract. The plates were inverted and placed in an oven
at 35 ◦C for up to 15 min after applying the discs. After 16–18 h of incubation, each plate
was examined. The diameters of the total inhibition halos were measured by the diameter
(mm) of the disc.

3. Results and Discussion

3.1. Screening Process

A chromatographic profile of the methanolic jussara extract from DES screening
analyzed the two major anthocyanins: C3G, with a retention time of 13.39 min, and C3R,
with a retention time of 13.99 min (Figure S1 of Supporting Information). Quantification
of DES and methanolic extract’s peak areas to C3G and C3R, respectively, are shown in
Figure 1. A confidence level of 95% was used for all analyses.

Figure 1. Cyanidin 3-glucoside (A) and Cyanidin 3-rutinoside (B) concentration (mg 100 g−1 dry
matter) in different extracts of eutectic solvents tested in lyophilized jussara samples. The * marks
DES mixtures with results statistically different from the control (MeOH).
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The results of C3G content in DES extracts were not significant (compared to MeOH;
Mean: 114.79 ± 3.56 mg/100 g dry matter, ANOVA followed by Dunnett’s test) for any
of the extracts tested. The results of C3R in the extracts, on the other hand, were significant
for Ch-Leu (785.16 ±99.2 mg/100 g dry matter, lower) and Lp-But (1092.41 ± 88.33 mg/100 g
dry matter, lower), Ch-Xyl (1343.92 ±172.42 mg/100 g dry matter, higher), and Lp-Gly
(1224.55 ± 80.20 mg/100 g dry matter, higher) in comparison to MeOH extract
(935.48 ± 22.28 mg/100 g dry matter). C3R is the main anthocyanin of the pulp, and
its yield significantly influenced the total anthocyanin level (TAL) of extracts when com-
pared to methanolic extract.

After the sum of both anthocyanins, only the TAL of Ch-Xyl (1490.65 ± 198.27 mg/100 g
dry matter) and Lp-Gly (1359.06 ± 92.92 mg/100 g dry matter) showed significant dif-
ferences compared to the MeOH extract (1050.28 ± 29.32 mg/100 g dry matter). As our
samples had 88.7% humidity, the TAL content in the methanolic extract can be expressed as
118.68 ± 3.3 mg/100 g fresh matter, being compatible with the MeOH extracts from the
literature. One study [21] obtained 14.84 to 409.85 mg/100 g fresh matter with acidified
methanolic extract, using samples gathered in different months. More recently [34], a
change was observed in the total monomeric anthocyanins during E. edulis ripening. That
study found that the anthocyanin content was very positively correlated with the ripening
process, with a maximum of 634.26 mg TAL/100 g fresh matter. A progressive increase in
the concentration of anthocyanins is believed to occur during ripening, and changes in the
color of the fruits are easily observable [35]. Increased anthocyanin levels during ripening
have also been previously noted for açai (Euterpe oleracea) [35,36].

The medium absolute values of Ch-Xyl anthocyanin extracts were 42% higher than
methanolic extract and Lp-Gly was 29% higher. These results clearly lead us to choose
Ch-Xyl and Lp-Gly as the best green solvents for further experimental optimization of the
extraction process (DES1 and DES2 of FFED, respectively).

3.2. Fractional Factorial Experimental Design (FFED)

After choosing the DES with a higher capacity to extract total anthocyanins from E.
edulis lyophilized pulp, the optimization of different process conditions was conducted
through a fractional factorial experimental design with three central points 25-1, following
the standardized effects described in the methodology section. The extraction process in
different experimental conditions of the 25-1 and the yields are shown in Table 4.

Table 4. Experimental values for C3G, C3R, and TAL obtained from fractional experimental design
(25-1) with three central points for Ch-Xyl and Lp-Gly used as independent variables as well as R(S/L),
extraction repetitions, time, and R(CoSolvt%).

Assay Total C3G Content (mg/100g Dry)
Total

C3R (mg/100 g Dry)
TAL (mg/100 g Dry)

Y1actual Y2actual Y3actual
1 110.85 988.37 1099.21
2 81.82 747.47 829.29
3 101.52 933.65 1035.17
4 101.65 913.29 1014.93
5 133.67 1224.93 1358.60
6 116.76 1122.11 1238.87
7 118.17 1092.79 1210.96
8 110.04 997.73 1107.77
9 97.23 891.86 989.09
10 97.67 1059.43 1157.09
11 130.74 1264.24 1394.97
12 111.77 1063.85 1175.61
13 124.15 1174.53 1298.68
14 98.54 921.33 1019.87
15 100.84 961.75 1062.59
16 77.40 769.40 846.80
17 92.46 891.40 983.86
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Table 4. Cont.

Assay Total C3G Content (mg/100g Dry)
Total

C3R (mg/100 g Dry)
TAL (mg/100 g Dry)

18 94.89 924.33 1019.22
19 95.94 908.96 1004.90

The experimental data shows that total anthocyanins extracted in all factorial design
trials ranged from 829.29 to 1394.97 mg/100 g dry matter, indicating that the selected
variables and levels could change the process efficiency up to 60%. As mentioned before,
the proportion of DES is a qualitative variable and the levels studied were DES1 (−1)
and DES2 (+1), and for the central point (0), we prepared a mixture of both DES. The
negative effect of the proportion of DES, obtained from the FFED means that when we
use DES2 instead of DES1, i.e., when we change the level from −1 to +1, the extraction
of anthocyanins is less efficient. The fact that the DES2 variable has a negative effect
implies that DES1 (Ch-Xyl) is more efficient in extracting the target bioactive compounds.
Co-solvent usage had a positive influence, moving towards level +1 (more co-solvent in the
total solvent used) and repetition (more repetitions). The solid/liquid ratio and time had
no significant effects in this factional design. Considering these results, only two variables
were carried out for the next step: co-solvent and repetitions.

Although the DES choice has had a significant effect, this variable could be fixed
with Ch-Xyl for the CCRD (22) due to the negative mean effect of the Lp-Gly (DES2)
solvent as discussed above. Chlorine chloride and xylitol were present in other tailor-made
DES [37,38] for phenolic compounds and anthocyanins [39], where they are described
as showing a high affinity for phenolic structure. Analysis obtained with the use of
nuclear magnetic resonance spectroscopy by [40] shows that a Ch-Xyl–Water mixture
shows great affinity for phenolic compounds compared to many other combinations of DES,
including the Ch-Gly tested here. Additionally, Ch-Xyl and water exhibit a more cohesive
structure when dissolving quercetin (a phenolic compound) than a citric acid/choline–
chloride/water mixture [41]. However, in analyzing extraction of anthocyanins from
mulberries, Ch-Gly gave a slightly better anthocyanin extraction than Ch-Xyl and a better
extraction than mixtures of chloride–mannitol, chloride–fructose and choline chloride–
glucose [39], indicating that food matrix and the type of anthocyanins contained can be
important factors when tailoring DES for extraction of these compounds.

3.3. Central Composite Rotatable Design (CCRD)

As the literature indicates that using more than 50% of the water in the mixture can
cause problems in DES stability [41,42], the co-solvent effect levels in CCRD were defined
as 16% to 49.7%. For repetitions, previous experiments observed that beyond the fourth
repetition, the solvent was almost colorless after extraction. A hypothesis was formulated
then, assuming that after a hypothetical optimum of repetitions (four), more repetitions could
generate TAL loss by excess manipulation. To verify this, a quick assay was done, with fixed
variables (R(S/L) 1:15; Time: 2 min, co-solvent: 40%) with different repetitions (three, five,
and seven times). Results are shown in Figure S2 of the Supporting Information, confirming a
significant loss of efficiency in seven repetitions, compared to five repetitions (ANOVA).

After set repetition effect levels (2, 5 and 7 times), Table 5 shows the total yield obtained
for the extraction process in different experimental conditions of the 22 with central and
axial points, for C3G, C3R, and TAL content from the E. edulis used as a response to the
construction of the predictive model.
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Table 5. Experimental values for C3G, C3R, and TAL extracted by CH-Xyl in the CCRD assays, and
relative deviation (%) among experimental and predictive values of TAL.

Assay C3G (μg/mL) C3R (μg/mL) TAL (μg/mL) Relative Deviation (%)

Y1 Y2 Y3 Y3
1 167.4752 1959.889 2127.364 −3.38
2 142.7458 1804.298 1947.044 −12.95
3 175.5200 2050.806 2226.326 20.31
4 182.2589 2016.332 2198.591 19.31
5 160.5043 1860.417 2020.922 −6.15
6 165.3153 1826.223 1991.538 −7.72
7 84.00578 1131.545 1215.551 −27.34
8 156.6489 2012.959 2169.608 29.40
9 179.7469 2078.261 2258.008 −0.83

10 186.2938 2071.040 2257.333 −0.86
11 172.7000 2145.786 2318.486 1.80

The main effects and interactions were estimated for TAL are described in Equation (2).

Total anthocyanin level (μg/mL) = 2276.84 − 66.2 (X1)
2 − 212.6(X2)− 224.0 (X2)

2 (2)

where X1 is co-solvent participation (%) and X2 is the number of repetitions. ANOVA
was used to evaluate the data’s adequacy to verify the possibility of obtaining the model
considering the different responses; additionally, the R2 value provided a confidence
measure of the model. In this study, an R2 value of 0.6969 was obtained. The F value 94.9
(F value tabulated: 4.103) for TAL exceeded the 95% confidence level. The TAL response
attended the criteria to generate the model and, thus, can be considered predictive; therefore,
the response surface was plotted in Figure 2A.

Figure 2. (A) Surface model for total anthocyanin level (TAL) (mg/100 g dry matter) from Ch-Xyl
extract from E. edulis pulp for repetition and co-solvent as main effects and Pareto chart of the
results. (B) Surface model for ABTS (mmol Trolox 100 g−1 dry matter) and Pareto chart of the results.
(C) Surface model for ORAC assay (mg/100 g dry matter) and Pareto chart of the results.

As observed in the model, repetitions largely influenced the TAL yield of extracts. On
the other hand, next to maximum levels, the efficiency is lost; this is attributed to excess
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manipulation of extracts. The co-solvent had a mild influence on the model, as observed in
the Pareto chart of effects. The negative influence when the water participation (%) rises
followed other studies, in which it is observed that it can disrupt the DES structure and thus
reduce the DES effect in the extraction [25,43]. The best results were obtained around the
central point level, with four repetitions and 30% co-solvent participation. The validation
assays, performed in triplicate, were reproduced applying the best conditions. The model
was effectively validated (mean of TAL was 2350.61 ± 53.05 μg/mL) with low relative
deviation (3.10%), evidencing its high confidence in predicting data. These results for
co-solvent participation are compatible with others in the literature for DES extraction for
phenolic compounds that report best yields at 25–30% water usage [28,44]. Choline cations
are highly capable of coordinating the surrounding environment: strong hydrogen bonding-
mediated correlations between the hydroxyl group and water or chloride are believed to
be formed. In addition, it is possible that the ammonium group drives the formation
of a solvating environment, with water, chloride, and hydroxyl moieties approaching it,
between the methyl groups [45]. The total anthocyanin content extracted by these assays
varied from 1215.51 to 2318.48 μg/mL (assays 7 and 11, respectively), corresponding to
117.301 100 g−1 fresh weight and 223.734 100 g−1 fresh weight, respectively. Compared
to the literature, a careful approach is necessary since the total anthocyanins contained in
fruits can vary greatly due to edaphoclimatic variables and maturation stages [46]. The
results obtained by [21] also using the experimental design ranged from 25.54 mg 100 g−1

fresh weight (methanol) up to 418.52 mg 100 g−1 fresh weight (Methanol/HCl 1.5 M). The
study used an ultrasonic bath and the best condition with a 1:50 solvent ratio, which is
considerably higher than that used in our study (1:15). In a study using the same solvent
ratio [47] and 70% ethanolic solvent in ultrasonic bath, with 360 W potency, similar results
were found: 190.92 ± 13.48 mg 100 g−1 fresh weight to 282.64 ± 11.07 mg 100 g−1 fresh
weight. When authors tested a higher potency in the bath (900 W), a reduction in the
anthocyanin content was observed.

3.4. Antioxidant Activity

After quantifying anthocyanin content in Ch-Xyl extracts for CCRD, the antioxidant
activity of the samples was measured by ABTS and ORAC assays. Another CCRD assay
was performed, using ABTS and ORAC assays as a response instead of TAL for the very
same effects. Results are also shown in Figure 2B,C. Coded values can be found in Table
S2A of Supporting Information.

In the ABTS assay, ANOVA resulted in an R2 value of 0.88 and F value of 20.5, for a
95% confidence level; therefore, it is able to generate a model with a predictive equation
(Equation (3)).

Antioxidant activity (mmol Trolox 100/g) = 189.73 − 36.6 (X1)
2 + 46.5(X2)− 16.4 (X2)

2 + 19.3 (X1 × X2) (3)

where X1 is co-solvent participation (%), and X2 is the number of repetitions. The graphical
model and the Pareto chart of effects are shown in Figure 2B. For the ORAC assay (Table S2B
of Supporting Information), ANOVA resulted in an R2 value of 0.81 for a 95% confidence
level and is therefore able to generate a model with a predictive Equation (4):

Antioxidant activity (mmol Trolox 100/g) = 159.32 − 31.3 (X1)
2 + 38.0(X2)− 27.9 (X2)

2 (4)

where X1 is co-solvent participation (%), and X2 is the number of repetitions.
The precision and exactness of the model were validated by comparing the experimen-

tal results with the theoretical data predicted by Equations (2)–(4). As observed, response
surfaces of the same extracts show slightly different performances for anthocyanin con-
tent and antioxidant activity. It is known that jussara pulp contains multiple hydrophilic
compounds such as phenolic compounds [19,21,48,49], and even anthocyanin degradation
products, which possess antioxidant properties [50]. Such compounds can explain the
dissonant behavior and different maximum values of antioxidant activity when reacting
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to ABTS and ORAC assays. The results had values between 69.92 and 198.93 for ABTS
and between 63.09 and 196.436 mmol Trolox/100 g dwb (dry weight base) for ORAC.
Values between 67.7 and 154.4 mmol Trolox/100 g dwb using TEAC (Trolox equivalent
antioxidant capacity) and ORAC assays were found for jussara pulp [51]. While analyzing
the ripening of the fruit, values between 108.8 (immature) and 207.1 (complete maturation)
mmol Trolox/100 g dwb using the ORAC assay were found [52].Considering the evaluated
dependent variables in CCRD (TAL and antioxidant activity by the methods ABTS and ORAC),
the maximization of anthocyanin content and antioxidant activity are around the central point
(applying around four repetitions and 30% co-solvent participation). This way, as presented for
the TAL, the validation assays for antioxidant activity were also performed in triplicate for ABTS
and ORAC. The result mean of the antioxidant activity was 198.82 ± 10.97 and 155.71 ± 21.77
(mmol Trolox 100 g−1 dwb), representing a relative deviation from the predicted values of 5.06%
and 10.51% for ABTS and ORAC, respectively. This confirms that the models were validated
with low relative deviation, evidencing their statistical significance and predictiveness.

3.5. Determination of Anthocyanins Thermal Stability

The changes in anthocyanin concentration from jussara extracts caused by the tem-
perature increase with the time was expected, following a biphasic behavior that was best
fitted by a biexponential equation (Equation (5)), considering both evaluated temperatures
(60 and 90 ◦C). Figure 3 shows the degradation kinetics of total anthocyanins extracted
with MeOH and with Ch-Xyl, and the calculated kinetic parameters obtained by fitting the
data from Equation (5) can be found in Table S3 of Supporting Information.

Figure 3. Degradation kinetics of anthocyanins extracted with Ch-Xyl (A,B) and MeOH (C,D) at
60 ◦C and 90 ◦C. The correlation coefficients of all curves are R2 ≥ 0.99.
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The biexponential decay behavior, verified for the initial concentrations of antho-
cyanins, showed the same fast and slow lifetimes at each temperature, thus confirming the
occurrence of a shared overall degradation mechanism.

yt = A1exp(−γ1t) + A2exp(−γ2t) + y∞ (5)

yt and y∞ are anthocyanin absorbance values at real time and infinite time, respectively.
A1 and A2 are the pre-exponential factors, whereas γ1 and γ2 are the observed rate constants
for the fast and slow decays, respectively.

The degradation rate constants (Kd) at 60 ◦C and 90 ◦C from anthocyanins present in
Ch-Xyl extract are shown in Table 6.

Table 6. Degradation constant (Kd) and half-life (t1/2) values for anthocyanins extracted from jussara.

Solvent T (◦C) T (K) Kd (min−1) t1/2 (min) Ea (kJ·mol−1)

MeOH
60 333.15 0.0002 3465.7

55.9490 363.15 0.001 693.1

Ch-Xyl 60 333.15 0.00008 8664.3
115.3590 363.15 0.0025 277.3

The Kd values were estimated from the slope of the semi-natural logarithmic plot
of residual activity vs. time, assuming classical Arrhenius linear behavior and using the
equation between both temperatures. Similarly, the half-life (t1/2) values were calculated
using the degradation rate constants, also presented in Table 4. A comparison of the t1/2
values of both extracts at different temperatures showed that the results of anthocyanins
extracted with Ch-Xyl are more stable than those obtained with MeOH, with half-life
2.5 times greater, in both temperatures.

The activation energy (Ea) for the Ch-Xyl extract (115.35 kJ/mol) was higher compared
to the MeOH extracts (53.94 kJ/mol), confirming that the Ch-Xyl utilization provides more
thermally stable anthocyanins.

The literature shows that in several studies, the thermal degradation of bioactive
compounds, such as enzymes and bioactive peptides, as well as other bioproducts, the
kinetics followed a linear adjusted model. Meanwhile, the number of articles evaluat-
ing anthocyanins’ stability using DES is limited, with different DES combinations and
food matrices. Anthocyanins extracted from Catharanthus roseus with lactic acid-glucose
(5:1) showed better stability in this DES than in acidified ethanol, about three times at
60 ◦C [9], although the curve showed a first-order model. Previous works from our research
group showed that the thermal stability of carotenoids from tomatoes extracted using
an ultrasound-assisted approach and 1-Butyl-3-methyl-imidazolium-chloride [BMIM][Cl]
followed a first-order model [53]. However, they also showed the biexponential behavior in
two studies regarding carotenoid extraction using distinct ionic liquids of orange peel [54]
as well as from pupunha (Bactris gasipaes) fruit [55]. The higher stabilization ability of
Ch-Xyl for anthocyanins may be correlated with the interactions between cyanidin and
these molecules. The two components of Ch-Xyl may have intermolecular interactions,
mainly hydrogen bonding with the carboxyl and hydroxyl groups of anthocyanins, as
was observed for quercetin in Ch-Xyl [40]. This interaction is expected to decrease the
movement of solute molecules, reducing its contact time with oxygen at the interface of
anthocyanins and air, and consequently reducing oxidative degradation, which is the major
degradation mechanism. In a study with anthocyanins extracted from black carrots using
choline chloride/citric acid DES [56], the samples also exhibited improved stability.

3.6. Determination of Anthocyanins Photostability

Light is reported to have two different effects on anthocyanins: it accelerates the rate
of the thermal reactions and the formation of new molecules, including chalcones [57].
Anthocyanins from jussara pulp changed with the time both in light and dark conditions
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and followed a first order curve and were best fitted by a linear equation (Equation (6)),
considering both situations. Figure 4 and Table 7 present the degradation kinetics of total
anthocyanins extracted with MeOH and with Ch-Xyl.

Figure 4. Degradation kinetics of anthocyanins extracted with MeOH (A) light and (B) Dark and
Ch-Xyl (C) Light, (D) Dark in both conditions. The correlation coefficients of all curves are R2 ≥ 0.99.

Table 7. Degradation constant (Kd) and half-life (t1/2) values for anthocyanins extracted from jussara.

Solvent Conditions Kd (h−1) t1/2 (h)

MeOH
Light 0.0015 462.1
Dark 0.0005 1286.3

Ch-Xyl Light 0.0008 866.4
Dark 0.0003 2310.5

From a semi-natural logarithmic plot of the absorbance vs. time, the activation rate
constants (Kd) were calculated, and the half-lives were estimated using Equation (6). The half-
life (t1/2) is defined as the time taken for the absorbance to reach 50% of the initial measurement.

t1/2 =
−Ln0.5

Kd
(6)

When comparing t1/2 values of Ch-Xyl and MeOH, the latter perished significantly
(p < 0.05, ANOVA) faster—about 1.9 times in dark and 1.5 in light—which indicates that
Ch-Xyl extract could have a better storage time than MeOH extract, especially in dark
conditions. Anthocyanins from blueberry extract exposed to natural and UV light had the
same pattern of degradation after 25 days [58], while they retained about 60% of their initial
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anthocyanin count in dark conditions and lower than 20% in light conditions. This study
obtained 78% (MeOH) and 85% (Ch-Xyl) retention of initial absorbance after 25 days in
dark and 43% (MeOH) and 63% (Ch-Xyl) retention of absorbance after 25 days, for jussara
extracts exposed to light conditions. Degradation of anthocyanins of purple sweet potato
analyzed for 15 days at 25 ◦C retained more than 80% anthocyanin content both under
light and dark conditions [59]. The same was true for anthocyanins of Hibiscus sabdariffa
for 10 days [60], and similar to results in this study, except for MeOH extract under light
exposure, which retained only 63% of its initial absorbance after 15 days.

The strong hydrogen bond formed between Ch-Xyl and anthocyanins can once again
explain the slower reaction rate of these extracts. This is pointed to as a possible strategy to
deal with anthocyanins’ relative instability compared to artificial colorants [39]. Evaluation
of the thermal and light stability of anthocyanins from different sources is essential in
order to determine their properties and hence apply those pigments, especially the most
stable ones, for scaling-up processes and industrial applications. The bioaccessibility
of anthocyanins during digestion, usually reported as very low [61], should be further
evaluated when used in conjunction with Ch-Xyl solvents, evaluating their stabilization
power in this environment to better understand the structure–stability relationships of the
anthocyanin/extraction solvent.

3.7. Antimicrobial Activity

In order to evaluate the antimicrobial activity of extracts, a standard disk diffusion test
for microbial sensitivity was conducted, and their inhibitory halo was measured (Figure 5
and Table S4 of Supporting Material).

 

Figure 5. Disc-diffusion antimicrobial sensitivity. Representation of halos of inhibition for S. enterica
and S. aureus in four treatments: saline solution, DES only (Ch-Xyl), positive control (meropen and
vancomycin respectively), and optimized extract.

The bacterial pathogens, Salmonella enterica and Staphylococcus aureus, were tested,
and the extract displayed moderate inhibition for both (8.6 mm and 7.6 mm halo respec-
tively). S. enterica is one of the most frequent bacterial food-borne pathogens in humans.
Salmonella infections range from gastrointestinal infections that are accompanied by inflam-
mation of intestinal epithelia, diarrhea, and vomiting, to typhoid fever, a life-threatening
systemic infection [62]. S. aureus is indeed found in the skin, hair, and nostrils of warm-
blooded animals. This bacterium is a significant cause of nosocomial infections, as well
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as community-acquired diseases. The extract resistance to this microorganism is a good
indicator for stability and avoidance of microbial growth during storage. The results for S.
aureus are according to [18], where Euterpe edulis crude extract displayed slightly positive
inhibition against this microorganism. This can be attributed to the antimicrobial activity of
anthocyanins and other polyphenols found in the extract, which is usually an antimicrobial
agent in plants, and shows that DES extraction did not remove significant antimicrobial
components from the crude extract [63]. Coupled with the relevant information of the
stability of the extracts, further studies are necessary to determine the minimum inhibitory
concentration (MIC) of the extract and to determine the ideal storage concentrations.

Together, these experiments build an additional step in the knowledge of how efficient
and stable anthocyanin-rich extracts obtained with DES can be while keeping its antioxi-
dant and antimicrobial properties. Further experiments should be conducted in order to
investigate practical applications in a number of cosmetical and food products regarding
the stability and interactions in these systems. Reducing the use of VOS is a worldwide
effort, and general industry faces additional appeals for “green label” procedures by its
consumers. Alternative green solvents fit this necessity well, and natural colorants obtained
from jussara are a promising technology that may provide another sustainable economic
option for the tropical forest remnants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10030615/s1, Table S1. (A) Real and coded values used in the
fractional experimental design with three central composites (25-1). (B) Real and coded values used
in the Central Composite Rotatable Design (CCRD) 22. Table S2. Real values and experimental values
and relative deviation (%) among experimental and predictive values for (A) ABTS and (B) ORAC
antioxidant activity for jussara pulp extracted by CH-Xyl in the CCRD assays. Table S3. Kinetic
parameters obtained by fitting the experimental data for degradation of anthocyanins during thermal
treatment of the extracts obtained with MeOH and DES. Table S4. Determination of halo diameter and
susceptibility for extract for strains of S. enterica and S. aureus. S—sensible. Figure S1. Chromatogram
obtained by HPLC-PDA-MS/MS of the jussara methanolic extract from jussara pulp. Cyanidin
3-glucoside, retention time: 13.396 min; cyanidin 3-rutinoside, retention time: 13.991. Figure S2. TAC
of Ch-Xyl extracts by repetition. Purple dots represent individual experiments. Extracts with seven
repetitions show significantly (ANOVA) less yield of anthocyanins than extracts with five repetitions.
They are not statistically different of extracts with three repetitions.
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6. Bubalo, M.C.; Vidović, S.; Radojčić Redovniković, I.; Jokić, S. Green solvents for green technologies. J. Chem. Technol. Biotechnol.

2015, 90, 1631–1639. [CrossRef]
7. Cortez, R.; Luna-Vital, D.A.; Margulis, D.; de Mejia, E.G. Natural Pigments: Stabilization Methods of Anthocyanins for Food

Applications. Compr. Rev. Food Sci. Food Saf. 2017, 16, 180–198. [CrossRef]

33



Processes 2022, 10, 615
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Abstract: The 42 wt.% Sn–58 wt.% Bi (Sn-58Bi) Ball Grid Array (BGA) solder balls were mounted
to electroless nickel-electroless palladium-immersion gold (ENEPIG) pads by employing the reflow
process profile. The effects of reflow cycles and aging time on the interfacial microstructure and
growth behavior of intermetallic compounds, as well as the mechanical properties, were investigated.
Pd-Au-Sn intermetallic compound (IMC) was formed at the Sn-58Bi/ENEPIG interface. With the
increase in reflow cycles and aging time, the IMC grew gradually. After five reflow cycles, the shear
strength of the Sn-58Bi/ENEPIG solder joints first decreased and then increased. After 500 h of aging
duration under −40 ◦C, the shear strength of the Sn-58Bi/ENEPIG solder joints decreased by about
12.3%. The fracture mode transferred from ductile fracture to ductile and brittle mixed fracture owing
to the fact that the fracture location transferred from the solder matrix to the IMC interface with the
increase in reflow cycles and aging time.

Keywords: electroless nickel-electroless palladium-immersion gold; Sn-58Bi; ball grid array;
intermetallic compound

1. Introduction

The eutectic Sn-37Pb solder is an important material in the field of electronic packing
because of its excellent wettability, electronic conductivity and mechanical properties [1,2].
However, due to the threat of lead to the human body and the environment, lead-free
solder has become the development direction in the electronic industry with the restriction
of hazardous substances (RoHs) [3,4]. Sn–Ag, Sn–Zn, Sn–Ag–Cu and Sn–Bi alloys are
developed in order to reach or approach the properties of the eutectic Sn-37Pb solder [5–8].
Eutectic Sn-58Bi solder with a melting point of 138 ◦C has been considered a promising lead-
free solder for low-temperature applications, especially in the fields of MCM (Multichip
Module) and 3D heterogeneous integration modules. This solder possesses good creep
resistance and high tensile strength [9]. In addition, it can avoid warpage in printed circuit
boards (PCBs) and electronic components due to thermal mismatch during the soldering
process [10].

On the other hand, during PCB manufacturing, a solderable finish is plated over the
Cu substrate. At present, electroless nickel-immersion gold (ENIG) has been widely used
as a solderable finish in the electronic industry due to its good wettability [11–13]. During
the soldering process, the intermetallic compound (IMC) can be formed at the solder/PCB
finish interface, which is essential for mechanical, conductive and thermal properties. As for
the ENIG finish, the electroless nickel layer acts as a diffusion barrier against Cu migration,
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and the immersion gold layer can prevent surface oxidation to improve weldability [14].
However, during the immersion gold plating process, ENIG corrodes the Ni (P) layer and
causes cracks, which are called “black pad” phenomena [15,16]. Recently, a new solderable
finish called ENEPIG finish has emerged [17,18]. A thin and dense electroless palladium
layer is added between the Ni (P) layer and Au layer, which can prevent the oxidation
reaction of Ni (P) and the “black pad” phenomenon thoroughly [19]. Additionally, ENEPIG
finish shows better weldability, corrosion resistance and reliability [20,21].

Studies on the behavior of IMC chemical reactions with ENIG and ENEPIG have been
well documented. Yoon et al. [18] found that needle-shaped (Cu, Ni) 6Sn5 IMC and P-rich
Ni layer formation deteriorated the shear strengths of the ENEPIG joints. Tian et al. [22]
found that the shear strength of the SAC305/ENEPIG joints was consistently higher than
that of the SAC305/ENIG joints due to the slightly slow growth rate of interfacial IMCs.
With the increase in thermal shock cycles, the fracture mode of the SAC305/ENIG joints
switched from ductile to ductile–brittle mixed fracture mode, while the fracture mode of the
SAC305/ENEPIG joints was consistently ductile. Chi et al. [23] found two layers of IMCs
with compositions of (Au0.30Ni0.70)(Sn0.90Bi0.10)4 and Ni3Sn4 were formed at the Sn-58Bi
solder/ENIG finish interface of the aged joints, and the relationship between ball shear
strength(S) and thickness(X) of (Au0.30Ni0.70)(Sn0.90Bi0.10)4 IMC layer: S = 7.13−0.33X was
researched. Chen et al. [24] only detected NiSn IMC at the Sn-58Bi/Ni interface and found
that the growth of IMC followed diffusion-controlled kinetics. Kim et al. [25] compared
the effects of phosphorous and pure Pd in a thin ENEPIG surface finish on the interfacial
reactions and mechanical properties of the Sn-58Bi/thin-ENEPIG solder joints and found
that the Sn-58Bi solder with phosphorous in the finish has a higher reliability than that
with pure Pd in the finish.

The Sn-58Bi solder joint is applicable for the field of MCM (Multichip Module) and SIP
(System in Package) modules. According to the National Military Standard of the People’s
Republic of China (GJB 8481-2015), General Specification for Microwave Assembly, the
working temperature of these modules is in the range of −40 ◦C to 70 ◦C. These modules
may undergo multiple reflow cycles during rework or multi-gradient assembly [26] and
will be in service at temperatures as low as −40 ◦C for a long time. Therefore, a detailed
study on the interfacial reactions and growth behavior of IMC, as well as the shear strength
and fracture mode of the Sn-58Bi/ENEPIG solder joints with different reflow cycles and
aging at a temperature as low as −40 ◦C are presented in this work.

2. Materials and Methods

2.1. Experimental Materials

A PCB made of flame-retardant-4 (FR4) with an ENEPIG plating process was used as
the substrate. The ENEPIG process included electroless nickel plating, electroless palladium
plating, and immersion gold plating, successively. The electroless nickel plating process
was a redox reaction under the action of metal catalysis. Hypophosphite was used as a
reducing agent in the electroless nickel plating process, and the reaction process includes:

[H2PO2]− + H2O → [HPO3]2− + H+ + 2H, (1)

Ni2+ + 2H → Ni↓ + 2H+, (2)

2[H2PO2]− + H → [HPO3]2− + H2O + P + H2↑. (3)

Electroless palladium plating process was also an autocatalytic redox reaction proce-
dure with hypophosphite as a reducing agent. The reaction process includes:

[H2PO2]− + H2O → [HPO3]2− + H+ + 2H, (4)

Pd2+ +2H → Pd↓ + 2H+, (5)

2[H2PO2]− + H → [HPO3]2− + H2O + P + H2↑. (6)
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The immersion gold plating process was a displacement process where Au and Pd
were replaced to obtain the Au layer. The reaction process was:

2Au+ + Pd → 2Au + Pd2+. (7)

The thickness of Ni (P), Pd and Au layers was about 5 μm, 0.1 μm and 0.05 μm,
respectively. The PCB pad opening size was 0.4 mm. After being dipped in Sn-58Bi
solder paste (HL-6RC-4258, Honglian, Suzhou, China), Sn-58Bi BGA solder balls (QW-SB42-
Q500, Qwin, Chongqin, China) of 0.5 mm in diameter were mounted to ENEPIG pads by
employing the reflow process profile. After reflowing and cooling to room temperature, the
soldering samples were cleaned to remove the flux residuals by manual spraying cleaning
agents (VIGON EFM, ZESTRON, Ingolstadt, Germany). Figure 1 shows a schematic
diagram of the Sn-58Bi/ENEPIG solder joints. The reflow process was realized by a reflow
oven (VXC 421, Rehm, Blauboylen, Germany) with six heating zones and two cooling
zones. The temperature of the heating zones was measured by a thermodetector, which
is shown in Table 1. The thermodetector displayed the temperature profile for the reflow
process of Sn-58Bi/ENEPIG solder joints, and the result is shown in Figure 2. The peak
temperature (Tmax), the melting point (Te), the preheating time and the cooling rate was
about 170 ◦C, 138 ◦C, 180–220 s, 60–90 s and 2–5 ◦C/s, respectively.

Figure 1. Schematic diagram of the Sn-58Bi/ENEPIG solder joints.

Table 1. Temperature of the heating zones.

Temperature

Zone

1 2 3 4 5 6

Upper furnace/◦C 120 130 135 140 160 195

Bottom furnace/◦C 120 130 135 140 160 195
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Figure 2. Temperature profile for the reflow process of Sn-58Bi/ENEPIG solder joints.

2.2. Aging Test

The aging test at −40 ◦C ranging from 100 h to 500 h was performed on the reflowed
joints by using a rapid temperature change test chamber (SU-662, Espec, Osaka, Japan). In
addition, the Sn-58Bi/ENEPIG solder joints were conducted using a reflow oven under
different reflow cycles.

2.3. Microstructure Observation

After reflowing different cycles, as well as aging under different process parameters,
the samples were mounted, inserted, ground and polished successively to observe the
cross-sectional microstructure. The interfacial microstructure of the aged solder joints was
observed by a scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) and the
composition of IMC, solder and finish was analyzed by energy-dispersive spectroscopy
(EDS). The interfacial IMC thickness was calculated using the following equation:

LIMC = (NIMC/NSEM) × LSEM (8)

where LIMC was the interfacial IMC thickness, LSEM was the height of the SEM image,
and NIMC and NSEM were the number of pixels for the interfacial IMC and the entire SEM
image, respectively. The values of NIMC and NSEM were obtained using Image J software.
For each test condition, at least five SEM images taken at different locations were utilized
to calculate the average value of the interfacial IMC thickness.

2.4. Ball Shear Test and Fracture Morphology Analysis

The ball shear strength test was performed using a global bond tester (DAGE4000,
Nordson, Aylesbury, UK). The shear speed was 500 μm/s, and the shear height was set at
about 50 μm. After the ball shear test, fracture morphology and composition were analyzed
by SEM and EDS.

3. Results and Discussion

3.1. Interfacial Reactions

Figure 3 shows the cross-sectional image of Sn-58Bi/ENEPIG solder joints after reflow-
ing and the enlarged view of the white square area is presented in Figure 4. In combination
with the Sn-58Bi phase diagram, the Sn-58Bi solder ball contained an eutectic lamellar
microstructure of β-Sn solid solution (white color) and Bi-rich phase (gray color) [22].
A continuous flake-type IMC layer with a thickness of 1–3 μm was formed at the Sn-
58Bi/ENEPIG interface. In addition, it can be seen that a P-rich Ni layer was beneath
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the interfacial IMC layer. EDS was further carried out to analyze the interfacial reactions
between the Sn-58Bi solder ball and ENEPIG finish. According to Figures 5 and 6 results,
Pd and Au elements in the ENEPIG finish with the Sn element in Sn-58Bi solder were
formed at the Sn-58Bi/ENEPIG interface. Additionally, it can be seen that during the
reflow process, most of the Pd element was dissolved into the molten solder to react at
the interface. The remaining thin Pd layer prevented the diffusion of the Ni layer, which
could be evidenced by the results in Figure 5. The chemical composition of the interfacial
IMC was 1.82 at. % Ni, 14.78 at. % Pd, 74.36 at. % Sn, and 9.04 at. % Au. As can be seen,
the atomic proportion of Pd and Au is not 1:1 in the IMC, which means Au has replaced
some of the Pd atoms in PdSn4. At the same time, the atomic proportion of (Pd, Au) and
Sn is 1:3.12. Considering the acceptable measurement error and the possible compound
that three elements can form, we infer that it is most likely (Pd, Au)Sn4. The results were
coincident with those of a previous study [25].

Figure 3. Cross-sectional images of Sn-58Bi/ENEPIG solder joints after reflowing.

Figure 4. Cross-sectional SEM images of the white square in Figure 3.

3.2. Growth Behavior of Interfacial IMC and Mechanical Properties for Different Reflow Cycles

The reflow process of Sn-58Bi/ENEPIG solder joints was carried out for one to five
cycles, and the surface morphology of solder joints is shown in Figure 7. It can be seen
that after one reflow cycle, the solder joints were bright and had good wettability. After
two reflow cycles, the surface of the solder joints was wrinkled. With the increase in reflow
cycles, the wrinkle became obvious, the solder joint surface became black and the oxidation
phenomenon was more serious. SEM images of Sn-58Bi/ENEPIG joints with reflow cycles
ranging from one to five are shown in Figure 8. It was found that the thickness of the
IMC layer gradually increased with the increase in reflow cycles. The thickness of the IMC
layer formed at the interface for reflow cycles ranging from one to five was 1.7, 2.3, 3.2,
3.8 and 4.3 μm, respectively, as shown in Figure 9. By fitting the results, the relationship
between reflow cycles (X) and thickness (Y, μm) of the IMC layer can be described as:
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Y = 0.67X + 1.05. In addition, with the increase in reflow cycles, the Bi rich phase and β-Sn
phase showed a coarse growth trend.

Figure 5. EDS results of Sn-58Bi/ENEPIG solder joints after reflowing.

Figure 6. EDS result of the interfacial IMC in area A of enlarged Figure 4.
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Figure 7. Surface morphology of solder joints with different reflow cycles: (a) one reflow cycle,
(b) two reflow cycles, (c) three reflow cycles, (d) four reflow cycles and (e) five reflow cycles.

The ball shear test on solder joints with different reflow cycles was carried out. The
ball shear strength of the solder joints for reflow cycles ranging from one to five was 86.15,
81.85, 66.00, 76.20 and 84.79 MPa, respectively. With the increase in reflow cycles, the
ball shear strength first decreased and then increased. The shear strength of solder joints
reached the lowest value of 66.00 MPa after three reflow cycles. However, the increase in
reflow cycles had little effect on the shear strength of the solder joints. In addition, the shear
strength of the solder joints was slightly higher than that reported in reference [25]. In the
literature [25], the shear strength of the solder joints was about 80 MPa after one reflow
cycle, while the shear strength of the solder joints in this work was 86.15 MPa. This was
due to the different shear speeds of the solder joints in the measurement. Specifically, in the
literature [25], the shear speed of the solder joints was 200 μm/s, while in this work, the
shear speed of the solder joints was 500 μm/s. According to the National Military Standard
of the People’s Republic of China (GJB 7677-2012), Test Methods for Ball Grid Array (BGA),
the shear strength of the solder joints increases with the increase of shear test speed. This
can well explain the slightly higher shear strength of the solder joints in this work. The ball
shear tested samples were analyzed by SEM and the result is shown in Figure 10. It was
found that after two reflow cycles, the fracture surface consisted of a solder matrix. After
three reflow cycles, the fracture surface consisted completely of an IMC layer, which also
explained its lowest shear strength. After five reflow cycles, the fracture surface consisted
of solder matrix and IMC layer, and the shear strength was improved compared with that
of three reflow cycles. According to the analysis of SEM images, the fracture mode of one
and two reflow cycles was ductile fracture, while the fracture of three reflow cycles was
brittle fracture, and the fracture of four and five reflow cycles was mixed with ductile and
brittle fracture. Therefore, in practical application, the number of reflow cycles shall not
exceed three.
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Figure 8. Cross-sectional SEM images of Sn-58Bi/ENEPIG joints with different reflow cycles: (a) one
reflow cycle (LIMC 1.7 μm), (b) two reflow cycles (LIMC 2.3 μm), (c) three reflow cycles (LIMC 3.2 μm),
(d) four reflow cycles (LIMC 3.8 μm) and (e) five reflow cycles (LIMC 4.3 μm).

Figure 9. IMC thickness and shear strength of Sn-58Bi/ENEPIG joints as a function of reflow cycles.
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Figure 10. Fracture surfaces of Sn-58Bi/ENEPIG joints with different reflow cycles: (a) one reflow
cycle, (b) two reflow cycles, (c) three reflow cycles, (d) four reflow cycles and (e) five reflow cycles.

3.3. Interfacial Microstructure and Mechanical Properties for Different Aging Times

Figure 11 show the surface morphology and cross-sectional SEM micrographs of the Sn-
58Bi/ENEPIG joints aged at −40 ◦C for 100 h, 200 h, 300 h and 500 h, respectively. Figure 12
shows the relationship between IMC thickness and shear strength of Sn-58Bi/ENEPIG
joints with aging time ranging from 100 h to 500 h. The thickness of the IMC layer formed
at the interface aged at −40 ◦C, ranging from 100 to 500 h, was 1.8, 2.0, 2.2 and 2.3 μm,
respectively. When the aging time was less than 300 h, the high driving force of IMC
growth was provided by high temperature and a large amount of Pd, Au and Sn atoms.
The thickness increased from 1.8 μm to 2.2 μm with a higher growth rate of 2 × 10−3 μm/h.
When the aging time was more than 300 h, the atom diffusion became slower because of
the reduction of Pd, Au and Sn atoms. Under the same aging time, the driving force of IMC
growth was lower because of the change in atomic diffusion rate. The thickness increased
from 2.2 μm to 2.3 μm, with a growth rate of 0.5 × 10−3 μm/h. In addition, there was no
obvious increase in the Bi rich phase or β-Sn phase. Figure 13 shows the fracture surfaces
of Sn-58Bi/ENEPIG joints. The ball shear strength of solder joints aged at −40 ◦C, ranging
from 100 h to 500 h, was 83.76, 81.85, 75.72 and 73.49 MPa, respectively. It was found from
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Figure 12 that the ball shear strength decreased by about 12.3% with the increase of aging
time, which means the extension of aging time has little effect on the strength change of
Sn-58Bi/ENEPIG joints and the joints show good mechanical properties at −40 ◦C. It can be
seen from the fracture morphology that the fracture surface consisted of the solder matrix
aged for 100 h, and when the aging time increased to 200 h, the fracture surface consisted
of the combination of the solder matrix and the IMC layer. Therefore, when the aging
time was 100 h, the fracture mode was ductile fracture. When the aging time increased to
more than 200 h, the fracture mode was ductile and brittle mixed fracture. As observed
from the SEM image of fracture with magnification of 5000 times, the fracture surface of
Sn-58Bi/ENEPIG joints was blocked by the Bi-rich phase and β-Sn phase. When the joints
were aged for 200 h, the structure of some Bi-rich phases and β-Sn phases was triangular.
The fracture surface of Sn-58Bi/ENEPIG joints aged at 300 h and 500 h contained slender
dendritic, large flake structures, as well as IMC particles, and the large flake structures
coarsen when the aging time increased to 500 h. According to the fracture morphology,
it can be concluded that the decrease in ball shear strength was mainly caused by the
transition of the fracture location from the solder matrix to the IMC layer.

Figure 11. Surface morphology of solder joints with different aging times: (a) 100 h, (b) 200 h, (c) 300
h and (d) 500 h.

Figure 11. Cont.
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Figure 11. Cross-sectional SEM micrographs of solder joints after aging at −40 ◦C: (a) 100 h (LIMC

1.8 μm), (b) 200 h (LIMC 2.0 μm), (c) 300 h (LIMC 2.2 μm) and (d) 500 h (LIMC 2.3 μm).

Figure 12. IMC thickness and shear strength of Sn-58Bi/ENEPIG joints with aging time ranging from
100 h to 500 h.

Figure 13. Cont.
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Figure 13. Fracture surfaces of Sn-58Bi/ENEPIG joints with various aging times: (a,b) 100 h,
(c,d) 200 h, (e,f) 300 h and (g,h) 500 h. (b) Enlarged view in the frame of (a); (d) Enlarged view
in the frame of (c); (f) Enlarged view in the frame of (e); (h) Enlarged view in the frame of (g).

4. Conclusions

In this work, the interfacial microstructure and mechanical reliability of the Sn-
58Bi/ENEPIG solder joints were systematically studied. The Sn-58Bi solder ball contained
an eutectic lamellar microstructure of a β-Sn solid solution and Bi-rich phase. Pd–Au–
Sn IMC was formed at the Sn-58Bi/ENEPIG interface. Pd and Au elements in ENEPIG
finish with Sn element in Sn-58Bi solder were formed at the Sn-58Bi/ENEPIG interface,
and most of the Pd element was dissolved into the molten solder to react at the interface.
The remaining thin Pd layer prevented the diffusion of the Ni layer. With the increase
in reflow cycles, the surface of the solder joints was wrinkled and blackened, and the
oxidation phenomenon was more serious. In addition, the IMC layer grew gradually, and
by fitting the data, the relationship between reflow cycles (X) and thickness (Y, μm) of
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the IMC layer was established as: Y = 0.67X + 1.05 IMC. In the ball shear test, the shear
strength first decreased and then increased. After three reflow cycles, the shear strength
of solder joints was the lowest. The IMC layer increased to a certain extent, and the ball
shear strength slightly decreased after aging at −40 ◦C for up to 500 h because the low
temperature limited the growth of IMC. According to the fracture morphology, the fracture
mode transferred from the ductile fracture to a mixture of ductile and brittle fracture when
the reflow exceeded three cycles and the aging time exceeded 200 h, owing to the fact that
the fracture location transferred from the solder matrix to the IMC interface. This work
provides a vital understanding of the interfacial microstructure and mechanical reliability
of the Sn-58Bi/ENEPIG solder joints at low temperatures.
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Abstract: High-spatiotemporal-resolution land surface temperature (LST) is a crucial parameter
in various environmental monitoring. However, due to the limitation of sensor trade-off between
the spatial and temporal resolutions, such data are still unavailable. Therefore, the generation and
verification of such data are of great value. The spatiotemporal fusion algorithm, which can be used
to improve the spatiotemporal resolution, is widely used in Landsat and MODIS data to generate
Landsat-like images, but there is less exploration of combining long-time series MODIS LST and
Landsat 8 LST product to generate Landsat 8-like LST. The purpose of this study is to evaluate the
accuracy of the long-time series Landsat 8 LST product and the Landsat 8-like LST generated by
spatiotemporal fusion. In this study, based on the Landsat 8 LST product and MODIS LST product,
Landsat 8-like LST is generated using Spatial and Temporal Adaptive Reflectance Fusion Model
(STARFM), Enhanced STARFM (ESTARFM), and the Flexible Spatiotemporal DAta Fusion (FSDAF)
algorithm, and tested and verified in the research area located in Gansu Province, China. In this
process, Landsat 8 LST product was verified based on ground measurements, and the fusion results
were comprehensively evaluated based on ground measurements and actual Landsat 8 LST images.
Ground measurements verification indicated that Landsat 8 LST product was highly consistent
with ground measurements. The Root Mean Square Error (RMSE) was 2.862 K, and the coefficient
of determination R2 was 0.952 at All stations. Good fusion results can be obtained for the three
spatiotemporal algorithms, and the ground measurements verified at All stations show that R2 was
more significant than 0.911. ESTARFM had the best fusion result (R2 = 0.915, RMSE = 3.661 K), which
was better than STARFM (R2 = 0.911, RMSE = 3.746 K) and FSDAF (R2 = 0.912, RMSE = 3.786 K).
Based on the actual Landsat 8 LST images verification, the fusion images were highly consistent with
actual Landsat 8 LST images. The average RMSE of fusion images about STARFM, ESTARFM, and
FSDAF were 2.608 K, 2.245 K, and 2.565 K, respectively, and ESTARFM is better than STARFM and
FSDAF in most cases. Combining the above verification, the fusion results of the three algorithms
were reliable and ESTARFM had the highest fusion accuracy.

Keywords: Landsat 8 LST product; MODIS; spatiotemporal fusion; validation

1. Introduction

Land surface temperature (LST) is a key variable of the surface energy process, hydro-
logical balance, and climate change [1–5]. Accurate measurement and the estimation of
LST are of great significance to many research fields, such as weather forecasting, ocean
circulation, drought monitoring, and energy balance [6]. At present, thermal infrared
remote sensing is almost the only method for regional monitoring of LST.

However, due to the mutual restriction between spatial and temporal resolution, no
satellite system can provide a thermal band or LST data with high spatial and temporal
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resolution at the same time [7]. Sensors with good spatial resolution show poor temporal
resolution and vice versa [8]. For example, MODIS provides LST at a resolution of 1 km
per day, while polar-orbiting Landsat 8 100 m every 16 days. In order to meet the fine-scale
monitoring, it is necessary to combine these two types of data to obtain high spatiotemporal
resolution LST.

To solve this problem, methods such as downscaling [9,10], sharpening [11,12], image
fusion [13–15], and disaggregation [7,8] were proposed to improve the LST resolution.
These methods can be divided into two categories: kernel-driven method and fusion
method. The former downscales the LST through the auxiliary data of the multispectral
sensor, while the latter can predict the LST of fine resolution by integrating different sensors’
time change information and neighborhood information. Among them, the kernel-driven
method only improves the spatial resolution without improving the temporal resolution of
the sensor at the same time [15], while the fusion method improves both the temporal and
spatial resolution and has been developed rapidly in the past decade [16].

The most widely used spatiotemporal fusion method is perhaps the Spatial and Tempo-
ral Adaptive Reflectance Fusion Model (STARFM) [17], which has been widely used [18–20].
This method assumes that land cover types and systematic errors do not change between
the start time and target time, and a coarse pixel contains only one land cover type, Land-
sat reflectance images of the prediction period is generated using MODIS and Landsat
reflectance images of the same period combined with MODIS images of the prediction
period. Due to the above assumptions, STARFM is not feasible in heterogeneous regions.
Therefore, STARFM has been improved for more complex surface conditions, resulting in
Spatial Temporal Adaptive Algorithm for mapping Reflectance Change (STAARCH) [21]
and Enhanced STARFM (ESTARFM) [22], which respectively improves the performance of
STARFM in the land cover type change and disturbance existence, and STARFM’s accuracy
in heterogeneous areas. Huang et al. [23,24] proposed dictionary-pair learning methods.
Although the pixels of land change can be better predicted, the shape of the ground ob-
jects cannot be maintained. Aiming at the limitations of existing spatiotemporal fusion
algorithms, Zhu et al. proposed the Flexible Spatiotemporal DAta Fusion (FSDAF) [25]
algorithm, which combines temporal and spatial predictions to capture gradually and
suddenly land cover type changes with the need for only one high spatial resolution image.
The current research and application of the FSDAF algorithm is mainly based on surface
reflectance data [26–29].

Although these spatiotemporal fusion methods were originally designed for re-
flectance, they have also been widely used in temperature fusion. Li et al. [30] and Ma
et al. [31] used the STARFM and ESTARFM algorithm to generate thermal band data for the
study of evapotranspiration. Yang et al. [32] generated ASTER surface temperature based
on the ESTARFM algorithm and verified it based on the ground measurements. According
to the STARFM framework, Huang [33] considered the thermal effects of adjacent pixels
and used a bilateral filtering algorithm to construct a new weighting function for the
fusion model to monitor the urban thermal environment. Weng et al. [15] proposed the
Spatial-temporal Adaptive Data Fusion Algorithm for Temperature mapping (SADFAT)
algorithm for LST prediction based on the STARFM algorithm framework, considering the
annual temperature cycle (ATC) and thermal landscape heterogeneity. These STARFM-like
algorithms are mainly applied to two sensors. For temperature data fusion of three or more
sensors, Wu et al. [13] proposed the Spatiotemporal Integrated Temperature Fusion Model
(STITFM) algorithm based on the STARFM algorithm, analyzed the fusion of geostation-
ary satellite, Landsat, and MODIS LST. However, similar to STARFM, STITFM is poorly
adaptable to areas with complex surface heterogeneity and land cover type changes. Quan
et al. [14] proposed a temperature fusion algorithm—Blend Spatiotemporal Temperatures
(BLEST), which can be used for heterogeneous regions and land cover type changes by
integrating the characteristics of existing spatiotemporal fusion algorithms [15,17,21,25],
and combined Landsat, MODIS, and geostationary satellite to generate Landsat-like LST at
1 h interval.
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Although the spatiotemporal fusion algorithm is widely used in the generation of
high spatiotemporal resolution temperature data, however, there are still some issues that
need to be explored. On one hand, previous studies mainly focused on the improvement
and application of algorithms and lacked ground verification of long-time sequence fusion
results. The reliability of the fusion results requires long-term sequence verification. On the
other hand, in previous studies, researchers have inverted Landsat 8 LST based on thermal
band data, and the steps are cumbersome. Using the standard Landsat 8 LST product can
solve this problem, but there is no relevant report so far, so the reliability of using it in
fusion needs to be studied. In response to the above problems, this study used MODIS LST
product and Landsat 8 LST product to participate in the fusion, and used three common
spatiotemporal fusion algorithms, i.e., STARFM, ESTARFM, and FSDAF, to generate long-
time sequence data of 28 scenes in the study area from 2013 to 2016, and verified and
analyzed the fusion results based on ground measurements LST. Since Landsat 8 LST
product is rarely used and verified at present, the accuracy of the Landsat 8 LST product is
also evaluated in order to have a more objective analysis of fusion results. Satellite data
and ground measurement data are introduced in Section 2. In Section 3, the temperature
inversion of the Landsat 8 LST product, the theoretical basis of the spatiotemporal fusion
method, the fusion scheme, and the evaluation strategy are described. The evaluation
results are detailed in Section 4. Finally, the discussion and conclusions of this study are
summarized in Sections 5 and 6.

2. Study Area and Data

2.1. Study Area

The study area is located in Zhangye City, Gansu Province, China, which belongs to the
midstream of the Heihe River Basin, with a geographic range of 38◦43′15.60′′–39◦02′16.8′′ N,
100◦17′45.59′′–100◦39′21.59′′ E. The climate in this area is arid, with an average annual tem-
perature of 7 ◦C, and the area has obvious characteristics of the four seasons. The average
temperature in summer (June to August) is 20 ◦C; the winter is cold (December to February)
with an average temperature of −8 ◦C; the temperature rises faster in spring (March to May)
with an average temperature of 9 ◦C; and in autumn (September to November), the tempera-
ture drops quickly with an average temperature of 7 ◦C. Here July is the hottest and January
is the coldest. The area is flat and the primary land cover is farmland, Gobi, sandy land, forest,
water area, and buildings, most of which are farmland and Gobi. The main crops grown in
farmland are spring wheat, corn, barley, flax, and so on. The location of the study area and
stations is shown in Figure 1.

2.2. Data
2.2.1. MODIS and Landsat 8 Data

The Landsat 8 LST product from Landsat 8 collection 2 level-2 data (downloaded
from https://earthexplorer.usgs.gov/ accessed on 9 November 2021). in this study has
an overpass time, which is approximately 10:55 a.m. at local solar time, and a revisiting
period of 16 days. The spatial resolution of the TIR channel is 100 m (note: downloaded
images are provided with 30 m), with 30 pieces of Landsat 8 scene data of Path 133,
Row 33 without cloud collected in the study area from 2013 to 2016. The Landsat 8
LST product provides a basis for the wide application of the Landsat8 thermal band.
The corresponding daily MODIS datasets (downloaded from https://ladsweb.modaps.
eosdis.nasa.gov/search/ accessed on 9 November 2021) include MOD11A1 (1 km MODIS
LST product) and MOD05_L2. MOD11A1 was retrieved by a generalized split-window
algorithm [34], and in most cases, the accuracy was reported within 2.0 K [35]. The
MOD05_L2 product contains 1 and 5 km atmospheric column water vapor (CWV) [36]; in
this study, 1 km CWV data generated by the near-infrared algorithm are used. The overpass
time is approximately 11:40 a.m. at the local solar time for MOD11A1 and MOD05_L2 in
this study area.
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Figure 1. Location of the study area and stations’ spatial distribution.

Before implementing the fusion method, both the Landsat 8 and MODIS data are
registered to the same coordinate system and resampled to the exact spatial resolution
(using a nearest-neighbor method). Since Landsat 8 LST product is provided at 30 m, the
MODIS is resampled to 30 m resolution (note: the actual resolution of Landsat 8 LST is
100 m).

2.2.2. Ground Measurements LST

The ground measurements are from HiWATER: Dataset of hydrometeorological obser-
vation network [37,38]. The observation data of three automatic weather stations-Zhangye
wetland station, Bajitan Gobi station, and Daman superstation-are used in this study. The
details of the three verification stations are shown in Table 1. The observation frequency of
the automatic weather station is 30 s, and the output is average data of 10 min. According to
the Landsat 8 satellite transit time, data within 10 min are linearly interpolated to estimate
the measured value of the satellite transit time. Surface radiometric temperature Tr is
observed by SI-111 radiometers (8–14 um) installed in the automatic weather station. The
true land surface temperature TS can be obtained by Equation (1):

B(TS) =
(

B(Tr)− (1 − ε)Lsky

)
/ε (1)

where B is the Planck function, ε the surface emissivity of the SI-111 channel calculated by
ASTER GEDv3, and Lsky the atmospheric downward radiation measured by the SI-111.
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Table 1. Verifying station information.

Station Name Geolocation Altitude/m Land Cover Duration

Wetland 100.4464◦ E
35.9751◦ N 1460 Reed June 2012–Present

Gobi 100.3042◦ E
38.9150◦ N 1562 Gobi May 2012–April 2015

Daman 100.3722◦ E
38.8555◦ N 1556 Maize May 2012–Present

3. Methodology

3.1. Landsat 8 LST Retrieval

The global standard Landsat 8 LST product is used in this study, which is based on
the inversion of TIR10 and has been used since mid-2020. Firstly, the temperature retrieval
process involves calculating ground radiance Ls using emissivity, atmospheric parameters,
and the observed Landsat 8 radiance for band 10, and then inverting the Planck function.

Ls = B(Ts) =
L−L↑

τ − (1 − ε)L↓

ε
(2)

B(Ts) =
C1λ−5(

e
C2
λTs − 1

) (3)

where Ts is the LST, B(Ts) the Planck function at temperature Ts; L represents the Top
of the Atmosphere (TOA) radiance received by the TIR sensor, ε the surface emissivity,
L↑, L↓ and τ upwelling atmospheric radiance, downwelling atmospheric radiance, and
atmospheric transmittance, respectively, and λ the effective band wavelength; C1 and C2 are
Planck’s radiation constants with value 1.19104 × 108 W·μm4·m−2·sr−1 and 14,387.7 μm·K,
respectively.

Theoretically, the surface temperature Ts can be obtained by inverting the Planck
function in Formula (3) and combining Ls in Formula (2) as follows:

Ts =
C2

λln
(

1 + C1λ−5

Ls

) (4)

However, this formulation will increasingly become inaccurate for a sensor’s spectral
response that deviates from delta function behavior. Instead, use a lookup table (LUT)
to calculate Landsat 8 LST. Calculate the expected radiances of the spectral response of
Landsat 8 sensor in the temperature range of 0.01 K, which encompasses all expected
Earthlike temperatures (typically 150–380 K). This results in a table of values of radiances
versus temperatures for Landsat 8 sensor. Landsat 8 LST can be retrieved by using the
ground radiance and the table. For a more detailed description of the Landsat 8 LST
product, please refer to Malakar et al. (2018) [39].

3.2. Introduction of Spatial Temporal Fusion Models

The STARFM [17] algorithm is the most widely used spatiotemporal fusion algorithm
and uses a pair of high/low-resolution images at the reference time and a low-resolution
image at the target time to fuse. The moving window and similar pixels are introduced
during fusion to reduce the influence of the pixel boundary of low spatial resolution
images, using similar pixels in the window and comprehensively considering the spatial
weight, spectral weight and temporal weight to calculate the value of the center pixel in
the window, and finally predicting the high-resolution image of the target time through
the movement of the moving window.
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The ESTARFM [22] algorithm, which is improved on the basis of STARFM, introduces a
conversion coefficient to improve the accuracy of STARFM in heterogeneous regions. When
the ESTARFM model is fused, it is necessary to input two pairs of high/low-resolution
images at the reference time and a low-resolution image at the target time. Similar to
STARFM, ESTARFM still uses the moving window technology, which uses similar pixels in
the window and comprehensively considers the weight function to solve the value of the
center pixel to realize the prediction of the high-resolution image at the target time.

The FSDAF [25] algorithm is an unmixing-based fusion model, which can predict the
gradual changes and mutations of land cover types. The input data of the algorithm are the
same as those of STARFM. First, the time change information is obtained through the pure
pixels of the low-resolution images at time t1 and t2 that have not changed the ground cover,
and then the time-predicted high-resolution image is obtained. The spatially-predicted
high-resolution image is obtained by increasing the image resolution through the thin-plate
spline interpolation function so as to obtain the residual R of each lower resolution pixel on
the prediction date. Finally, the distribution weight function is used to assign the residuals,
and this function generates the final target image by using similar pixels similar to STARFM
and ESTARFM to reduce the blocking effect.

3.3. Fusion Scheme

The following two kinds of data need to be input for temperature fusion: reference
images, namely Landsat 8 LST and MODIS LST images of the same date, and MODIS LST
image of the predicted date. When the predicted date is determined, the selection of the
reference images has a great impact on the prediction results. Generally, the date adjacent
to the predicted date is used as the reference image date under which circumstance the
temperature change, surface coverage type change, and sensor difference change between
reference and predicted images are small, which is helpful to improve the prediction
accuracy. A pair of reference images are required for STARFM and FSDAF, however, for the
predicted date, there are two adjacent dates, involving two pairs of reference images. The
dates of the reference images are selected by comparing the coefficient of determination
(R2) between the MODIS LST images of the two dates and the MODIS LST images at the
predicted date, and the date with higher correlation is used as the reference image date.
Two pairs of reference images are required for ESTARFM, and the adjacent dates of the
predicted date are directly selected. The fusion scheme is shown in Figure 2. T1 represents
the reference image date of STARFM and FSDAF, T1 and T3 ESTARFM, and T2 represents
the fusion image date.

Figure 2. The scheme for estimation of Landsat 8-like LST by STARFM, ESTARFM, and FSDAF.

3.4. Verification and Evaluation

The Landsat 8 LST product is verified based on ground measurements, and the
fusion results are comprehensively evaluated based on the ground measurements and the
actual Landsat 8 LST images. The prediction accuracy is evaluated with the coefficient of
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determination (R2), mean difference (bias), mean absolute error (MAE), and root mean
square error (RMSE). The statistical metrics are given as follows:

bias =
1
m

m

∑
i=1

(Pi − Oi) (5)

MAE =
1
m

m

∑
i=1

|Pi − Oi| (6)

RMSE =

√
∑m

i=1(Pi − Oi)
2

m
(7)

R2 =

⎛
⎝ ∑

(
Pi − P

)(
Oi − O

)
√

∑
(

Pi − P
)2(Oi − O

)2

⎞
⎠

2

(8)

where m is the number of observations, Oi and Pi are the ith verified and estimated LST,
respectively.

4. Results

4.1. Test Landsat 8 LST with Ground Measurements

The Landsat 8 LST product became available in mid-2020. At present, few applica-
tions and verifications are available for this product, and when generating Landsat-like
LST based on the spatiotemporal fusion algorithm, many scholars [13–15,40] used single-
channel (SC) algorithm proposed by Jiménez-Muñoz et al. [41–43] to estimates the Landsat
LST. Therefore, it is necessary to verify the Landsat 8 LST product before fusion. In this
study, Landsat 8 LST product was verified based on ground measurements and compared
with the SC algorithm. In the SC algorithm for Landsat 8, which is not described here, the
emissivity comes from the emissivity band in Landsat 8 Collection 2 Level-2 data, and the
water vapor comes from the MOD05_L2 product. For the detailed algorithm flow, please
refer to Jiménez-Muñoz et al. (2014) [43].

It is necessary to analyze the heterogeneity of the ground station before using ground
measurements LST. Generally, 3 × 3 pixel LST around the station is counted due to the
Landsat 8 LST product is provided with the resolution resampled to 30 m, but the actual
resolution is 100 m, so 9 × 9 pixel (270 m) around the station was counted in this study, and
the average standard deviation of all 30 Landsat 8 LST scene images was calculated as the
basis for site heterogeneity analysis. The statistical results show that the average standard
deviations of the Wetland station, Gobi station, and Daman superstation are 0.864 K,
0.411 K, and 0.485 K, respectively, which are all less than 1 K. It meets the requirement that
the uncertainty of the ideal surface temperature verification site should be within 1 K, as
pointed out by Wan et al. [44].

According to the ground measurements at different sites, the bias, MAE, and RMSE of
the SC LST and LST product are listed in Table 2. At the Wetland and Gobi station, LST
product RMSE are 2.916 K and 3.776 K, respectively, which are smaller than that of SC LST
(3.219 K and 3.851 K, respectively). At Daman superstation, the two types of LST RMSE
are close to 2 K with 2.157 K of LST product and 2.007 K of SC LST. All stations represent
the comprehensive verification results of the three stations; the LST accuracy of these two
algorithms in All stations is within 3 K, and the accuracy of the LST product is slightly
better than that of the SC LST. The comparison between SC LST and LST product is shown
in Figure 3, the two types of LST are highly linearly related to ground-measured LST with
R2 greater than 0.953, and the R2 of LST product and SC LST are very close at each site. The
histogram distribution of the LST differences between retrieved and measured LST shows
that for the two types of LST, most biases are between −3 K and 3 K, and the overall bias
of LST product and SC LST at All stations are −0.760 K and −1.284 K, respectively. LST

57



Processes 2021, 9, 2262

product has reliable accuracy and is suitable for input data in spatiotemporal fusion based
on the above verification.

Table 2. The bias (K), MAE (K), and RMSE (K) of retrieved LST over stations.

Station Name
LST Product SC

Bias MAE RMSE Bias MAE RMSE

Wetland −1.602 2.195 2.916 −2.100 2.477 3.219
Gobi −1.254 2.748 3.776 −1.682 2.805 3.851

Daman 0.470 1.688 2.157 −0.139 1.499 2.007
All −0.760 2.160 2.862 −1.284 2.207 2.967

Figure 3. Scatter plot and error histogram of retrieved LST and measured LST. (a): Wetland station;
(b): Gobi station; (c): Daman superstation; (d): All stations; (e): LST product error histogram at All
stations; (f): SC error histogram at All stations.

4.2. Test Fusion Data with Ground Measurements and Actual Landsat 8 LST Product

Twenty-eight Landsat 8-like LST scene images are generated according to the fusion
scheme of Figure 2. The comparison of the ground measurements and fusion results at
the site is shown in Figures 4 and 5. The fusion results of the three algorithms are highly
consistent with the ground measurements, and R2 is greater than 0.853 (Figure 4). In
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addition to the Wetland station, ESTARFM has a higher correlation with measured LST at
the remaining stations compared with STARFM and FSDAF. From the perspective of All
stations, the R2 of STARFM, ESTARFM, and FSDAF is 0.911, 0.915, and 0.912, respectively.
The R2 of Gobi station is larger than that of Wetland station and Daman superstation, for
the surface coverage of Gobi Station is almost unchanged over time.

Figure 4. Cont.
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Figure 4. Scatter plot and error histogram of fused LST and measured LST. (a): Wetland station; (b): Gobi station; (c):
Daman superstation; (d): All stations; (e): STARFM error histogram at All stations; (f): ESTARFM error histogram at All
stations; (g): FSDAF error histogram at All stations.

Figure 5. Time series comparison of fused and measured LST.
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The results of the correlation analysis between the fusion LST and the ground measure-
ments are shown in Table 3. By analyzing evaluation indicators from All stations, it is found
that ESTARFM (MAE = 2.965 K, RMSE = 3.661 K) is less than STARFM (MAE = 3.064 K,
RMSE = 3.746 K) and FSDAF (MAE = 3.065 K, RMSE = 3.786 K). Based on the analysis of a
single site, except for the Wetland station, ESTARFM performed better than STARFM and
FSDAF on the other two sites. For bias, although ESTARFM (bias = −0.607 K) is greater
than STARFM (bias = −0.274 K) and FSDAF (bias = −0.470 K), it is closer to Landsat 8
LST product (bias = −0.760 K), STARFM and FSDAF show too small deviations, which
may be caused by error propagation in the fusion. The histogram distribution of the LST
differences between the fused and measured LST shows most biases are between −4 K and
4 K (Figure 4e–g). Comprehensive analysis shows that ESTARFM fusion results are slightly
better than STARFM and FSDAF at the site.

Table 3. The bias (K), MAE (K), and RMSE (K) of fused LST over stations.

Station
Name

STARFM ESTARFM FSDAF

Bias MAE RMSE Bias MAE RMSE Bias MAE RMSE

Wetland −0.356 2.943 3.601 −1.041 2.995 3.773 −0.635 2.988 3.608
Gobi −1.310 3.197 3.794 −1.407 2.724 3.411 −1.429 3.336 3.911

Daman 0.362 3.114 3.861 0.256 3.064 3.676 0.209 2.997 3.891
All −0.274 3.064 3.746 −0.607 2.965 3.661 −0.470 3.065 3.786

In order to analyze the fusion results of the three algorithms in more detail, the
predicted Landsat 8-like LST images are evaluated from the correlation analysis and visual
interpretation based on actual Landsat 8 LST images as the verification data. In the study
area, some MODIS LST images have default data (the value is 0), and errors will be brought
into the fusion results. Therefore, when evaluating the images of the study area, these
fused images with errors will be eliminated.

The correlation analysis results between fused images and the actual Landsat 8 LST
images are shown in Figure 6. It can be seen that the Landsat 8 LST images generated by all
three fusion methods are very similar to the actual images, and R2 is higher than 0.769. In most
cases, the R2 of ESTARFM is larger and RMSE is smaller compared with STARFM and FSDAF.
After calculating, the average R2 of the fusion data of STARFM, ESTARFM, and FSDAF were
0.883, 0.898, 0.888, and the RMSE were 2.608 K, 2.245 K, and 2.565 K, respectively. ESTARFM
evaluation index is better than STARFM and FSDAF. However, the RMSE of ESTARFM on
5 July 2013 was 3.846 K, which was significantly greater than that of STARFM and FSDAF.
The main reason is that compared with STARFM and FSDAF, the image of 16 April 2013 was
added for ESTARFM in the fusion process. The reason for the errors were introduced is that
large land cover difference between 16 April 2013 (Figure 7a) and 5 June 2013 (Figure 7b),
which should be paid attention to when using ESTARFM algorithm.

Figure 6. The R2 and RMSE (K) of fused LST images and actual LST images.

61



Processes 2021, 9, 2262

Figure 7. Landsat 8 standard false color image (a): 16 April 2013; (b): 5 June 2013; (c): 21 June 2013.

The visual interpretation results between the fused images and the actual Landsat 8
LST images on 9 August 2014 are obtained from Figures 8 and 9. From the overall image
(Figure 8b–d), the fusion result of ESTARFM and FSDAF is clearer than that of STARFM.
In the subset (Figure 8e–h), the spatial detail of ESTARFM is the closest to the actual
Landsat 8 LST, followed by FSDAF, and the STARFM result is the worst. However, for the
fusion results of all three algorithms, the temperature was underestimated compared with
the actual Landsat 8 LST. After analysis, it can be inferred that the cause is radiometric
and geometric inconsistencies between the two sensors. The low-resolution data use
simulated MODIS LST (resampled to 1000m based on Landsat 8 LST) in Figure 9, there is
no underestimation in the subset, and the overall fusion accuracy has been improved. It
can be seen that ESTRAFM still has the best fusion effect, which is the closest to the actual
Landsat 8 LST, followed by FSDAF, and then STARFM.

Figure 8. Cont.
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Figure 8. Results of fusing MODIS LST and Landsat 8 LST on 9 August 2014. (a): Actual Landsat 8 LST; (b): STARFM LST;
(c): ESTARFM LST; (d): FSDAF LST; (e–h): the subsets of (a–d) corresponding to the blacks quare area in (a). (i–k): scatter
plot between (a–d).

Figure 9. Results of fusing simulated MODIS LST and Landsat 8 LST on 9 August 2014. (a): Actual Landsat 8 LST; (b):
STARFM LST; (c): ESTARFM LST; (d): FSDAF LST; (e–h): the subsets of (a–d) corresponding to the black square area in (a).
(i–k): scatter plot between (a) and (b–d).

From the analysis of the above results, ESTARFM shows the best performance in most
cases, whether it is verified from the ground site or based on the actual Landsat 8 LST
image. However, when there is a large land cover difference between the reference and
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predicted images, errors will be introduced instead, and attention needs to be paid when
performing ESTARFM fusion. The STARFM fusion images are blurry, and the spatial details
are not as good as FSDAF. It is worth noting that the three algorithms will be affected by
the difference between high- and low-resolution data, which can be seen by comparing
Figures 8 and 9.

5. Discussion

In this study, the Landsat 8 LST product and the results of spatiotemporal fusion
are analyzed and verified for a long time series. The accuracy of Landsat 8 LST product
is better than that of SC LST, and it has a strong correlation with ground measurements.
STARFM, ESTARFM, and FSDAF algorithms can all be used to generate Landsat 8-like LST
that is highly correlated with the actual Landsat 8 LST. However, in the application of these
methods, there are still problems that need to be solved.

5.1. Lack of Landsat 8 LST Product Verification in High Water Vapor Content

In this article, the Landsat 8 LST product in the study area was verified. From Figure 3,
it can be seen that R2 at All stations is 0.952, and most of the deviations are between −3 K
and 3 K, which have high accuracy. However, the atmospheric water vapor content in this
study area is relatively low, less than 2 g/cm2 on most days. Figure 10 shows the average
value of atmospheric water vapor content in the study area (from MOD05_L2). The case of
high water vapor content has not been verified, and it is necessary to consider conducting
comparative verification in areas with high water vapor content in future studies.

Figure 10. Atmospheric water vapor content in the study area.

5.2. Differences in High- and Low-Resolution Data

From the comparison of Figures 8 and 9, it can be seen that replacing the actual MODIS
LST with the simulated MODIS LST will improve the accuracy of the fusion results and
have better spatial details. This is mainly because the simulated MODIS LST is based
on Landsat 8 LST resampling, which is more consistent with the actual Landsat 8 LST
and avoids errors caused by different differences between sensors, satellite angles, and
temperature retrieval algorithms. The fusion results of simulated and actual MODIS
LST are verified based on ground measurements (Figure 11). The fusion accuracy of the
three algorithms has been improved when using simulated MODIS LST, and the RMSE is
reduced by about 0.5 K, so improving the consistency of the Landsat 8 LST and MODIS
LST images is a problem that needs to be explored.
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Figure 11. Comparison of simulation and actual fusion results over stations.

5.3. Uncertainty of STARFM, ESTARFM, and FSDAF Input Parameters

The three spatiotemporal fusion algorithms contain the following two important
parameters: the number of land cover types and the size of the search window. The former
is set to 4, while the latter 2 × 2 MODIS pixel in this study. However, the number of land
cover types and spatial heterogeneity in the study area will change over time, especially
in the study of long time series. It is necessary to adjust the amount of land cover and
the size of the search window according to the actual situation of the study area. How to
automatically optimize these two parameters during fusion is a question that needs to be
studied in the next step.

5.4. Selection of Reference Images

Only one high-resolution reference image is required for STARFM and FSDAF, while
two are required for ESTARFM. Errors may be introduced by the additional reference
images. For example, when the situation shown in Figure 7 occurs, the difference in surface
coverage between the two high-resolution reference images is large, which seriously affects
the ESTARFM fusion result. Therefore, it is necessary to fully consider the conditions of
the reference image when using the ESTARFM fusion algorithm.

5.5. MODIS LST Noise

There is noise in MODIS LST data, and the noise error will be introduced into the
fusion result. Due to the influence of noise, only 13 scene fusion images are used in the
accuracy evaluation based on the actual images (Figure 6). Therefore, noise removal should
be performed on MODS LST before fusion to ensure the reliability of the fusion image.

In this study, the three algorithms of STARFM, ESTARFM, and FSDSAF are compared
and verified. The original application scenarios of these algorithms are the fusion of surface
reflectance data, and the temperature change characteristics are not considered. At the
same time, some researchers combined the annual temperature cycle (ATC) [14,15] model
with the spatiotemporal fusion algorithm. However, considering the ATC model cannot
describe specific daily surface temperature characteristics, which leads to the uncertainty
of the model, this kind of fusion algorithm is not validated in this article.

6. Conclusions

In this study, we applied the Landsat 8 LST product to the fusion, and evaluated
the accuracy of the Landsat 8 LST product and the fusion results of STARFM, ESTARFM,
and FSDAF.
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We used ground measurements LST to verify Landsat 8 LST product. The results
indicated that Landsat 8 LST product is highly correlated with ground measurements, and
accuracy over All stations of LST product (bias = −0.760 K, RMSE = 2.862 K) is better than
that of SC algorithm (bias = −1.284 K, RMSE = 2.967 K). The use of this standard product
avoids the LST inversion before the fusion and makes the Landsat 8 thermal band more
widely used.

The three algorithms of STARFM, ESTARFM, and FSDAF were comprehensively
evaluated based on the ground measurements and actual Landsat 8 LST images. The
verification results based on the ground measurements show that in All stations, the R2 of
the three algorithms is greater than 0.911 and the MAE is less than 3.065 K, the smallest
with MAE of ESTARFM, which is 2.965 K, followed by STARFM 3.064 K and then FSDAF
3.065 K. Based on the actual Landsat 8 LST images as the verification data, the R2 of
the three algorithms for the 13 scene fusion images is all greater than 0.769, which has
a high correlation with the actual Landsat 8 LST images. The evaluation index of MAE
and RMSE (the average of the 13 scene fusion images) shows ESTARFM (MAE = 1.771 K,
RMSE = 2.245 K) is smaller than STARFM (MAE = 2.129 K, RMSE = 2.608 K) and FSDAF
(MAE = 2.077 K, RMSE = 2.565 K). In the 13 scene fusion images, ESTARFM is better than
STARFM and FSDAF in most cases (Figure 6). From the perspective of the spatial details
of the fusion results (Figures 8 and 9), ESTARFM has the best fusion effect, followed by
FSDAF, and the STARFM fusion results are relatively fuzzy. The results of integrating
ground measurements verification and actual Landsat 8 images verification indicated the
reliability of the three algorithms and proved that ESTARFM performs best in this study.
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Abstract: Active food packaging represents an innovative way to conceive food packages. The
innovation lies in using natural-based and biodegradable materials to produce a system intended to
interact with the food product to preserve its quality and shelf-life. Compared to traditional plastics,
active packaging is designed and regulated to release substances in a controlled manner, mainly
antimicrobial and antioxidant compounds. Conventional technologies are not suitable for treating
these natural substances; therefore, the research for innovative and green techniques represents
a challenge in this field. The aim of this work is to compare two different polymeric structures:
nanofibrous films obtained by electrospinning and continuous films obtained by solvent casting,
to identify the best solution and process conditions for subjecting the samples to the supercritical
fluids impregnation process (SFI). The supports optimized were functionalized by impregnating
alpha-tocopherol using the SFI process. In particular, the different morphologies of the samples
both before and after the supercritical impregnation process were initially studied, identifying the
limits and possible solutions to obtain an optimization of the constructs to be impregnated with this
innovative green technology in the packaging field.

Keywords: supercritical fluid impregnation; electrospinning; solvent casting; antioxidant packaging;
materials optimization

1. Introduction

In recent years, the food packaging sector has been subject to an important re-
evaluation derived by the current environmental needs to find alternatives to traditional
packaging. Materials of petrochemical derivation have dominated this field for decades
due to their numerous advantages in terms of low cost and ease of production. It facili-
tates the marketing of a wide range of food products through lightweight, highly flexible,
elastic, and performing packaging systems [1]. All these advantages have led to a constant
increase, over the years, in the production of mainly disposable packaging, which, given
their nonbiodegradability and disposal difficulties, have inexorably accumulated not only
in landfills but also in the environment, bringing to a global environmental pollution
problem [2,3]. For this reason, the scientific community is increasingly aiming at finding
new biodegradable materials that can gradually replace plastics. This research seems
to have found a solution in using biopolymers synthesized from natural sources, such
as biomass and microorganisms [4–7], or even extracted from agri-food wastes, such as
polysaccharides and proteins [8–10].

Polycaprolactone (PCL) is a biopolymer of fossil origin, but it is biodegradable. This
polyester is attractive because of its excellent properties of biocompatibility, nontoxicity,
and thermal stability. For these reasons, it has already found wide use in the biomedical
field, also as a drug delivery system approved by the Food and Drug Administration
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(FDA) [11–14]. This polymer has been used in the field of food packaging through the
production of active packaging [15,16], which are systems capable of interacting with
packaged food products by releasing or absorbing controlled and regulated substances [17],
in order to preserve the quality and shelf-life of the products [18]. The use of natural
substances, such as essential oils, natural extracts, vitamins, etc., for the fabrication of active
packaging with mainly antimicrobial and antioxidant action has been reported [19–22].
However, traditional packaging production techniques are no longer an obvious choice
when working with biopolymers and natural substances, as they have several drawbacks.
For example, in extrusion [23], high process temperatures are required for the melting of
polymers, large quantities of often toxic and polluting organic solvents are necessary, and
the incorporation of bioactive substances into the polymers themselves is difficult, as they
can be degraded by the high process temperatures. In some cases, the natural ingredients
are deposited as external coatings of the packaging film; in this case, a low penetration into
the polymer structure and significant degradation of the active compounds by external
agents have been observed [24].

In order to try to overcome these drawbacks, innovative green techniques that are
more suitable for the processing of biopolymers and bioactive molecules have been re-
cently proposed in the literature. In particular, electrospinning is a technique capturing
more and more attention, as it allows to work at low temperatures, with the use of green
solvents, and it can provide micro and nanostructured polymer matrix [25,26]. It is a
technique that uses only the electric field as a driving force to produce fibers arranged in
a random way that gives rise to a porous structure with a large surface-to-volume ratio.
This characteristic makes electrospun mats suitable for drug delivery systems or active
packaging films [27]. Another method, already used on an industrial scale, is solvent
casting, a low-cost, versatile, and green technique, which consists of the solubilization of
the polymer of interest in an appropriate solvent. Specifically, the solution is poured into
a mold, and the evaporation of the solvent leads to the production of thin, isotropic, and
transparent films [28]. These techniques have been extensively investigated in the literature
for biopolymers processing [29,30]. The impregnation process assisted by supercritical flu-
ids (SFI) is an interesting method for loading active ingredients inside polymeric preformed
structures [31]. SFI works by exploiting the high solvent power of CO2 in supercritical
conditions (scCO2) and its high diffusivity to solubilize the active ingredient of interest
and diffuse it within the polymer matrix, without the need to use other solvents or high
temperatures. Indeed, carbon dioxide reaches the supercritical state in mild conditions
(Tc = 31.1 ◦C, pc = 7.38 MPa) [32,33]. It is a process that allows high penetration of the
compound within the polymeric structure [34].

SFI has been applied in the literature for active compound impregnation into PCL [35].
Most of the time, these impregnation studies have been conducted using PCL gran-
ules [36,37]. PCL films have been rarely processed with SFI due to the foaming activity
of CO2 against this polymer; indeed, the most used polymers matrix for the SFI process
are poly(lactic acid) (PLA) [38], acrylic-based hydrogels [39], cellulose acetate [40], and
poly(methyl methacrylate) (PMMA) [41]. In some cases, the use of polymeric blend with
PCL was demonstrated to improve the structure resistance to the CO2 foaming effect [42].
Process conditions are particularly important to allow good impregnation without signifi-
cantly modifying the polymeric structures. For these reasons, PCL was generally processed
at low temperatures from 35 to 40 ◦C and moderate pressure from 110 to 200 bar [35,43].

Therefore, the first part of this paper concerns the optimization of SFI of different
polymeric PCL-based structures produced by both electrospinning and solvent casting
methods. PCL blended with polyethylene glycol (PEG) has been also studied. PEG was
selected to improve the handling of the films produced, especially by solvent casting [28],
and for its antifogging properties reported in the literature due to its hydrophilic nature [44].
Then, in the second part of this work, SFI of alpha-tocopherol, selected as a model natural
active compound, has been performed [45,46]. The best combination of process conditions
has been researched to provide a possible process layout for PCL-loaded alpha-tocopherol
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films production that allowed good loading of the active compounds, avoiding their
degradation, high penetration inside the polymeric film, and preservation of the polymeric
structure and functionality.

2. Materials, Equipment, and Methods

2.1. Materials

Polycaprolactone (PCL, Mn 80,000), alpha-tocopherol (purity > 97%), and polyethylene
glycol (PEG 400) were purchased by Sigma-Aldrich, Milan, Italy; acetone and acetic acid
glacial (extra pure) were provided by Carlo Erba Reagents S.A.S, Val-de-Reuil, France;
carbon dioxide (CO2, purity 99%) was purchased by Morlando Group S.R.L., Sant’Antimo,
Naples, Italy.

2.2. Production of PCL-Based Matrices

The polymeric matrices were produced both by electrospinning and solvent casting
following the scheme reported in Figure 1. The electrospinning used (Spinbow, Bologna,
Italy) is composed of a high voltage generator (PCM, Spellman, New York, NY, USA), a
syringe pump (KDS-100, KD Scientific, Holliston, MA, USA) which feeds an 18 Gauge
injector needle with a blunt tip to which the anode is connected, while the cathode consists
of a flat plate collector discharged to the ground where the fibers are deposited. The
solutions to be processed were prepared by dissolving the PCL with a fixed concentration
of 20% w/w with respect to the solvent consisting of a mixture of acetone and acetic acid
in a ratio of 3:7 v/v. PEG was added to the same solution as a plasticizer at different
concentrations (from 0% to 10% w/w with respect to the polymer content). The solutions
were stirred at 60 ◦C for about 1 h, until the complete solubilization of the polymer, after
which, once cooled to room temperature, different quantities of solution were processed to
obtain films of different thicknesses, with a voltage of 19 kV, a flow rate of 1.7 mL/h, and a
needle-collector distance of 16.5 cm.

Figure 1. Scheme of the experimental steps based on different combinations of green processes:
production of the polymeric matrices by electrospinning and solvent casting (left); supercritical
impregnation of the supports (right).

Similarly, for the solvent casting process, the PCL concentration was set at 20% w/w
while the amount of PEG was always varied from 0 to 10% in weight with respect to the
PCL content. A variable amount of the solutions was poured into Petri dishes with a
diameter of 9 cm, placed in an oven at 60 ◦C for two days, and then left in the desiccator
for at least 30 min before being removed from the plates.
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2.3. Supercritical Fluid Impregnation

The feasibility tests of supercritical impregnation and the effective loading of alpha-
tocopherol into the polymeric supports were performed in a homemade lab-scale plant. It
consists of a 100 mL stainless steel autoclave (NWA GmbH, Ahlen, Germany) into which the
CO2, first cooled and then compressed, is fed by a piston pump (Milton Roy, model Milroyal
B, Pont-Saint-Pierre, France). An internal impeller, axially mounted, ensures homogeneous
mixing. The operating pressure inside the autoclave is monitored by a digital manometer
(Parker, Minneapolis, MN, USA), while the thermal control is performed by a PID controller
(Watlow, mod. 93, St. Louis, MO, USA). Finally, the CO2 is returned in gaseous form in
atmospheric conditions by depressurization through a micrometric valve (Hoke, mod.
1315G4Y, Spartanburg, SC, USA).

Before proceeding with the supercritical impregnation, a feasibility study was con-
ducted on films of PCL and PCL + PEG at different concentrations, obtained by electrospin-
ning and solvent casting, placed in contact with scCO2. In particular, a fixed surface (about
2 cm2) of each sample at different thicknesses was weighed and placed inside the autoclave.
The tests were carried out at a temperature of 35 ◦C and a pressure of 170 bar, testing
different contact times up to 72 h. At the end of each test, the CO2 was depressurized to
environmental conditions, and the surface and weight of each sample were re-measured.
Once the best combinations of the PEG percentage, thickness, and contact times were
identified, the supercritical fluid impregnation experiments were performed; the process
was carried out by placing a quantity of alpha-tocopherol inside a container mounted
axially on the impeller to let it enter in contact with CO2 once the process has started,
keeping the pressure and temperature conditions, reported above, fixed, and varying the
impregnation times. Figure 1 reassumed each step of the work, starting from the produc-
tion of polymeric matrices through electrospinning and solvent casting, followed by the
supercritical impregnation of alpha-tocopherol on the supports fabricated.

2.4. Analytical Methods

The morphology of the samples was observed both before and after the supercritical
process through Field Emission Scanning Electron Microscopy (FESEM, LEO 1525, Carl
Zeiss SMT AG, Jena, Germany) coating the samples with a gold–palladium layer. The
mean diameter of the fibers was evaluated using the image processing software ImageJ,
analyzing no less than 300 fibers per sample.

The effective loading of alpha-tocopherol on the supports was evaluated by gravi-
metric method carried out on all samples for each impregnation time. In detail, the initial
weight of the samples before the supercritical process and the final weight of the impreg-
nated samples were evaluated. The effective loading was then calculated as the difference
between the final and the initial weight.

The migration tests of alpha-tocopherol were carried out on the samples produced
both by electrospinning and by solvent casting after the supercritical impregnation process.
The samples with known weight were immersed, in static, in a defined volume of EtOH
50% to simulate the behavior of food products with lipidic content. The samples were
placed under accelerated mass transfer conditions at 40 ◦C, analyzing the release fluid by
UV-vis at 295 nm at fixed time intervals until a constant value was reached. Migration
kinetic was expressed as the mg of alpha-tocopherol released with respect to the mg of
alpha-tocopherol loaded by impregnation.

3. Results

3.1. Feasibility Study of the SFI Process and PCL Supports Optimization

Electrospinning and solvent casting techniques were used to produce different poly-
meric films, as shown in Figure 2, to support the supercritical impregnation of alpha-
tocopherol. To prepare the films, different amounts of polymeric solution were processed
by both techniques to obtain supports of different thicknesses, according to the method
described in Section 2.2. In particular, nanofibrous samples (fiber mean diameter of 850 nm)
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with a thickness of 30 to 300 μm were obtained by electrospinning, processing from 5 to
10 mL of a 20% w/w solution of PCL. Samples with a continuous structure, with a thickness
of 50 to 200 μm, were produced by solvent casting, pouring on the casting mold from 5 to
10 mL of the 20% PCL solution. The percentage of PEG, in the case of both techniques, was
varied. The presence of PEG was instrumental in the case of solvent casting, as it facilitates
the removal of the samples from the mold.

Figure 2. PCL 20% wt + PEG 10% wt films produced by (a) electrospinning and (b) solvent casting.

The feasibility study of supercritical impregnation was conducted by first investigating
the behavior of the two different materials placed in contact with supercritical CO2 (in
the absence of alpha-tocopherol). When in contact with scCO2, PCL is subjected to the
foaming phenomenon; this causes the formation of pores inside the structure in which
the active ingredient can then be impregnated. Unfortunately, however, scCO2 generates
a depression of the melting temperature (Tm) in semicrystalline polymers. Campardelli
et al. [37] observed that PCL is processable with scCO2 at 40 ◦C/150 bar or 35 ◦C/200 bar.
For this reason, the first part of the work concerned optimizing the solution composition
and operating parameters of film production to obtain a structure that can be maintained
after contact with scCO2. In particular, the scCO2 contact tests were conducted on samples
with different thicknesses and different PEG content (from 0 to 10% w/w), at 35 ◦C, 170 bar,
varying the contact times with the scCO2 between 15 min and 72 h.

Table 1 summarizes and schematizes the experimental tests of contact with scCO2,
which indicate, for both techniques, the effect obtained and the parameters that most
influenced the process.

Table 1. Summarized results of tests conducted on all supports in contact with scCO2 at 35 ◦C and
170 bar.

Thickness
(μm)

% PEG
Contact Time

(h)
Macroscopic

Aspect
Formation

of Pores

ELECTROSPUN SUPPORTS

<100 0–2.5–5–10 15 min–72 h Nonintact structure yes
>100 0–2.5–5 <2 h Nonintact structure yes
>100 5–10 <2 h Intact structure yes

SOLVENT CASTING SUPPORTS

<100 0–2.5–5–10 15 min–72 h Nonintact structure yes
>100 0 <24 h Nonintact structure yes
>100 2.5–5 <24 h Semi-intact structure yes
>100 10 <24 h Intact structure no
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In particular, for very thin samples, with a thickness lower than 100 μm, placed in
contact with scCO2, it was not possible to maintain the structure of the films, neither for
those produced by electrospinning nor for those made by solvent casting; indeed, the
effect of Tm depression was predominant for each contact time. Furthermore, the presence
of PEG has also been found to have an important role in improving the structure of the
samples, since, on the one hand, it acts to improve the handling and, on the other hand,
it has been shown to act as a protective barrier of the polymer from the action of scCO2.
This is especially the case for supports produced by solvent casting, where its effect is
particularly evident and allows to work for longer contact times than electrospun supports,
for which, instead, the limiting factor is mainly the contact time. In fact, in the case of
casted films, for all the PEG contents, the porous structure was maintained, as shown in
Figure 3, in which the FESEM images of the samples obtained by casting before and after
the contact with scCO2 are reported. Indeed, after the supercritical process, the structure
of the supports obtained by casting has holes, which decrease in size as the PEG content
increases. The diameters of the holes, measured by image analysis software, are reported
in Table 2.

Figure 3. FESEM images of casted film of PCL + PEG 2.5% and PCL + PEG 10% before the scCO2

process; and FESEM images after the contact with scCO2 for 24 h at 170 bar and 35 ◦C as the PEG
percentage varies.
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Table 2. The pore size of the casted films after contact with scCO2 for 24 h at 170 bar and 35 ◦C.

PEG Content (%) Pore Size (μm) Standard Deviation (μm)

0 1.22 0.28
2.5 0.85 0.22
5 0.46 0.09
10 0.15 0.04

In Figure 4, the FESEM images of the samples obtained by electrospinning before
the contact with scCO2 and after the contact referring to the best conditions investigated
are reported.

Figure 4. FESEM images of the electrospun films of PCL + PEG 10% with a thickness of 500 μm:
(a) before the contact with scCO2 and (b) after the 2 h of contact.

Considering that the FESEM images reported in Figure 4 are taken at the same magni-
fication, it is evident that the contact of the fibers with scCO2 causes the swelling of the
fibers without compromising the structure of the sample. The optimization of the supports,
intended as maintaining the macrostructure of the samples, was therefore obtained by
working with samples with a thickness greater than 100 μm, with a PEG content equal to
10%, in particular for casting supports, and for contact times with the supercritical fluid
not longer than 2 h for the electrospun supports. For lower thicknesses, lower quantities of
PEG, and higher contact times, the structure is damaged, as seen in Figure 5, which shows
the results before (a) and after (b) optimizing the materials’ production.

Figure 5. Macroscopic structure of electrospun PCL films after contact with scCO2: (a) not optimized
and (b) optimized.
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3.2. Loading of Alpha-Tocopherol and Study of the Supercritical Impregnation Kinetics Performed
on the Optimized Supports

Having identified the limits and the best conditions for subjecting both types of
polymeric supports to the supercritical process, the systematic study of alpha-tocopherol
loading was started. The impregnation process was carried out on the samples (support size
of 2 cm2) at 170 bar and 35 ◦C at different impregnation times, depending on the support
production technique, considering the process optimization performed in Section 3.1.

In particular, concerning the samples produced by casting, it was seen that the concen-
tration of PEG is a determining parameter for the preservation of the macrostructure. It
was, therefore, decided to investigate the kinetics of impregnation as the concentration of
PEG varies, from 0% to 10%, initially setting an impregnation time equal to 24 h, with time
identified as the maximum above which even the samples produced with the maximum
concentration of PEG and high thicknesses are damaged. The main results obtained are
shown in Table 3.

Table 3. Kinetics of impregnating alpha-tocopherol in PCL films by casting varying % of PEG [set at
impregnation time 24 h, at 250 ◦C and 170 bar].

%
PEG

Alpha-Tocopherol
Impregnated

(mgTOC/mgFILM)
Effect

0 1.234 Higher impregnation but a significant modification of
the structure

2.5 0.998 Impregnation and foaming
5 0.959 Impregnation and foaming

10 0.828 Lower impregnation but preservation of the structure

Specifically, loading the antioxidant into the supports without PEG, a higher effect of
CO2 was observed: larger pores were formed, a higher amount of alpha-tocopherol was
charged into the sample, but the macroscopic structure was damaged. In the samples with
PEG values equal to 2.5% and 5%, both the impregnation of the antioxidant compound and
the formation of pores were observed, while for PEG values equal to 10%, the impregnation
was prevalent with respect to the modification of the structure.

On the other hand, alpha-tocopherol impregnation results showed lower loadings as
the percentage of PEG increases, going from 1.234 mgTOC/mgFILM loaded on the sample of
only PCL to 0.828 mgTOC/mgFILM loaded on samples of PCL + PEG 10% with the same
contact time of 24 h. This trend can be explained by considering the morphology study
carried out through FESEM analysis, reported in Figure 6. Indeed, as the concentration
of PEG increases, the size of the pores decreases. Considering that the structures formed
are closed-cell structures, the larger pores offer a greater exposed surface in which the
alpha-tocopherol can be impregnated; therefore, the larger the pores, the higher the amount
of alpha-tocopherol charged.

In the case of the samples obtained by electrospinning, the effect of PEG% on alpha-
tocopherol impregnation was not evaluated since PCL + PEG 10% was the only condition
that allows preserving the structure of the polymeric matrix for a contact time lower
than 2 h. The alpha-tocopherol impregnation kinetics was then studied, varying the
impregnation time, using PCL + PEG 10% films for both electrospun and casting films.
The results are reported in Table 3. For the films obtained by casting, the impregnation
kinetics was studied from 2 to 24 h. In the case of electrospun mats, the impregnation time
varied in the range from 15 min to 2 h, considering the previous feasibility study reported
in Section 3.1. From Table 4, it can be seen that the fibrous supports allow a more effective
impregnation of the active compound than those obtained by casting with the same contact
time; the alpha-tocopherol amount, which is loaded on the fibers in 2 h, is loaded on the
film obtained by casting in 6 h. Therefore, the porous structure of the electrospun sample,
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once optimized, the composition of the fibers with PEG at 10% w/w and the impregnation
time can produce the same active compound loading in a lower time.

Figure 6. FESEM images of the casted samples at different PEG percentages after an impregnation
time of 24 h, at 35 ◦C and 170 bar.

Table 4. Alpha-tocopherol loading on PCL + 10% PEG films produced by casting and electrospinning
technique at different impregnation times, at 35 ◦C and 170 bar.

Impregnation Time
Alpha-Tocopherol Impregnated

(mgTOC/mgFILM)

PCL + PEG 10% CASTING FILMS

2 h 0.25
6 h 0.40

15 h 0.67
24 h 0.82

PCL + PEG 10% ELECTROSPUN FILMS

15 min 0.17
1 h 0.31
2 h 0.64

The morphological aspect of the fibers after the supercritical impregnation can be
observed in Figure 7, where FESEM images taken at the same enlargement of samples
processed at different impregnation times are reported. In particular, from Figure 7, it
is possible to note that the plasticizing effect of the presence of alpha-tocopherol [47,48]
contributes to lowering the Tm of the polymer, even more than CO2 alone can. In fact, the
fibers obtained after impregnation with alpha-tocopherol for 2 h have a less regular (and
slightly melted) appearance than those obtained by processing the polymer with CO2 in
the absence of an active ingredient. The fibers obtained considering impregnation times
equal to 1 h and 15 min have a stable structure. In particular, from the FESEM image related
to 15 min impregnation time, it is possible to observe the presence of alpha-tocopherol in
the form of nanoparticles on and in the fibers. Indeed, during the depressurization step,
the carbon dioxide with the active ingredient solubilized in it returns to the gaseous form;
therefore, the solute precipitates.
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Figure 7. FESEM images of the electrospun fibers impregnated with alpha-tocopherol at 35 ◦C and
170 bar and different impregnation times: 2 h,1 h, and 15 min.

Electrospun films are more suitable for impregnation than those obtained by casting
when the proper impregnation conditions are selected to avoid the denaturation of the
structure because of the depression of the melting temperature caused by the interaction
with scCO2 and with alpha-tocopherol. Therefore, a good balance between impregnation
time and film characteristics should be studied each time.

3.3. Migration Test of Alpha-Tocopherol into Fluid Simulant

Migration tests for the evaluation of alpha-tocopherol release from polymeric supports
were carried out on the optimized samples considering, for each, the maximum impregna-
tion time: PCL films produced by electrospinning impregnated for 2 h and PCL + PEG 10%
films produced by casting impregnated for 24 h. The tests were carried out in static at 40 ◦C,
using a 50% hydroalcoholic solution of ethanol as a simulant fluid for food products with
a lipidic content. The released fluid was analyzed for one week, at predetermined time
intervals, by UV-vis analysis at 295 nm through which the release percentage expressed as
mg of alpha-tocopherol released/mg of theoretically impregnated alpha-tocopherol was
estimated. The quantity of sample placed in contact with the simulant was evaluated to
have the same initial theoretical load of impregnated antioxidant, about 9.5 mg per sample,
for both techniques.

Figure 8 shows the graph comparing the alpha-tocopherol release kinetics from the
impregnated samples produced by electrospinning and solvent casting. The samples
produced by casting have, in the first hours, higher release kinetics than those produced by
electrospinning, even though the fibers have a greater surface area exposed to the stimulant.
After the first two days, the migration kinetics from electrospun samples becomes greater
than those produced by casting. This trend is due to the fact that tocopherol, as observed in
the SEM images of Figures 6 and 7, penetrates much better into the fibers, for contact times
of 2 h, compared to casting films impregnated for 24 h, where instead the impregnation is
more superficial, as the pores for PCL + PEG 10% samples are small and offer a smaller
surface area exposed to the supercritical process. For this reason, the release from the fibers
is more gradual and constant over time. For both techniques, however, about 50% of the
impregnated tocopherol was released in 48 h.
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Figure 8. Release of alpha-tocopherol from electrospun sample impregnated for 2 h and from casted
sample impregnated for 24 h, in EtOH 50% as a simulant, for a week at 40 ◦C.

4. Conclusions

This paper focused on the use of alternative green techniques for the preparation of
active packaging films. The polymeric support was produced both by electrospinning and
by solvent casting, and then it was loaded with alpha-tocopherol by impregnation with
scCO2. We demonstrated that the operating conditions have to be suitably selected as
PCL has a low melting temperature, which is significantly reduced due to the presence of
CO2 in supercritical conditions. Furthermore, alpha-tocopherol has a plasticizing effect,
which contributes to the negative modifying of the polymer structure. Therefore, for both
tested green techniques combinations (casting with supercritical fluid impregnation and
electrospinning with supercritical fluid impregnation), the optimal operating conditions,
summarized in Table 5, were determined to obtain an active packaging.

Table 5. Summary of the optimized set condition for both electrospun and casted PCL films to be
impregnated with scCO2.

Conditions Electrospun Films Casted Films

Thickness (μm) >100 >100
PEG content % 10 10

Impregnation time [h] <2 <24
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Abstract: In the development of high-tech industries, graphite has become increasingly more impor-
tant. The world has gradually entered the graphite era from the silicon era. In order to make good
use of high-quality graphite resources, a graphite classification and recognition algorithm based on
an improved convolution neural network is proposed in this paper. Based on the self-built initial
data set, the offline expansion and online enhancement of the data set can effectively expand the data
set and reduce the risk of deep convolution neural network overfitting. Based on the visual geometry
group 16 (VGG16), residual net 34 (ResNet34), and mobile net Vision 2 (MobileNet V2), a new output
module is redesigned and loaded into the full connection layer. The improved migration network
enhances the generalization ability and robustness of the model; moreover, combined with the focal
loss function, the superparameters of the model are modified and trained on the basis of the graphite
data set. The simulation results illustrate that the recognition accuracy of the proposed method is
significantly improved, the convergence speed is accelerated, and the model is more stable, which
proves the feasibility and effectiveness of the proposed method.

Keywords: graphite; classification; transfer learning; focal loss; convolution neural network

1. Introduction

At present, nonmetallic mineral resources are widely used in emerging materials,
energy, national defense, aerospace industry, and other fields [1–7]. Its strategic significance
is gradually improved and its application field is expanding. Therefore, the research on
graphite is of great significance [8–14]. In general, graphite can be divided into two
categories: natural graphite and artificial graphite. They are similar in structure and
physicochemical properties, but their use paths are quite different. In metallurgy, machinery
industry, chemical industry, and many other application fields, it is particularly important
to identify the type of graphite. If the two are confused, decision-making errors will result,
leading to much resource waste and economic losses. Therefore, from the perspective of
strategic demand, research on the intelligent classification of graphite has great far-reaching
significance for the classification management of graphite resources.

Most of the traditional methods to identify graphite are microscope identification or
chemical identification. These methods have a large human factor and high time cost, which
bring great challenges to the industry [15]. Currently, artificial intelligence research based
on deep learning provides the most advanced solution for computer vision. As a deep
learning method, convolution neural network (CNN) is popular in different disciplines
of image recognition application. Small details that people do not notice can be easily
distinguished by CNN. This algorithm can directly extract visual patterns from pixel
images with minimal preprocessing. CNN structure introduced by LeCun net (LeNet)
architecture and Alex Krizhevsky net (AlexNet) makes CNN popular. Since then, CNN’s
popularity has grown exponentially with a variety of designs and applications [16–20].
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Due to the high similarity of the four types of graphite images shown in Figure 1,
the recognition rate of shallow CNN (such as AlexNet) is low, and the model is relatively
simple, which may limit its classification accuracy. Considering the recognition accuracy,
recognition time, and model parameters, VGG16, ResNet34, and MobileNet V2, which have
more complex network structure and deeper layers, are selected to improve classification
accuracy. These networks have less hardware requirements and lower computational
complexity, and can effectively extract deep features of images while shortening training
time. Furthermore, these networks avoid the complex method of manual feature extraction
and improve the recognition accuracy. In view of the characteristics of graphite images and
the small data set, the data set is preprocessed to achieve the purpose of data enhancement.
At the same time, preprocessing resets the loading module of the migration network,
debugs the output parameters of each layer connection, improves the convergence speed
of the network, and adds a dropout layer optimization model to effectively integrate the
migration network and the model.

  

(a) Flake graphite (b) Expanded graphite 

  

(c) Artificial graphite (d) Carbon black 

Figure 1. Images showing four types of graphite.

Traditional CNN models mostly use cross entropy loss function (CEL), but CEL only
considers the accuracy of correct tags, ignoring the difference of incorrect tags, so most
researchers have studied the loss function. Triplet loss was proposed by Schroff in 2015 [21].
It is mainly used to train samples with small differences. However, the training process
of this function is unstable, the convergence speed is slow, and it may fall into a local
optimum. In 2017, for target detection of dense objects, heproposed focal loss function (FL),
which not only solved the imbalance problem of samples, but also solved the imbalance
problem of difficult and easy samples, making the network give more attention to difficult
samples [22]. Recognizing that the graphite data set image difference is small, not easy to
distinguish, and a difficult sample is far more challenging than an easy sample, this paper
selects FL as the loss function to improve the stability of the network. The simulation results
show that the improved migration network combined with FL has stronger robustness and
generalization ability, higher recognition accuracy, and achieves an ideal recognition effect.

2. Experimental Data

2.1. Data Set Construction

In this paper, the experimental samples were collected in Neixiang County, Shaanxi
Province, China, from the flake graphite, artificial graphite, expanded graphite, and car-
bon black samples of Ruixin high-temperature composite products. The samples were

84



Processes 2021, 9, 1995

photographed from different directions for 3 min by using an iPhone rear camera at the
same position, and the resolution of the video was 1080 p, the captured graphite video was
extracted by frame, 1 frame per second. After screening, 715 sample images were obtained
and classified. During the experiment, all the images were obtained from the saved data.
The four types of graphite images are shown in Figure 1. However, it is difficult to obtain a
variety of graphite data sets. The images collected sometimes have the characteristics of
uneven distribution and few images, so it was necessary to enhance the data set. The data
enhancement method is given in Section 2.2.

2.2. Offline Expansion and Online Enhancement of Data Sets

The data enhancement method can be divided into offline enhancement and online
enhancement. Offline enhancement directly processes the data set, which is often used
when the data set is small. Online enhancement is suitable for large data sets. After the
batch data are obtained in the process of model training, the batch data are enhanced, such
as rotation, translation, folding, and other corresponding changes. In this paper, when the
initial data set was small, offline expansion was adopted to directly process the data set and
increase the sample size of the data set, and the collected images were flipped vertically,
rotated by 90 degrees, flipped around an axis, and underwent affine transformation; finally,
3575 images were obtained. Moreover, in order to reduce the overfitting problem of deep
CNN, online enhancement was used to process the data. Based on the characteristics of the
graphite image, the training set images were randomly scrambled before input to reduce
the influence of image order on the model. Each image in the training set was randomly
cropped, the image pixels unified, and the image flipped horizontally according to the
probability (here, setting p = 0.5). Finally, the processed data set was normalized, and the
data of each channel were regularized with the mean value 0.5 and standard deviation 0.5,
so as to achieve the purpose of data expansion and data enhancement.

According to the proportion, 2860 data sets (80%) were randomly selected as the
training set to train the network, and 715 data sets (20%) were selected as the test set to
verify the performance of the network. The training set and the test set were processed
separately. The classification of data sets is shown in Table 1.

Table 1. Graphite data set.

Flake Graphite
Expanded
Graphite

Artificial
Graphite

Carbon Black

Data set 1020 965 715 875
Training set 816 772 572 700

Test set 204 193 143 175

3. Experimental Principle and Method

3.1. Transfer Learning

In recent years, successful case studies regard deep CNN as the mainstream method
to solve challenging computer vision tasks [23]. However, training a network from scratch
requires many training data, much time, and a large graphic processing unit (GPU). We
only have 3575 training and test images, and a small data set cannot train a deep CNN.
Therefore, this paper combines the idea of transfer learning to train the convolution neural
network.

Transfer learning refers to the process of using models that have been trained for
different tasks, hoping that the model can have sufficient generalized information to solve
new specific tasks [24]. This method uses CNN, a pretraining model on a huge database,
to help learning target tasks [25]. The classified image in this paper is graphite, which
has different visual performance, which has a visual performance different from cats and
dogs. The visual performance learned from a large image may not be able to represent
the graphite image very well, so it is necessary to modify the pretrained CNN structure to
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adapt to our task. Zeiler and Fergus provide evidence that the general image representation
learned from the pretrained CNN is superior to the most advanced handmade features [26].

3.2. Convolution Neural Network Model

At present, common CNN include AlexNet, visual geometry group (VGG), residual
net (ResNet), mobile net (MobileNet), etc.; the ready-made image representation learned
from these deep networks is powerful and universal, and has been used to solve many
visual recognition problems [27]. Considering the good performance of these ready-made
CNN features, they have become the mainstream image features to solve most computer
vision problems [28].

Deep convolution neural network has the characteristics of deep depth and good
recognition effect. VGG16, ResNet34, and MobileNet V2 are representative CNNs in recent
years, which have achieved excellent results in the field of image classification. VGG
uses several smaller convolution kernels instead of larger ones to ensure that the network
depth can continue to increase under the condition of the same receptive field. VGG16
has 16 hidden layers (13 convolution layers and 3 fully connected layers), which is a
classic CNN model for image classification in the deep learning framework. ResNet puts
forward residual structure and uses convolution to reduce dimension, which makes ResNet
have advantages in parameters, depth, width, and calculation cost without introducing
additional parameters and increasing network calculation complexity. There are less than
4000 data sets in this paper, and the depth of ResNet34 model can be used effectively to
train the samples. As a lightweight network proposed in 2018, MobileNet V2 always uses
depthwise (DW) convolution to extract features, and proposes inverted residual, which can
reduce the use of memory in implementation [29]. Based on these advantages, this paper
establishes graphite classification and recognition model based on VGG16, ResNet34, and
MobileNet V2 networks; the comparative analysis is shown in Table 2.

Table 2. Comparative analysis of models.

Network VGG16 ResNet34 MobileNet V2

Year 2014 2015 2018
Top-1 accuracy 71.5% - 71.7%

Number of parameters 138,357,544 63,470,656 4,253,864
Number of layers 16 34 -

BN No Yes Yes
Residual structure No Yes Yes

3.3. Focus Loss Function

In image classification, the loss function is generally cross entropy loss function. Cross
entropy is the distance between the real output (probability) and the predicted output
(probability); therefore, the smaller the value of cross entropy, the closer the two probability
distribution. For the multiclassification of graphite, there are a large number of simple
negative samples in the data set. The losses caused by these samples in the iterative process
occupy the majority of the total losses, which may lead us to deviate from the correct
optimization direction. To improve this situation, the focus loss function is used in this
paper; the formula is shown in Equation (1).

LFL =

{ −(1 − y′ )γ log y′ , y = 1
−yγ log(1 − y′ ), y = 0

(1)

Equation (1) gives the contribution of classified samples to the loss. Due to the effect of
modulation factor γ, the model weakens the error contribution of easy-to-identify samples,
so that the model can focus on the hard-to-classify samples more effectively in training.
After many experiments, γ = 0.25 is set. On this basis, FL also introduces a balance
factor α, as shown in Equation (2). This factor can be used to balance the imbalance
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between the number of positive and negative samples, that is, class imbalance. Because the
class imbalance problem of the self-built graphite data set is not very prominent, we set
γ= NAN.

LFL =

{ −α(1 − y′ )γ log y′ , y = 1
−(1 − α)yγ log(1 − y′ ), y = 0

(2)

3.4. Improved Migration Network Model

Combined with transfer learning, the model training process designed in this paper
includes the following three stages: data expansion, transfer learning, and superparameter
adjustment. The model training process is shown in Figure 2.

 

Figure 2. Flow chart of algorithm implementation.

Before loading new output modules, a global average pooling layer is added. Next,
the SoftMax nonlinear final classification layer is used to set the final output to 4. Finally,
the Adam optimizer is used to fine tune 100 epochs of all models. The initial learning rate
is 0.0002, Nesterov momentum is 0.9, and batch size is 32.

In the above algorithm flow, this paper improves the three networks used, freezes the
feature layer of each model architecture, redesigns new output modules and loads them
into the full connection layer of their respective networks. The new full connection layer is
shown in Figure 3.

 
Figure 3. New output module.

In the new output module, three connection layers are set up to debug the output
parameters of connection layers full connection 1 (FC1) and full connection 2 (FC2) to
optimize the stability and generalization ability of the model. Because there are a large
number of parameters in the full connection layer of the network, dropout is added in
connection layers FC1 and FC2 to set the random loss probability p = 0.5. This technology
can reduce the complex co-adaptation of neurons and make the model more effective
for fusion. In this way, the structure of the migration network is improved, as shown in
Figure 4.
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Figure 4. The structure of the improved migration network.

Herein, this model is called the improved convolutional neural network model based
on transfer learning, which is applied to the graphite classification problem. The modified
and optimized networks are renamed the improved visual geometry group 16 (I-VGG16),
improved residual net 34 (I-ResNet34), and improved mobile net Vision 2 (I-MobileNet
V2). On the basis of these improvements, the networks combined with FL loss function are
recorded as I-VGG16 + FL, I-ResNet34 + FL, and I-MobileNet V2 + FL.

4. Result Analysis

4.1. Evaluation Index and Environmental Configuration

In this paper, the training effect of a network is evaluated by three indexes: accuracy
(acc), loss, and running time. Test acc refers to the ratio of the model’s output of correct
results on the test set, and its definition formula is shown in Equation (3).

acc =
ncorrect

n
(3)

where ncorrect denotes the number of correct network identifications in the test set and n
denotes the number of samples in the test set.

The training process of transfer learning is to minimize the loss function, and loss is
the value of the loss function. In fact, the loss function calculates the mean square error
(MSE, E) of the model on the test set.

E =
1
n∑

i

(
ŷ − ytest)2

i (4)

In this paper, accordingly, the epoch time is specified by the end of the whole network
model. An epoch is a process in which all training samples are propagated forward and
backward in the neural network model; that is, all training samples are trained once.

We used the 1.8.0 version of Python framework to complete the experimental sim-
ulation under the compiling environment of Python 3.8, and realized the image data
preprocessing through transform.

4.2. Test Results

In order to verify the feasibility and effectiveness of the method presented, the graphite
data set after data enhancement was imported into the method proposed in this paper.
Through the experiment on the test set, the (i) unmodified model, (ii) improved model,
and (ii) network model with the modified loss function, are all compared. Finally, the
comparison curves of model loss and accuracy are obtained, as shown in Figures 5–7.
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(a) Loss (b) Accuracy 

Figure 5. VGG16 model loss and accuracy comparison chart.

  

(a) Loss (b) Accuracy 

Figure 6. ResNet34 model loss and accuracy comparison chart.

  

(a) Loss (b) Accuracy 

Figure 7. MobileNet V2 model loss and accuracy comparison chart.

As shown in Figure 5, VGG16 has large loss value vibration, and the stability of the
model is poor. After improvement of the model, the network performance of I-VGG16 and
I-VGG16 + FL is obviously more stable and superior. Compared with VGG16, ResNet34
and MobileNet V2 have a deeper network and more stable model. It can be seen that
the improved network effectively alleviates the problem of poor feature extraction ability
caused by the secondary application of transfer learning. After using FL, the model is
further optimized, the loss value is gradually reduced, and the accuracy is effectively
improved, as shown in Figures 6 and 7.
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In order to better understand the improved CNN model, the loss value, accuracy, and
training time of the final experimental results of nine models in this paper are shown in
Table 3. Table 3 shows that although the accuracy and training time of VGG16 are relatively
poor, the loss is relatively minimal; overall, the training time of ResNet34 is relatively short
and the accuracy of the optimized model is also improved. MobileNet V2, as a lightweight
network, can reach more than 99% recognition accuracy, and with the improvement of
the loss function, the loss value gradually decreases, which proves that the combination
of FL and the improved model can effectively focus on the difficult sample image of the
graphite data set. This shows the feasibility and effectiveness of a convolutional neural
network in graphite classification. The comparison chart of the loss value and accuracy
of the improved CNN model of FL is shown in Figure 8, which intuitively shows that the
improved model is more stable, can converge quickly in several epochs, and the accuracy
is floating within 93%, which proves the effectiveness of the improved algorithm.

Table 3. Comparison of loss value, accuracy, and training time of different algorithm models.

Model Loss Value (×10−2) Accuracy (%) Training Time (min)

VGG16 0.36 92.93 74.73
I-VGG16 0.16 93.71 76.13

I-VGG16 + FL 0.10 95.69 75.88
ResNet34 6.75 93.29 40.13

I-ResNet34 2.61 99.18 40.72
I-ResNet34 + FL 0.97 99.84 41.27
MobileNet V2 4.37 98.57 39.10

I-MobileNet V2 1.68 99.81 45.18
I-MobileNet V2 + FL 1.23 99.57 46.82

  

(a) Loss  (b) Accuracy 

Figure 8. Comparison of the improved CNN model combined with FL.

As can be seen from these experimental results, a graphite classification and recogni-
tion method using an improved convolution neural network is effective and achieves the
purpose of the paper.

5. Conclusions

In this paper, an improved CNN combined with focal loss is applied to graphite
image classification and recognition. The recognition model based on CNN does not need
complicated image preprocessing steps in the early stage, and the data enhancement can
also be completed online in the training process, which makes the model building process
more concise. The graphite data set is expanded and enhanced to solve the problem
of insufficient training samples. Through the simulation experiment on the processed
data set, it is concluded that the redesigned full connection layer is helpful to improve
the classification performance of the network. After optimizing the loss function, the
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performance of the network model is further improved by debugging the superparameters
of the model, and the relatively high accuracy and low loss value of graphite classification
are realized. In the future work, we will try deep networks other than the three kinds of
CNN that were implemented. Therefore, it is our key research content in the future to
explore the influence of different freezing ratios and freezing layers on the classification
effect of the graphite data set.
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Abstract: Drug delivery systems (DDS) are artificial devices employed to enhance drug bioavailability
during administration to a human body. Among DDS, liposomes are spherical vesicles made of an
aqueous core surrounded by phospholipids. Conventional production methods are characterized
by several drawbacks; therefore, Supercritical assisted Liposome formation (SuperLip) has been
developed to overcome these problems. Considering that the use of high pressures involves high
energy cost, in this paper, sustainability indicators were calculated to quantitatively evaluate the
emissions related to the attainment of liposomes containing daunorubicin (a model antibiotic drug)
using the SuperLip process. The indicators were depicted using a spider diagram to raise the actual
weaknesses of this technique; some variations were proposed in the process layout to solve the critical
issues. According to the literature, many studies related to the pharmaceutical industry are expressed
in terms of solid, liquid waste, and toxic emissions; however, liposomes have never explicitly been
considered for an analysis of environmental sustainability.

Keywords: supercritical fluids; liposomes; pharmaceutical applications; biomedical

1. Introduction

Drug delivery systems (DDS) are artificial devices employed to enhance drug bioavail-
ability during topical delivery [1]. Several systems and complexes have been developed
at micro and nano levels to achieve high entrapment efficiency of therapeutic agents [2],
targeted delivery to specific human tissues, and improved protection of the entrapped
drug from degradation phenomena [3].

Among DDS, liposomes are spherical vesicles made of an aqueous core surrounded
by one or more layers of phospholipids [4], generally employed for pharmaceutical [5],
cosmetic [6], and nutraceutical purposes [7]. Currently, the main liposomes producing
countries are the United States of America, Republic of China, Japan, and the western
countries of Europe [8], with the following market share: pharmaceutic industries (61.7%),
cosmetics (22.8%), and nutraceutical industries (15.6%) [9–12].

The well-known conventional methods for liposome production are generally char-
acterized by low entrapment efficiencies of active principles and difficult replicability of
Particle Size Distribution (PSD), due to discontinuous process layouts [13]. The Supercrit-
ical assisted Liposome formation (SuperLip) technique has been recently developed to
overcome these problems, consisting of the inversion of the traditional production steps
of production [14] through an atomization step directly into a supercritical medium con-
taining the phospholipids. This process has been successfully tested for the entrapment of
proteins, antioxidants, dietary supplements, dyes, and antibiotics [14,15].

Processes 2021, 9, 1788. https://doi.org/10.3390/pr9101788 https://www.mdpi.com/journal/processes
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The SuperLip process has been developed primarily at a lab scale; however, its con-
figuration layout is continuous, which guarantees its replicability on a larger scale [16,17].
Comparing to other processes proposed in the literature, SuperLip has several advantages,
as described in the sketches reported in Figure 1, where SR represents the Solvent Residue
and EE the Encapsulation Efficiency (in particular, see Figure 1b).

  

(a) (b) 

Figure 1. (a) A features map of encapsulation efficiencies and mean size of liposomes produced using
different techniques. (b) Pyramid sketch of the main advantages and disadvantages of liposomes
production (SR: Solvent Residue, EE: Encapsulation Efficiency).

According to the literature published on SuperLip, it is possible to affirm that other
well-known processes, such as ethanol injection [18–20] or reverse-phase evaporation [21,22],
resulted in the production of larger liposomes (around 500 nm) and encapsulation effi-
ciencies between 40% and 60%. In particular, the conventional Bangham method [23,24]
results in vesicles’ mean dimensions highly variable, from 1 to 100 μm, and encapsulation
efficiencies are generally lower than 30%. Concerning Figure 1b, the bottom of the pyramid
is characterized by the worst operating conditions. These processes are characterized by
low entrapment efficiencies, and amounts of solvent residues above the Food and Drug
Administration (FDA) imposed limits [25]. Therefore, a high solvent residue also means
that these processes create liposomes formulations with a high level of toxicity [26]. In
the second level of the pyramid, semi-continuous processes and post-processing steps are
reported, such as Reverse Phase Evaporation and Microfluidic channel techniques [27], that
result in the production of quasi-homogeneous samples. Due to this not optimal homogene-
ity, vesicles mean dimensions are reduced after extrusion or sonication [28]. At the third
level of this pyramid, dense gas processes find a good location, also in terms of reduced
solvent residue, thanks to the use of carbon dioxide in supercritical conditions. These
processes, such as Supercritical AntiSolvent (SAS) [29], Depressurization of an Expanded
Solution into Aqueous Media (DESAM) [30], Depressurization of a CO2-expanded liquid
organic solution (DELOS) [31], and Supercritical Reverse Phase Evaporation (SRPE) [32],
were developed to avoid the high cost of post-processing steps, avoiding loss of expensive
molecules. These methods were obtained after great technical efforts and encountered a
success after proposal in the academic community. Some improvements were still needed
to produce liposomes available to be sold in the market with a good balance among prof-
itability, environmental impact, and energy consumption [21,33]. SuperLip process was
demonstrated to provide all these advantages.

For the reasons listed above, it was considered attractive to focus on the main advan-
tage of SuperLip: the low solvent residue, as indicated in previous work [17]. To better
explain this advantage, a working map has been proposed in Figure 2, creating a strict
correspondence among two important operating parameters (Gas to Liquid Ratio, i.e.,
feeding ratio, calculated as carbon dioxide over ethanol flow rates on a mass basis, and
mean diameter of the liposomes produced). In this diagram, the surface of each circled
area represents the concentration of solvent residue obtained in different operating con-
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ditions; whereas, the center of each circle is related to a specific Encapsulation Efficiency
and a specific Gas To Liquid Ratio. As indicated in Figure 2, vesicles produced with the
conventional technique are characterized by a high level of solvent residue (20,000 ppm),
measured after evaporation; whereas, small circles are related to liposomes produced with
an ethanol residue lower than 150 ppm.

Figure 2. Bubble diagrams: comparison of solvent residue amount among SuperLip process (small
circles) and conventional method (large circle). The surface of circles express the concentration of
ethanol in ppm, in the final aqueous suspension.

After these considerations, the elimination of solvent residue becomes fundamen-
tal in pharmaceutical processes [34]; in particular, SuperLip eliminates large parts of its
solvent from the top of the main process unit. The remaining amount can be eliminated
using rotary evaporation performed on the recovered liquid suspension. This step can
avoid the pharmaceutical formulations to be toxic for cells [18,34]. Moreover, the commer-
cial profitability of SuperLip has been already demonstrated, in terms of economic and
financial analysis [35].

Solvent residue causes a significant environmental impact during the production of
drug carriers. Therefore, the most common way to calculate the environmental impact is
represented by the analysis of sustainability indicators, or the Life Cycle Assessment, largely
used in many fields, such as energy [36], beverages and foods [37–41], pharmaceutical
delivery [42–44] systems, cosmetics [45], and wastewater treatments [46]. Concerning
pharmaceutical industry, a few papers [43,47–49] are related to the management of solid
waste and solvent treatment; moreover, liposomes have never been considered for a
sustainability evaluation.

Therefore, the aim of this work is the assessment of the environmental impact of the
SuperLip process. The eco-balance of this technique will be evaluated to study the effects of
liposomes production using this supercritical assisted technique, from the acquiring of raw
materials and reagents to the manufacture of the final produced vesicles. An inventory of
materials employed in this process and energy consumption will be provided, evaluating
the inputs and the outputs of the process, and making a final analysis on the results,
according to market profitability reference. A model drug such as daunorubicin, which is
generally employed against leukemia [50], will be considered for this analysis. The results
of this study will also improve the proposed technique and certify its quality, with the final
aim to assess the profitability of a scale-up for this process, to achieve high volumes of
commercialization of this liposome-based products.
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2. Process Description

2.1. Apparatus

SuperLip process consists of three feeding lines: carbon dioxide is pumped at the
flow rate of 6.5 g/min using an Ecoflow pump (mod LDC-M-2, Lewa, Germany), until
reaching the pressure of 100 bar; an ethanol/phospholipids solution is fed at the flow rate
of 3.5 mL/min, using a high-pressure precision pump (Model 305, Gilson, France). Ethanol
and carbon dioxide are first mixed and then heated up to 40 ◦C, using thin Band Heaters
(3 × 120 W, Watlow Italy, Milano, Italy). The carbon dioxide over ethanol feeding ratio
is called Gas to Liquid Ratio of the Expanded Liquid (GLR-EL), and it has been set at 2.4.
The ethanol + lipids + carbon dioxide mixture is sent to a stainless-steel vessel (500 cm3)
that works at the pressure of 100 bar and temperature of 40 ◦C, heated using Band Heaters
(2 × 400 W, Watlow Italy, Milan, Italy).

A third feeding line sends water (plus a dissolved hydrophilic drug) to the system; an-
other high-pressure precision pump supports this feeding line at the flow rate of 10 mL/min
(Model 305, Gilson, France). The water flow rate is atomized in droplets in the formation
vessel, using an 80 μm nozzle.

The production of liposomes occurs in the vessel of SuperLip, by first creating water
droplets and then the lipid layer around. Liposomes are collected from the bottom of the
vessel using an on/off valve. The separation of the ethanol/carbon dioxide expanded
liquid occurs from the top of the vessel, where an exit line has been designed. This line is
heated at 30 ◦C using a tubular resistance (275 W, Watlow Italy, Milan, Italy). A stainless-
steel separator (300 cm3) is employed to separate ethanol and carbon dioxide at the pressure
of 10 bar. A rotameter (mod. N.5–2500, Serval 115022, ASA, Italy) is used to measure
carbon dioxide flow rate.

Liposomes are produced from SuperLip in aqueous suspension. However, a reduced
amount of ethanol is still present in the final solution; therefore, liposomes suspensions are
sent to rotary evaporation, operating at 30 ◦C under vacuum at a stirring rate of 120 rpm
(for 30 min), in order to eliminate solvent residue without damaging vesicles produced.

2.2. Materials and Procedures

The raw materials for the production of liposomes production are essentially phos-
pholipids, that are provided by several companies such as Sigma Aldrich (Milan, Italy) or
Lipoid (Ludwigshafen, Germany). Daunorubicin has been purchased from Sigma Aldrich,
Milan, Italy; whereas, distilled water was self-produced using a lab-scale distillation col-
umn, separated from the SuperLip plant. Carbon dioxide is provided by Morlando Group,
Naples, Italy, and it is stocked into an external tank with a volume of 800 L. The carbon
dioxide needs to be cooled using a cooling bath at the temperature of −10 ◦C; once that
carbon dioxide is in liquid state, it is pumped to the system, where it is again heated up
to 40 ◦C. The pumps guarantee the pressure of 100 bar constant to achieve supercritical
conditions for carbon dioxide. Ethanol and water are pumped into the system as well.
The heart of the production is characterized by ethanol and carbon dioxide pre-mixing
and heating, followed by the mixture in the formation vessel, together with the atomized
droplets of water + drug. The final product is the liposomes suspension, which is subjected
to solvent elimination post-treatment. Ethanol and carbon dioxide are separated from the
formation vessel and sent to depressurization and splitting. In Table 1, the process details
and main activities are described.

Table 1. Process details and assumptions.

Process Characteristics and Details

Energy supply to facility Italian energy mix medium voltage
Production

Pressurization t1 = 0.25 h; carbon dioxide and ethanol supply; energy supply
Operating conditions stabilization T = 40 ◦C; P = 100 bar; t2 = 0.2 h;

carbon dioxide and ethanol supply; energy supply

96



Processes 2021, 9, 1788

Table 1. Cont.

Process Characteristics and Details

Injection T = 40 ◦C; P = 100 bar; t3 = 1 h; carbon dioxide and ethanol supply;
water solution; energy supply

Separation T = 30 ◦C; P = 10 bar; t4 = 1 h
Stocking T = 4 ◦C; P = 1 bar; t5 = 0.5 h

Carbon dioxide supply to facility Transport by truck, 28 t from Sant’Antimo (Italy)
To the University of Salerno (Italy), distance = 67 km

Reagents supply to facility Transport by truck, 28 t from Milan to the University of Salerno (Italy),
distance = 800 km

3. Methodology

As indicated in similar studies [51], this work aims to evaluate the emissions related
to the use of the SuperLip technique to produce a liposomal formulation containing an
active principle (daunorubicin). The system boundaries are characterized by the operating
parameters described in this section and are highlighted in Figure 3. Equipment impacts
were not included.

Figure 3. SuperLip system boundaries.

An indicator is an index used to define the sustainability conditions of a working
process, giving a practical sense and perception of the system. It generally does not work as
a preliminary index, but it contains information about an already developed phenomenon
or process. It is a way to give a precise meaning to the raw data of the process.

Due to the large number of collected values related to a process plant and several
existing indexes, the application of this methodology to different processes could be
difficult. For this reason, a sustainability scale can be defined by enclosing two scenarios
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representing the best case (100% sustainable process) and the worst case (0% sustainable).
The final score related to each indicator is represented by a combination of worst, best case,
and actual value, i.e., the real value of the parameters measured in the process. The general
formula is the following:

Percent Score =
Actual − Worst

Best − Worst
× 100%

Sustainability indicators were studied according to the calculation of the following
percent scores [52,53] defined in Table 2.

Table 2. Sustainability indicators calculation formula.

Formula Best Worst

Global warming potential = Total mass of CO2 released
Mass of product No CO2 released All CO2 released

Global warming intensity = Total mass of CO2 released
Sales revenue No CO2 released All CO2 released

Specific energy intensity =
Total energy of the process

Mass of product Min. theoretical energy (Gibbs) 5.85 × 1011 KJ/Kg [54]

Energy intensity =
Total energy of the process

Sales revenue 0 2.294 × 109 KJ/EUR [55]

Specific liquid waste volume =
Total liquid volume rated as waste

Mass of product 0 100%

Reaction mass efficiency =
Mass of product

Total mass of reagents 100% 0%

Total material consumption = Total mass input * 2.5 × 10−2 Kg 1 Kg

Mass intensity =
Total mass input
Mass of product 1 40 Kg/Kg [56]

Value mass intensity =
Total mass input

Sales revenue 0 52 Kg/EUR [57]

Fractional water consumption = Volume of fresh water consumed
Mass of product 0 2.95 m3/kg [58]

Water intensity = Volume of fresh water consumed
Sales revenue 0 1.55 m3/EUR [58]

Recycled material fraction =
Recycled mass input

Total mass input
1 0 Kg/Kg

* Total material consumption was calculated considering the mass of a unit of product, equal to 0.025 Kg (in this study) in the best conditions
and 40 times that value in the worst condition [56].

4. Results and Discussion

The sustainability indicators, whose formulas were reported in the Methods Section,
were calculated taking into account the actual values of SuperLip working conditions,
considering the best and worst values indicated for each specific situation. Environmental
and economic indicators such as Global Warming Potential and Global Warming Intensity
were considered. These two indicators need to be shown together; indeed, the first one
correlates the emissions of carbon dioxide (on mass basis) to the mass of product obtained.
The second one correlates the emissions of carbon dioxide to the economic value of the
products sold. In other words, these two indicators compare the environmental impact
and the profitability of the process, in order to understand if the process is lacking in both
areas, or lacking in just one of the two. This comparison has the potential to indicate the
points of strength of the process and the main weaknesses.

More indicators about energy consumption were also evaluated, providing correla-
tions among power consumption and the mass of products or the sales revenue generated
by those products. Another environmental indicator was determined by liquid waste
volume and recycled material fraction. The system’s productivity was also evaluated in
terms of reaction efficiency, i.e., the transformation of raw materials into products through
the process. Total mass consumption was put in correlation with the mass of product and
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also to the sales revenue. Actual values shown in Table 3 represent the real situation of
SuperLip working in standard conditions.

Actual values were inserted in the score calculation formula, and the scores for
each indicator were obtained in terms of percentage (see Table 4 under the column “be-
fore optimization”). In this context, 0% represents “totally not sustainable” and 100%
“totally sustainable”.

Table 3. List of actual values calculated for each sustainability indicator.

Indicator Description of the Parameter Value Unit

Global warming potential
Total mass of CO2 released 1.06 × 10−2 Kg

Mass of product 2.50 × 10−2 Kg
Ratio 43% Kg/Kg

Global warming intensity
total mass of CO2 released 1.06 × 10−2 Kg

sales revenue 27.5 EUR
Ratio 3.9 × 10−4 Kg/EUR

Specific energy intensity
total energy consumed in the process 34.7 KJ

mass of product 2.50 × 10−2 Kg
Ratio 1389.20 KJ/Kg

Energy intensity
total energy consumed in the process 34.7 KJ

sales revenue 27.5 EUR
Ratio 1.2629 KJ/EUR

Specific liquid waste volume

total volume of liquid rated as waste
(ethanol) 6.58 × 10−3 Kg

Mass of product 2.50 × 10−2 Kg
Ratio 26%

Reaction mass efficiency
Mass of product 2.50 × 10−2 Kg

Total mass of reagents 3.42 × 10−2 Kg
Ratio 73%

Total material consumption total mass input 3.424 × 10−2 Kg

Mass intensity
total mass input 3.42 × 10−2 Kg
mass of product 2.50 × 10−2 Kg

Ratio 1.370 Kg/Kg

Value mass intensity
Total mass input 3.42 × 10−2 Kg

sales venue 27.5 EUR
Ratio 1.25 × 10−3 Kg/EUR

Fractional water consumption
volume of fresh water consumed 2.50 × 10−2 m3

mass of product 2.50 × 10−2 Kg
Ratio 1.0000 m3/Kg

water intensity
volume of fresh water consumed 2.50 × 10−2 m3

sales venue 27.5 EUR
Ratio 9.09 × 10−4 m3/EUR

Recycled material fraction Recycled mass input 0 Kg
total mass input 3.42 × 10−2 Kg

Ratio 0 Kg/Kg

Table 4. Scores calculated before and after optimization of the process.

Before Optimization After Optimization

Global warming potential 57% 96%
Global warming intensity 100% 100%
Specific energy intensity 100% 100%

Energy intensity 100% 100%
Specific liquid waste volume 74% 97%

Reaction mass efficiency 73% 85%
Total material consumption 99% 99%

Mass intensity 99% 99%
Value mass intensity 100% 100%

Fractional water consumption 66% 83%
Water intensity 100% 100%

Recycled material fraction 0% 45%
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To achieve better control of parameters and increase the previously calculated scores,
some modifications could be proposed to the layout of the process. In particular, energy
does not require specific intervention. Therefore, no problems were registered in terms of
the operating cost of the process.

The weakest points of the process SuperLip emerged as the feeding of CO2, ethanol,
and water. To improve these pumping steps and increase the related sustainability scores,
90% recirculation of ethanol has been proposed via rotary evaporation followed by conden-
sation. The additional instrument energy required is negligible, according to the volumes of
production. In this manner, the specific liquid waste volume will be 10% of the previously
calculated one.

Another possible modification is the 90% recirculation of carbon dioxide employed in
the process. In this manner, global warming potential will be calculated considering only
10% of the carbon dioxide releasing mass.

Consequently, reaction mass efficiency will be positively increased to 85%, and re-
cycled material fraction will become the sum of 90% of ethanol recirculated plus 90% of
recirculated carbon dioxide. Moreover, a 50% water recirculation has been proposed to
the process after recovering the processing water. The effect of these new calculations and
process layout brought to the definition of a new scenario, as expressed in Table 4.

The sustainability analysis calculated and reported in Table 4 was translated into a
spider diagram (shown in Figure 4), i.e., a visual tool used to organize scores and compare
them logically and quickly.

 

Global warming
potential

Global warming
intensity

Specific energy
intensity

Energy intensity

Specific liquid waste
volume

Reaction mass
efficiency

Total material
consumption

Mass intensity

Value mass intensity

Fractional water
consumption

water intensity

Recycled material
fraction

Figure 4. Spider diagram representing the sustainability analysis of the SuperLip process before
(blue) and after (orange) optimization.

In this diagram, the blue line represents the previous situation, while the orange line is
related to the case in the new process configuration; it is possible to say that sustainability
indicators significantly increased after process modification (see Figure 4 and Table 4).

According to results shown in Table 4, the differentiation among Global Warming
potential and Global Warming Intensity results to be particularly important. Sustainability
analysis generally embraces all three spheres of a process: environmental impact, economic
convenience, and social impact. In this case, GWP and GWI represent the intersection
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between environment and economic impacts. In fact, after a careful analysis of this process,
it appears very clear that the GWP, that is the environmental impact related to the product
mass, has a score of only 57%; on the other hand, the GWI, that is the environmental
impact correlated to the sales of the product, has a top score of 100%. In other words, the
economic value of SuperLip products is so high that almost justifies the process carbon
dioxide emissions; however, the other indicator shows that the environmental impact is
not negligible. Therefore, the idea of modifying the process layout adding a recirculation
step, resolves the environmental problem while maintaining a high economic value of
the products.

This positive effect was also registered, after the introduction for recirculation, in terms
of liquid waste and the fraction of water consumed in the process. The overall variation of
the SuperLip layout resulted in an overall increase in the efficiency of the process.

5. Conclusions

In this work, we started by analyzing a process employed to produce drug carriers at
high working pressures. After establishing the process economic profitability, we realized
that further analysis on sustainability was needed. Considering the concept of sustain-
able development, we studied the possibility of using resources without compromising
their future availability; in our case, this resulted in a proper recirculation of the process
input materials.

The SuperLip process was studied in terms of power consumption, sales revenue, and
global warming to balance them simultaneously. The key points were characterized by
waste management in terms of recycling, and energy recovery through process efficiency
enhancement, reducing the impact of CO2 emissions on the mass of products obtained
from the process. Process indicators were calculated and analyzed in the SuperLip working
process, from cradle to grave, not just considering it as a black box.

After proposing recirculation, several indicators improved significantly, such as global
warming potential, from 57% to 96%; specific liquid waste volume, from 74% to 97%;
reaction mass efficiency, from 73% to 85%; fractional water consumption, from 66% to 83%,
and recycled material fraction, from 0% to 45%. The analysis resulted in being successful in
demonstrating the sustainability potential of the SuperLip process. Further studies will
regard the possibility of scaling up this analysis to other industrial processes to produce
polymeric drug carriers.
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Abstract: Methane is the second highest contributor to the greenhouse effect. Its global warming
potential is 37 times that of CO2. Flaring-associated natural gas from remote oil reservoirs is currently
the only economical alternative. Gas-to-liquid (GtL) technologies first convert natural gas into syngas,
then it into liquids such as methanol, Fischer–Tropsch fuels or dimethyl ether. However, studies on
the influence of feedstock composition are sparse, which also poses technical design challenges. Here,
we examine the techno-economic analysis of a micro-refinery unit (MRU) that partially oxidizes
methane-rich feedstocks and polymerizes the syngas formed via Fischer–Tropsch reaction. We
consider three methane-containing waste gases: natural gas, biogas, and landfill gas. The FT fuel
selling price is critical for the economy of the unit. A Monte Carlo simulation assesses the influence
of the composition on the final product quantity as well as on the capital and operative expenses.
The Aspen Plus simulation and Python calculate the net present value and payback time of the MRU
for different price scenarios. The CO2 content in biogas and landfill gas limit the CO/H2 ratio to 1.3
and 0.9, respectively, which increases the olefins content of the final product. Compressors are the
main source of capital cost while the labor cost represents 20–25% of the variable cost. An analysis
of the impact of the plant dimension demonstrated that the higher number represents a favorable
business model for this unit. A minimal production of 7,300,000 kg y−1 is required for MRU to have
a positive net present value after 10 years when natural gas is the feedstock.

Keywords: techno-economic analysis; GtL; Fischer–Tropsch; ASPEN–Python; Monte Carlo simulation

1. Introduction

Since 2018, USA has produced more than 10 million bbl d−1 of crude oil [1], while
Canada produces half of that. At a price of 75 USD bbl−1 (July 2021), crude oil remains
an important source of revenue for these countries. At extraction sites, regardless of the
technology used to recover the oil, pumps extract natural gas with the oil. The prohibiting
costs of infrastructure (installing gas purification stations as pipelines and a compressor)
make venting or flaring the preferred alternative for remote wells. Methane is the second
highest contributor to greenhouse gases, accounting for 16% of global emissions after
carbon dioxide (65%) [2], and its global warming potential is 37 ± 10 times more than that
of carbon dioxide over a 100-year period [3]. Moreover, according to the U.S. Environmental
Protection Agency (EPA), methane is also the second largest greenhouse gas emitted in
North America.

Methane emissions largely come from fermentation (biogas), associated natural gas,
and landfill gas [4,5]. Flaring from oil batteries is an associated emission of CO2 directly
correlated with solution gas extraction. According to the Alberta Energy Regulator (AER)
report “Upstream Petroleum Industry Flaring and Venting Report”, 382 × 103 m3 solution
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gas was flared from crude bitumen and crude oil batteries in 2019, while only 144 × 103 m3

was vented in Alberta [6] (Figure 1).

Figure 1. Satellite-detected natural gas flared in June 2020 over a 30-day span—obtain from
SkyTruth [7].

To limit greenhouse gas emissions, governments have applied carbon taxes that are
proportional to the quantity of gas flared or vented [8]. In Alberta, for example, this tax is
0.04 CAD kg−1 CO2eq (2021), which will rise to 0.05 CAD kg−1 CO2eq in 2022, and is expected
to reach 0.16 CAD kg−1 CO2eq in 2030, which represents an important stimulus to find alterna-
tive means to convert natural gas into useful products.

Many companies offer solutions to transform solution gas into methanol, DME, or
fuels [9–12]. Most of these technologies reform methane into syngas via an endothermic or
exothermic reaction and then react the syngas to produce the target product, often adopting
Fischer–Tropsch synthesis (FT). FT converts syngas (CO, H2) into in hydrocarbons, olefins
and to a lesser extent, alcohols. This reaction occurs with metal catalysts (Fe, Co [13,14], Rh)
and within a temperature range of 150 ◦C to 300 ◦C. With Fe as the catalyst, the water–gas
shift reaction (WGS) occurs as well [15]. WGS converts the CO and H2O into CO2 and H2.

Scaling down issues, the energy required to reform natural gas with water or CO2
(endothermic reforming), and the quality of the feedstock limit the application of these
new technologies to remote locations.

A case study conducted in Nigeria demonstrated that a GtL based on FT synthesis
has capital costs of USD 100,000 per daily barrel capacity. The authors applied the cost-to-
capacity methodology with a scaling exponent of 0.66 [16], and estimated that production
costs amounted to USD 900,000. However, applying a single exponent to scale-up (or scale-
down) the cost of a technology is a gross approximation because different unit operations
and equipment possess a scale exponents range from 0.3 to 1 [17,18].

Mohajerani et al. instead employed different exponents and studied the economy
of GtL for the Canadian context [19]. The base case production was 50,000 bbl d−1 and
the flowsheet included an air separation unit (ASU) upstream from the reforming reactor.
ASU accounts for 30% of the costs and therefore this design is impractical for smaller
units. In addition to safety issues, at the scale considered in this manuscript, ASU is
uneconomical [20,21].

Dong et al. compared GtL to LNG technology with sales volumes of 5 Mt to 6 Mt [22].
They assumed a market price for GtL diesel from 120 USD bbl−1 to 160 USD bbl−1 and a
process that includes an ASU for catalytic partial oxidation. They concluded that GtL is an
economical alternative to LNG. However, in the actual economic scenario, the oil price is
at approximately 70 USD bbl−1 and there is the necessity to scale down the GtL unit to face
the needs of smaller and more remote producers. Our study seeks to address this lacuna.
Since the waste gas is a small part of their main product, we reasonably assume that the
scale of this process would not be excessively large. We conceived a micro-refinery unit
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(MRU) that couples a CPOX and an FT reactor on a battery oil unit and recycles the heat
generated by the reactions and produces paraffins that can be mixed with oil, increasing
production yield, while at the same time reducing the blended gas flaring [23,24]. This
unit is economical because it employs the catalytic partial oxidation of natural gas at high
pressure (2 MPa), and air as an oxidant, avoiding excessive air separation costs [21,25,26].
Collodi et al. [20] demonstrated that ASUs are uneconomic for production rates below
1000 t d−1 for GtL technologies that convert natural gas into methanol. Furthermore, pure
oxygen poses safety issues since the gas mixture and products are in the flammability range.
On the other hand, nitrogen is inert and increases reactor volumes and compression costs.

A few studies have referred to mobile units that treat up to 20 m3 min−1 of natural
gas, with a technology that sacrifices the efficiency to renounce to high ASU costs.

Natural gas is the main interest of North American economies, as it is the main fuel
in the transition towards renewable energy [27]. However, in the short and long term,
different sources of methane will feed units such as the MRU, including biogas [28,29] and
landfill gas [30,31]. China and the USA produced 23.5 Gm3 y−1 of biogas in 2014 [32] and the
International Economic Agency estimates that its demand will double by 2040 [33]. On the
other hand, 29% of the world’s waste is landfilled, and this quantity will double by 2050 [34].
The MRU treats methane emissions and turns this waste into a more economic product. Few
studies have considered the influence of feedstock composition or the technical challenges of
designing a plant [35,36].

Here, we simulate the MRU process with ASPEN Plus and developed a Python
code to conduct an economic analysis [37].We study the techno-economic analysis of the
application of the MRU for treating biogas, natural gas, and landfill gas.

2. Materials and Methods

2.1. Process Simulation

The following description applies to the landfill gas and the biogas scenarios as well.
A Python 3.9.4 code selects the composition of the sweet feedstock stream by a Monte Carlo
analysis (Table 1) while its mole flow is set to 50 kmol h−1 (approximately 20 m3 min−1, see
Supporting Materials). The MRU scale is larger compared to the Canadian production, but
falls in the 30th percentile of the permitted flaring of Texas oil producers [6,38]. The Soave–
Redlich–Kwong (RKS) equation of state calculates the fugacities of the components [39].
Aspen v.11 calculated the mass and energy balances for the two compressors (methane-rich
gas and air) and the CPOX reactor, which we simulated as a Gibbs reactor. The compression
ratio of the reciprocal compressors should be lower than 5 [40], with a maximum outlet
temperature below 433 K, therefore, we simulated three sequential one-stage intercooled
compressors for each stream to meet these specifications. The outlet pressure of both
compressors is 2 MPa. A design specification (Design/Spec) fixes the molar ratio of carbon
and oxygen in the stream entering in the CPOX reactor equal to 2 by adjusting the flowrate
of air (simulated as a mixture of 21% of O2 and 79% of N2). A thermodynamic analysis
individuated the best ratio to be 1.7 [24,25] to minimize the coke formation. However, here
we assumed the stoichiometric ratio because the objective was not to optimize the catalyst
formulation to minimize coke formation.

The CPOX reactor operates at 2 MPa and we assumed a negligible pressure drop
across the catalytic bed. Some of the authors optimized this configuration in a previous
work [25]. We simulated an adiabatic Gibbs reactor. CPOX converts the gas into CO and
H2 (plus H2O and CO2). The outlet temperature of the CPOX reactor ranges from 933 K
to 1033 K. A heat exchanger (shell and tube), with an exchange area of 1.834 m2, reduces
the temperature of this stream to 548 K. We fixed its value to S + 2ΔS, where S and ΔS
are the average heat exchange area and its standard deviation obtained by 50 simulations
changing the gas composition, respectively. Water at 298 K is the utility stream for the
heat exchanger.

We coded the kinetics of the FT reaction in Python 3.9.4. We employed a model that
considers an iron catalyst and calculates the paraffin, olefin and alcohol distributions based
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on 7 micro-kinetics rate steps [41]. The model also considers the water–gas shift reaction
(see Supporting Information). We assumed a residence time of 1.6 min and calculated
CO conversion, product distribution (α) and the ratio between hydrocarbons and olefins
and alcohols.

The Python 3.9.4 program iteratively solves the Aspen flowsheet and the FT reactor,
changing the initial feed gas composition 3000 times (Figure 2). It then stores the results of
each cycle in an Excel file, that calculates the distribution of the output variables. These
values, with their uncertainties, passed to the techno-economic analysis.

Figure 2. Schematic flowsheet of the simulation. The results reported represent one of the 3000 Monte
Carlo cycles performed by the Python code. A complete list of all the simulated results for the three
scenarios is available in the Supporting Materials.

Table 1. Composition distribution in the mole % for natural gas, landfill gas, and biogas. We assumed a triangular
distribution for natural gas and a normal distribution for landfill gas. For each Monte Carlo cycle, Python 3.9.4 initializes the
composition of the feedstock according to the probability distribution of each component and then normalizes the values
to 100%.

Natural Gas [42] Landfill Gas [43] Biogas [44,45]

Min Most Likely Value Max μ σ μ σ

CH4 19.2 9.0 99.5 52.5 2.5 48.0 5.8
C2H6 0.0 9.8 93.5 0.0 0.0 0.0 0.0
C3H8 0.0 5.8 41.0 0.0 0.0 0.0 0.0

N2 0.0 3.4 80.2 3.5 0.5 16.4 6.7
CO2 0.0 2.9 39.7 50.0 3.3 31.9 4.1
O2 0.0 0.0 0.0 0.5 0.2 3.8 2.1
CO 0.0 0.0 0.0 0.1 0.03 0.0 0.0

2.2. Techno-Economic Analysis

First, we calculated the capital cost for each equipment, and then the total capital
investment (TCI) as the sum of direct capital cost, indirect capital, cost and working capital.
Then, we estimated the profitability of each scenario via the Net Present Value (NPV) [46].
We selected reciprocal piston stainless steel compressors for both air and methane-rich
feedstock. The pump for cooling water is a reciprocal stainless steel pump. For CPOX and
FT reactors, we employed stainless steel vessels with an inner diameter of 0.5 m and 1 m,
respectively. The height of the CPOX and FT reactor is 1 m and 6 m, respectively.

Empirical correlations estimated the cost of unit operations (CBM,i), the purchase price
(CP,i) and the bare module factor (FBM,i) [47] (CEPCI2004 = 400). We actualized the cost of
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the equipment using the 2020 CEPCI index (Equation (1), 618.7 for heat exchangers and
reactors, and 1080.2 for compressors and pumps) [48,49]

CBM,i = CP,i · FBM,i · CEPCI2020

400
(1)

A second Python 3.9.4 algorithm generates the averages and standard deviations of
compressors’ duties, pump duty, cooling water flow rate, and FT product flowrate and
composition. From these, it calculates the cost of the equipment [47] and the total capital
investment (TCI). TCI includes the direct capital costs (CDirect) as well as the indirect
capital costs (CIndirect), and working capital costs (WC) (Equation (2)):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

TCI = FCI + WC
WC = (CPur + CDel) · 0.05
CPur = ∑N

i=1 CBM,i

CDel = CPur · 0.1
FCI = CDirect + CIndirect

CDirect = (CPur + CDel) · (1 + fInst + fInstr + fPipe + fElec + fBuil + fFac + fImpr)

CIndirect = (CPur + CDel) · (1 + fEng + fConstr + fLeg + fFee + fCont)

(2)

The direct capital costs include purchased equipment installation ( fInst), instrumen-
tation and controls ( fInstr), piping ( fPipe), electrical systems ( fElec), building ( fBuil), yard
improvement ( fImpr), and service facilities ( fFac). The indirect capital costs include engi-
neering and supervision ( fEng), construction expenses ( fConstr), legal expenses ( fLeg), the
contractor’s fee ( fFee), and contingency ( fCont). We assigned a factor to calculate these costs
(Table 2, Equation (2)).

Table 2. Capital cost factors.

Item Fraction of Delivered Equipment, (CPur + CDel)

Purchased Equipment Installation, fInst 0.15
Instrumentation and Controls, fInstr 0.36
Piping, fPipe 0.16
Electrical Systems, fElec 0.10
Building, fBuil 0.00
Service Facilities, fFac 0.30
Yard Improvement fImpr 0.00
Engineering and Supervision, fEng 0.01
Construction Expenses, fConstr 0.34
Legal Expenses, fLeg 0.04
Contractor’s Fee, fFee 0.17
Contingency, fCont 0.32

The plant benefits from an accelerated depreciation over 5 y: 20% the first year, then in
an sum-of-the-years’ digits method for the remaining 4 y. We considered electricity, waste
disposal, and cooling water as utilities.

Variable costs (CVAR) include labor costs (CLab), supervision (CSup), maintenance
(CMain), supplies (CSupp), laboratory and research (CRes), royalties (CRoy), catalyst (CCat),
and utilities (CUt), as shown in Equation (3). For labor costs, we assumed 1 operator per
shift over four shifts per day. Since the MRU integrates an already existing plant, one
additional operator is enough to operate the unit. The operator cost is 34 USD h−1. The
annual operating labor cost is 0.295 MUSD y−1. Concerning utilities, the electricity cost
is 0.012 USD kW−1 h [50]. The waste disposal cost includes the hazardous (145 USD t−1)
and non-hazardous materials (36 USD t−1) [51,52]. We assumed that both the hazardous
component and the non-hazardous component account for 1% of the whole product [46].
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The cooling water cost is 0.08 USD m−3 and we only accounted for the make up water. In
particular, we calculated the make up water flowrate as 0.2%/K [46,53] of the cooling water
mass flowrate considering the temperature difference between the inlet and outlet of the
heat exchanger. We also accounted for the carbon dioxide emission cost (50 USD t−1):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

CVAR = CLab + CSup + CMain + CSupp + CRes + CRoy + CCat + CUt

CSup = CLab · 0.05
CMain = FCI · 0.06
CSupp = CMain · 0.05
CRes = CLab · 0.05
CRoy = 0
CCat = Yearly Catalyst · Product price · 0.005

(3)

We set royalties to zero because the unit is internal proprietary technology [54].
Regarding raw material and product prices, we devised nine different cases that

represent the optimal (Case 3), average, and worst case (Case 1) scenarios (Table 3).

Table 3. Our model evaluates the payback period and the net return after 10 y, considering feedstock
and product prices variation.

Case
Value 1 2 3

Feedstock Price 0.23 USD kg−1 [55] 0 −50 · tCO2eq In Feed,
USD

Product Price
(USD kg−1 ) 0.2 0.3 0.4 [56]

To the variable costs, we added fixed charges as (CCharges): taxes (CTax), financing
(CFin), insurance (CInsu), and renting material (CRent) —and plant overheads(COverhead), as
illustrated in Equation (4):⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

CCharges = CTax + CFin + CInsu + CRent + COverhead

CTax = FCI · 0.02
CFin = 0
CInsu = FCI · 0.01
CRent = 0
COverhead = (CLab + CSup + CMain) ∗ 0.2

(4)

We assume zero financing and renting costs because we did not consider lending
money for the construction of the MRU and there is no need to rent further equipment.
Eventually, we considered general expenses (CGeneral), constituted by administrative ex-
penses (CAdmin), distribution and selling (CDistr), and development (CDevel)—as illustrated
Equation (5):⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

CGeneral = CAdmin + CDistr + CDevel

CAdmin = (CLab + CSup + CMain) · 0.1
CDistr = (CAdmin + COverhead + CCharges + CVAR − CRoy − CCat) · 0.05
CDevel = (CAdmin + COverhead + CCharges + CVAR − CRoy − CCat) · 0.05

(5)

For the calculation of the net return and the payback time, we assumed an inflation
rate of 2% and an income tax of 28%, which is conservative in Canada, whose taxation
is from 11.5% to 16% depending on the province [57], but it is in line with the rest of the
Western nations. Eventually, we considered that the MRU operates at 0% capacity the
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first year (−1) (we considered construction and installation), then at 50%, 90%, 100% each
progressive successive year. We applied a yearly present worth factor (PWF) of 13% for the
calculation of the NPV (Table 4).

Table 4. Present worth factor applied (value of USD 1 at year y). Year 0 corresponds to the start of
the operation.

Year −1 0 1 2 3 4 5 6 7 8 9 10 11 12
PWF 1.2 1.1 0.9 0.8 0.7 0.6 0.5 0.5 0.4 0.4 0.3 0.3 0.2 0.2

3. Results and Discussion

The MRU produces a syngas whose H2/CO ratio is understoichiometric, due to the
presence of CO2 and higher hydrocarbons in the feedstock (from 0.7 to 1.7, as shown in
Figure 3).

Figure 3. Three thousand Monte Carlo iterations calculating the distribution of the hydrogen/carbon
monoxide molar ratio after the CPOX unit for the three feedstocks considered.

The high concentration of CO2 in landfill gas limitS hydrogen production for the
co-presence of the dry reforming reaction that is endothermic and produces an equimolar
mixture of CO and H2 [58]. In this scenario, the CPOX reactor of the MRU operates
more as an autothermal dry reformer with an excess of oxygen. Indeed, the equilibrium
temperature reached in the Gibbs reactor depends on the content of CO2, ranging from
973 K to 1123 K (Figure S1b in Supporting Information). Similarly, the most likely value of
the CO conversion in the Fischer–Tropsch reactor follows the same trend, ranging from
50% to 65%, which are values that agree with single-pass FT reactors [59].

For NG, we calculated a hydrocarbon production of 1,956,100 kg y−1. However, the
MRU is only economical when we discount the carbon tax for the avoided flaring, with
a payback time ranging from (0.71 ± 0.11) y to (0.66 ± 0.09) y depending on the product
price assumed. It is difficult to compare our results to those in the literature because, as
explained in the introduction, there are not so many techno-economic models and most of
them focus on large-scale units.

A sensitivity analysis (Table 5) on the production of hydrocarbons revealed that an
iron catalyst is unsuitable to achieve an economical payback time because of its higher
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selectivity towards C1–C3 products. The production to have a payback time lower than
10 y is 7.3 kt y−1. A cobalt-based catalyst is therefore preferred for GtL units because of
its higher intrinsic activity [60,61]. We continued our analysis accordingly, assuming a
production of 1 × 103 kt y−1.

Table 5. Payback time (PT, y) correlates with the hydrocarbon production (P, kg y−1), ln(PT) =
28 790 000±2 036 000

P − 1.64 ± 0.21, R2 = 0.97. With a production of 1.05 × 107 kg y−1, the MRU breaks—
even 3 y after its installation.

Case Production, kg y−1 Average Payback
Time, y

1σ

1 1.96 × 106 - -
2 3.91 × 106 - -
3 5.87 × 106 33.54 14.96
4 7.82 × 106 5.68 0.47
5 9.78 × 106 3.13 0.19
6 1.17 × 107 2.16 0.12
7 1.37 × 107 1.65 0.08
8 1.56 × 107 1.33 0.06
9 1.76 × 107 1.12 0.05

Under the most probable operating conditions (2–2, shown in Table 3), the natural
gas scenario is economically the most interesting. When the natural gas feedstock is
available at a price of zero, and when the liquid product sells similarly to crude oil, the
cumulative NPV goes towards zero after 3.5 y, even with an accelerated depreciation of
5 years. This demonstrates that a portable, modular MRU plant, is economically self-
sufficient without any direct (investment) or indirect (on the avoided emission) subsidy.
After all the expenses, the MRU produces enough liquid to pay for carbon taxes for the CO2
emissions related to the combustion of the remaining flue gases. Oil and gas companies
as well as local governments must at least aim to achieve this chemistry (CO conversion,
product distribution), and these economics to operate their wells. Even more interesting
is the case where the natural gas feedstock comes with a negative price, equivalent to the
avoided carbon emissions. With the carbon tax increasing in the near future, this case will
be even more beneficial.

The nature of the feedstock does not heavily affect the economics. The MRU performs
better for feedstocks richer in methane, but at the same time, it operates quite well over
wide range of natural gas compositions (Figure 3).

Emissions from flared stranded gas pose the main threat (in terms of volumes) to the
environment. We optimized our operating conditions (H2/CO ratio) for this feedstock
source. By injecting water, or by simply changing the air intake, the biogas and the landfill
cases could be more viable. Moreover, steam condensation requires additional CAPEXs
and OPEXs due to heat tracing. However, our ultimate objective was to benchmark the
three cases in the easiest manner, to demonstrate that the process is attractive even when
the best possible outcome is not achieved.

We studied the influence of the scale of the MRU, changing the natural gas flowrate
to 25 kmol h−1 (approximately 9 m3 min−1, lower scale) and 100 kmol h−1 (approximately
40 m3 min−1, higher scale). In the actual economic scenario, the reduced production due to
a lower gas flow is insufficient to have a positive net present value, even if CAPEXs are
60% compared to the base scale analyzed (natural gas flared flowrate of 19 m3 min−1, as
shown in Figure 4).
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Figure 4. The MRU is uneconomical for battery units that flare less than 10 m3 min−1 of natural
gas. Here, the FT fuel is sold at the same price as raw oil and the natural gas cost is 0 USD m−3

(scenario 2–2).

MRU benefits to some extent from the economies of the scale. Even if the CAPEXs
and OPEXs increase accordingly, higher production reduces the payback time if we assume
a natural gas flowrate of 40 m3 min−1 (Table 6). This flowrate represents approximately
25 % of the Texas permitted flares in 2010 [38].

Table 6. If associated gas costs the same as natural gas, the MRU is uneconomical at all scales studied. In other cases,
the higher the quantity of natural gas treated, the lower the payback time. Results are expressed as the average of
3000 simulations ±1σ.

Product Price, USD kg−1

Flowrate, kmol h−1 0.20 0.30 0.40

R
aw

M
at

er
ia

lP
ri

ce
,

U
SD

kg
−1

0.2322
25 - - -
50 - - -

100 - - -

0
25 - 13 ± 1 3.7 ± 0.13
50 13 ± 2 3.1 ± 0.19 1.8 ± 0.09

100 4.0 ± 0.3 1.8 ± 0.11 1.2 ± 0.07

Negative
25 1.8 ± 0.11 1.3 ± 0.15 1.1 ± 0.10
50 0.56 ± 0.1 0.49 ± 0.06 0.44 ± 0.05

100 0.22 ± 0.03 0.21 ± 0.03 0.20 ± 0.02

Similarly, MRU benefits from numbering up [62,63]. The unit itself needs minimum
maintenance, control and supervision, and runs lean in terms of personnel and direct and
indirect capital cost expenses (Equation (2)). This is because of its small scale and its modu-
larity [18]. A bigger plant is not portable and needs at least one extra operator, plus higher
direct and indirect capital costs (5.9 MUSD for the case where we considered 40 m3 min−1

of natural gas flared instead of a total of 3.7 MUSD for the base case, Equation (2)). Fur-
thermore, the attractiveness goes with a quick payback time and a relatively cheap plant.
This way, oil companies can approach the increasing carbon tax and public concern in a
timely manner, whilst having a delocalized unit that they build over one year, depreciate
in five, and dismantle and move between wells at low cost. The same applies in the case
of landfills and biogas in remote places, where local authorities need a simple, affordable,
and modular plant to address the environmental threats of uncontrolled emissions.
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We foresee the MRU as a lean plant, where the investment itself plays the biggest
impact on annual expenses (Figure 5). Compressors represent the main source of fixed
costs for the MRU, with 70 ± 8%, 71 ± 8%, and 57 ± 3% for natural gas, biogas, and
landfill gas, respectively. For natural gas, the bare module model overestimates the cost
of the air compressor (USD 562,000 ± USD 42,000) because the empirical regressions only
account for the unit duty (Figure 5). In the other two scenarios, both the compressors were
estimated to cost between USD 200,000 to USD 210,000 (including installation, control,
etc.), which is more reasonable (Figure 5). The model estimates the reactors’ cost at USD
170,000, which represent between 11% and 14% of the purchase costs. The total fixed
investment resulted in 2.7 MUSD, 3.3 MUSD, and 4.7 MUSD for landfill gas, biogas, and
natural gas (Figure 5), respectively (uncertainty below 1%). Utilities account for between
USD 200,000 y−1 and USD 270,000 y−1 with waste disposal as the main source of cost
(waste disposal is proportional to annual production).

Figure 5. Depreciation of fixed capital investments (FCIs) per year (linear depreciation over 5 y),
Variable costs, plant overheads and general expenses (administration distribution, selling, and R&D)
for the MRU in the base case scenario with the three feedstocks (price = 0 USD y−1 and FT fuel
price = 0.3 USD kg−1). We outlined the contribution percentage of the main units to the FCIs (air
compressor, natural gas compressor, water pump, CPOX reactor, FT reactor) and to variable costs
(labor, catalyst, maintenance, supervision, utilities, and supplies). Top: natural gas; middle: biogas;
bottom: landfill gas.

According to the rule of thumb which says that FT-based GtL units cost (FCIs) approxi-
mately 100,000 USD bbl−1 d of production [16], we calculated that our unit respects this es-
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timation for the biogas and landfill scenario (USD 95,000 bbl−1 d to USD 105,000 bbl−1 d),
while for the natural gas, the overestimation of the FCI costs for compressor is a bias.

We designed and simulated a CPOX reactor with a stoichiometric hydrocarbon/oxy-
gen ratio. With this configuration, the biogas and the landfill gas in the current economic
scenario (case 2–2 of Table 3) resulted with a negative actual cash flow (Figure 6). The
presence of CO2 and higher hydrocarbon reduces the total FT-fuel production. It is out of
the scope of this paper to optimize the condition for both these methane-rich feedstocks,
which, however, resulted in a slightly negative annualized actual cash flow: −3.8 MUSD
and −4.4 MUSD in year y = 12 for biogas and landfill gas, respectively, with an initial
investment of −2.5 MUSD and −2.6 MUSD. We speculate that the optimized operating
conditions and oxidant feed (steam or using green hydrogen to increase the CO/H2 ratio
in the FT reactor) also make the MRU economical for biogas and landfill gas, feedstocks
that are suitable for GtL technologies [64–66].

A combined techno-economic assessment and LCA may also find that optimal operat-
ing conditions reduce emissions [67] .

Figure 6. Present annual cash flow of the MRU for the three feedstocks studied. Lines represent the
best possible scenario (cost of feedstock discounted by the carbon tax (−50 USD t−1 g CO2eq) and an
FT fuel price of 0.2 USD kg−1); and the worst possible scenario (cost of feedstock of 0.23 USD kg−1

and an FT fuel price of 0.4 USD kg−1). Symbols represent the base-case scenario (cost of feedstock of
0 USD kg−1 and an FT fuel price of 0.3 USD kg−1).

4. Conclusions

Flaring natural gas is the only solution for battery units in remote locations. However,
environmental concerns and new GtL processes create new avenues to solve this issue.
The MRU integrates the existing flaring sites on the well and converts 40% to 75% of the
stranded gas into liquid hydrocarbons, which are an extra source of revenue for producers.
The MRU has a payback time of less than 10 years regardless of the assumed fuel price. On
the other hand, if we consider the stranded gas to cost the same as natural gas, or the MRU
to treat less than 10 m3 min−1, the technology we propose is not viable. The oil industry is
mercurial, and the stability of production, safety, technology maturity, and oil price are the
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major sources of uncertainty. Moreover, the chemical industry should strive towards plant
automatization, as a part of the accelerated development of the 4.0 technologies [68]. In the
North American context, regional or provincial bodies can either decide to grant incentives
up-front on the CAPEXs, or alternatively, focus on the final product. We did not account for
governmental economic incentives that reduce CAPEXs from 30% to 50% (and their relative
depreciation) in our calculation. We also neglected a scenario where local bodies decide
to subsidize the FT liquid itself. This last scenario is particularly appreciated by the local
authorities, because it can decide to bet only on winning technologies, is mature enough to
ensure steady operation and production in the long term. A third kind of incentive is the
carbon tax, planned to increase to 135 USD by 2030, becoming the biggest contributor to the
NPV of the plant. Concerning the Fischer–Tropsch synthesis, Co or Rh are more indicative
compared to iron-based catalysts due to their higher α and CO per-pass conversion. MRU
is also economical with feedstock such as biogas or landfill gas, which will become the
main source of carbon when the energetic transition towards renewables will be achieved.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9091568/s1, Figure S1: Comparison between the calculated kinetic constants from our
Python model and the experimental data at 573 K. Paraffin formation (a), olefins absorption (b), and
alcohols desorption (d) show good agreement with the experimental data. The olefins desorption
step (c) resulted as underestimated because the value of the parameter αP,HC6re was not reported in
the manuscript. We assumed αP,HC6re = 1 − αP,HC6. Moreover, the value of E0HC6re is not present in
Table 6. We assumed E0,HC6re = E0,HC6 (lines 30–31 of kinetics.py), Figure S2: Distributions of the
feedstock compressor duty (a), CPOX temperature (b), H2/CO ratio in syngas (c), CO conversion
in the FT reactor (d), and asf chain growth probability factor (e) for the three scenarios, Code—
Python.rar: Source code of the Python algorithm.
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Abstract: In this work, a lipophilic ophthalmic drug, lutein, has been entrapped in liposomes, using
a supercritical assisted process. Effects of pressure, temperature, and drug to lipid ratio variation
were studied on mean diameters and lutein encapsulation efficiency. Liposomes with diameters
between 153 ± 38 and 267 ± 56 nm were produced, and lutein encapsulation efficiencies between
86.5 ± 0.4% and 97.8 ± 1.2% were obtained. A Scanning Electron Microscope confirmed spherical
shape and mean dimensions of vesicles. The variation of temperature for the production of liposomes
showed a significant impact on lutein retention time in the double lipidic layer. Lutein drug release
from liposomes produced at 35 ◦C ended in almost 4.5 days; whereas, liposomes produced at 40 ◦C
showed a faster lutein release in 3 days; then, vesicles obtained at 45 ◦C released their lutein content
in only 2 days. Drug release raw data were well-fitted using Weibull model (R2 up to 99%).

Keywords: liposomes; supercritical fluids; carbon dioxide; high pressure systems; antibiotics; lutein;
drug delivery; Weibull model

1. Introduction

Drug delivery systems have been developed in different shapes and configurations
to achieve one main goal: drug protection until reaching target cells [1]. This resulted in
a significantly reduced drug loss, a most powerful targeted drug delivery, and a drastic
reduction of the side effects [2].

Among drug carriers, liposomes are spherical particles characterized by an inner aque-
ous core and a lipidic external double layer [3]. These vesicles are particularly versatile,
since they can entrap hydrophilic compounds in the inner core and lipophilic drugs in
the double lipidic layer [4]. However, amphiphilic molecules can also be easily loaded,
considering them as surfactants that cover the inner aqueous core [5]. Liposomes have been
clearly recognized as the most used non-toxic drug carriers, since they are biocompatible
with cell barriers and have the ability to fuse with them [6]. Moreover, due to their high bio-
compatibility and enhanced bioavailability of the loaded drugs, liposomes are considered
the main key for the development and administration of a large number of drugs, such as
antibiotics, proteins, dyes and markers, dietary supplements, and chromophores molecules;
last but not least, liposomes are nowadays largely employed for the administration of
vaccines, included the ones against COVID-19 disease [7].

Despite the importance of liposomes, which has been nowadays well-accepted by the
majority of the scientific community [8], the actual most commonly employed methods
of production are essentially simple post-processing developments of the conventional
Bangham method [9,10]. This means that the most-used method for the production of
these vesicles is thin-layer hydration [11,12], which was pioneered in 1970s, but after the
very fast evolution of science, it became unacceptable to guarantee high-level quality and
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stability for human applications [13]. The main disadvantages were the low reproducibility
of batch configurations, micrometric dimensions of vesicles produced, the necessity of
post-processing steps, as well as the low encapsulation efficiency and the high solvent
residue of ethanol or chloroform [14,15].

For all these reasons, CO2-assisted high-pressure methods have been proposed to
solve almost all these problems [16,17], since carbon dioxide can be employed as a non-
toxic co-solvent during drug carrier formation. Among the proposed techniques, SuperLip
is a CO2-assisted process which inverts the traditional steps of hydration of a lipidic
layer, by first creating the droplet of water and, then, a double lipidic layer around it [18].
This is guaranteed by a pressurized environment, where CO2 is mixed with ethanol,
forming an expanded liquid, as a support for lipid deposition around water droplets. This
process is already employed in some pharmaceutical, cosmetic, textile, and nutraceutical
applications [19,20], obtaining encapsulation efficiencies of hydrophilic, amphiphilic, and
lipophilic compounds, up to 99% at nanometric level, with a low solvent residue and high
cellular uptake. Additionally, the high time stability of liposomes produced in this manner
has already been demonstrated using this process [21], as well as their capability to deliver
entrapped molecules directly to the target cells [22].

This process has been employed several times for the encapsulation of hydrophilic and
lipophilic active principles; in this paper, the encapsulation of a molecule with significant
antioxidant properties [23,24], lutein, has been attempted. Lutein belongs to the family of
carotenoids and has a high potential if used as a dietary supplement for the prevention of
ocular illnesses involving retinal damages and cataracts [25], but it is also used to reduce
cardiovascular disease risk [26], to replace yellow dyes in beverage coloration [27], and,
last but not least, in anti-carcinogenic formulations. However, this molecule suffers for
facile degradation, due to the exposition to light and heat; for this reason, the encapsulation
in drug carriers such as liposomes enhances this molecule bioavailability, improving the
effect on human cells [28–32].

Lutein has been successfully entrapped into liposomes using supercritical assisted
techniques: in the work by Zhao et al., liposomes mean dimensions ranged between 148 nm
and 195 nm, while encapsulation efficiencies ranged between 57% and 97.8% [33]. In the
work by Tan et al. [34], lutein loaded liposomes with diameters ranging between 76 and
135 nm, and EE between 83% a 92%.

In this study, the effect of SuperLip operating parameters has been investigated in
order to provide controlled and tunable drug release, according to the time required by pro-
longed circulation of molecules until reaching target tissues. Despite the fact that SuperLip
process has already been employed for the encapsulation of drugs for ocular delivery [35],
the effect of process conditions on the post-production drug release administration has
never been investigated. Another goal of this study is to propose the modelling of the
raw data obtained from drug release, which has not been yet investigated on liposomes
produced using SuperLip process. In this work, Weibull equation has been applied to raw
data obtained from drug release tests.

2. Materials and Methods

2.1. Materials

L-α-phosphatidylcholine from egg yolk (PC, about 60% purity) was purchased from
Sigma-Aldrich, Milan, Italy and used as a source of phospholipids. Absolute ethanol
(purity 99.8%) was obtained from Carlo Erba, Milan, Italy. Carbon dioxide (>99.7% purity)
was purchased from Morlando Group, Naples, Italy. Distilled water was produced directly
in our laboratories. Lutein was provided by Shaanxi Superior Bio Technology Co., Shanxi,
China; this company is a Natural Herbal Extract Manufacturer, that extracted lutein from
marigold flowers.

122



Processes 2021, 9, 1162

2.2. Preparation of Preliminary Solutions

In details, 500 mg of phosphatidylcholine was dissolved in 100 mL ethanol by being
stirred at room temperature at 300 rpm for 20 min. The solution was then filtered using
grade 600 cellulose filter paper (Fisher Scientific, Milan, Italy), under vacuum. Then, 2.5 mg
or 5 mg of lutein (depending on the chosen lipid to drug ratio) was dissolved in the filtered
solution, in order to obtain 0.5% w/w or 1% w/w lutein to lipid feeding ratio. The final
solution was left stirring at room temperature at 300 rpm for 20 min more.

2.3. Description of SuperLip Process Layout

The description of the process is depicted in Figure 1 and is described as follows. This
process is characterized by three feeding lines: carbon dioxide (P1), ethanol (P2), and water
(P3), while the main elements are a High-Pressure Vessel (HPV) and a Separator (S), as
reported in the sketch of Figure 1.

Figure 1. Experimental set-up of SuperLip process; P1 is the CO2 pump, P2 is the ethanol pump, P3
the water pump, S stands for Separator, HPV is the High-Pressure Vessel.

Liquid carbon dioxide was pumped to the system from a 30 L internal tank, where
CO2 was stocked at a temperature of 25 ◦C and 60 bar.

Carbon dioxide was pumped using an Ecoflow pump, mod. LDC-M-2, Lewa, Ger-
many. The ethanol, in which lipids were previously dissolved, was pre-mixed with carbon
dioxide, at a temperature of 40 ◦C and pressures of 100 or 150 bar. The mixer was a
stainless-steel tank of 300 cm3, in which an expanded liquid was formed that was injected
in the HPV (stainless-steel vessel of 500 cm3 with a height of 30 cm and internal diameter
of 7.5 cm). Water was directly pumped into the HPV, obtaining the droplets of water
after high-pressure atomization using an 80 μm nozzle. Water and carbon dioxide were
continuously pumped to the system until the end of the ethanol solution. Water (P3) and
ethanol (P2) were pumped using two different high pressure precision pumps (Model
305, Gilson, France). Water flow rate was set at 10 mL/min, ethanol flow rate was set
at 3.5 mL/min, corresponding to about 2.76 g/min at the indicated conditions; whereas,
carbon dioxide flow rate was set at 6.5 g/min. Flow rate ratio of carbon dioxide to ethanol
was named Gas to Liquid Ratio (of the expanded liquid) and set at about 2.4 on mass basis.

Liposomes were continuously collected from the bottom of the high-pressure vessel
using an on-off valve. A stainless-steel vessel (internal volume of 300 cm3) was used
to separate ethanol and carbon dioxide from the liposomal solution, working at a slow
decompression, down to 10 bar. At these conditions, carbon dioxide was separated from
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ethanol, and sent to a rotameter (mod. N.5-2500, Serval 115022, ASA, Italy) to measure
CO2 flow rate, before being released to the atmosphere.

Experiments were performed with varying operating pressures (100 and 150 bars),
temperatures (35, 40, and 45 ◦C), and drug to lipid ratios (0.5 and 1%, w/w). Each test
belonging to this experimental campaign has been reported in Table 1, together with its
specific operating conditions of production.

Table 1. Experimental conditions (pressure, temperature, drug to lipid ratio) used in this process.

Test Name
Drug to Lipid Ratio

(%, w/w)
Pressure (bar) Temperature (◦C)

Lut1 1 100 40
Lut1′ 1 100 40
Lut1” 1 100 40
Lut2 1 100 35
Lut3 1 100 45
Lut4 1 150 35
Lut5 1 150 45
Lut6 0.5 100 35
Lut7 0.5 100 45
Lut8 0.5 150 35
Lut9 0.5 150 45

The liposomal suspensions obtained at these conditions were analyzed (liposome
mean particle size, particle size distribution, and encapsulation efficiency) in order to
determine the optimal operating conditions. Then, each sample was stocked in glass bottles
and stored at 4 ◦C in the absence of light.

2.4. Characterization of the Produced Samples

Liposomal suspensions were characterized by a Dynamic Light Scattering (DLS) in-
strument (Zetasizer nano S, Alfatest, Cinisello Balsamo, Italy). These analyses allow the
determination of the particle mean size and particle size distribution of liposomes in aque-
ous suspensions, considered as colloidal suspensions [36]. Liposome size was characterized
in terms of Mean Diameter (MD), Standard Deviation (SD), and PolyDispersity Index (PDI).
The light source of the Zetasizer instrument is a He-Ne laser (4 mW, 633 nm) and the
backscatter angle is 173◦. In this work, for each sample, 5 measurements were performed
at 25 ◦C in a 10 mm quartz glass cell (Hellma Italia Srl, Milan, Italy).

Then, 5 tubes (volume of 15 mL) were used to prepare the sample for centrifugation.
In each one, 13 mL of the liposomal suspension were added. The 5 tubes were balanced
with a sixth one, of the same weight, loaded with the same weight of pure water. The
samples were centrifuged for 60 min, at 6500 rpm and −9 ◦C. After this operation, 4 mL of
supernatant was removed from the top of the falcon and lutein absorbance was measured
using a Micro-Volume UV–Vis Spectrophotometer (Biospec-nano, Shimadzu Scientific
Instruments, Columbia, MD, USA). According to a calibration line previously obtained for
lutein dissolved in a 50/50 v/v ethanol/water solution, it was possible to determine the
absorbance of lutein in the supernatant. Recalling the Lambert–Beer equation, absorbance
was converted to concentration using the linear correlation. This gave the possibility to
calculate the lutein entrapped percentage with respect to the initial lutein fed to the system,
as the complement, to 100%. The resulting number represented effective encapsulation
efficiency (EE) in the double lipidic layer of liposomes, according to Equation (1).

The maximum lutein absorbance wavelength [37] was obtained by a spectrum mea-
surement on lutein from 200 nm to 800 nm; encapsulation efficiency tests and drug release
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tests were performed at the wavelength of 445 nm, after detecting the maximum absorbance
peak on a lutein spectrum.

EE(%) =
[Lutein Total]− [Lutein Free]

[Lutein Total]
× 100 (1)

Encapsulation efficiencies are reported in terms of mean values and standard devia-
tions, after three runs and 5 measurements repetitions.

2.5. Scanning Electron Microscope Observations

The morphology of the vesicles produced using SuperLip process was observed using
a Scanning Electron Microscope (SEM mod. LEO 1525; Carl Zeiss SMT AG, Oberkochen,
Germany). A drop of liposome suspension was spread on a carbon tab placed on an
aluminum stub and dried at air for 48 h. Then, dried samples were coated with a gold
layer using a sputter coater (thickness 250 Å, model B7341; Agar Scientific, Stansted, UK).
After becoming conducible, samples were observed using SEM.

2.6. Drug Release Test

Drug release tests were also performed for SuperLip-produced vesicles. The external
bulk used for drug release in this work was Phosphate Buffer Saline (PBS). It was prepared
in this manner: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4 for 1 L distilled
water. The 7-cm-long membranes (or dialysis sacks, 12 kDa cut-off) were washed in a bath
prepared dissolving 146 g Ethylene Diamine Tetraacetic acid (EDTA, C10H16N2O8) and
10 mg Sodium Bicarbonate (NaHCO3) in 500 mL distilled water. In each experiment, the
dialysis sack was submerged in the washing bath at 50 ◦C for 30 min. Then, the membrane
was clamped from one side, and 5 mL liposomal suspension was added inside, together
with a magnet for internal stirring, and then it was clamped also from the other side.
Then, the double-clamped membrane was added to a 300 mL PBS volume of external bulk,
pre-heated at a temperature of 37 ◦C (considered the average human body temperature).
The external bulk was also stirred with another larger magnet. The same probe of the
Micro-Volume UV–Vis Spectrophotometer (Biospec-nano, Shimadzu Scientific Instruments,
Columbia, MD, USA) was used to measure the absorbance of lutein released in the external
bulk. Additionally, in this case, the absorbance of lutein was continuously measured at the
same wavelength of 445 nm, using another lutein calibration line, obtained in PBS buffer.
Drug release tests were observed until 110 h, corresponding to about 4.5 days.

2.7. Drug Release Raw Data Modelling

Mathematical modelling has been applied to model drug release raw data from
liposomes [36,37]. In this work, raw data obtained from drug release tests were modelled
according to Weibull equation [38–40], according to Equation (2).

y = A (1 − e−(k(t−tc))
d
) (2)

In this equation, A is the amplitude (100%) of the release percentage, whereas t is the
time and tc is the central value of time, while k and d are the two working variables.

Diagrams reported in the final section of results show the raw data and their fitting
curve; model parameters and R2 values are tabled at the end.

3. Results

3.1. Repeatability Experiments

The typical SuperLip experiment consisted in preparing the three feeding lines:
ethanol containing 500 mg phospholipids and the defined amount of lutein, carbon dioxide,
and pure water. These three species were pumped to the system until reaching steady state
conditions. To demonstrate the advantages of the continuity of this process, experiments of
repeatability were performed, in different days, using newly prepared ethanolic solutions,
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working at 100 bar and setting the temperature at 40 ◦C and the drug to lipid ratio at 1% on
mass basis. The operator was always the same and the DLS and Encapsulation efficiency
(EE) measurements were performed for each run. Results are reported in Table 2.

Table 2. Mean diameter (MD), PolyDispersity Index (PDI), and encapsulation efficiency (EE) obtained
in reproducibility tests.

Test MD ± SD (nm) PDI EE ± SD (%)

Lut1 153 ± 38 0.25 86.5 ± 0.4
Lut1′ 176 ± 40 0.23 87.1 ± 1.0
Lut1′′ 169 ± 44 0.26 89.5 ± 0.6

As it is possible to see in Table 2 and Figure 2, the three experiments gave almost repeat-
able data (Lut1, Lut1′, and Lut1′′). In particular, Lut1 had mean diameter of 153 ± 38 nm,
Lut1′ was 176 ± 40 nm large, and Lut1” had mean dimensions of 169 ± 44 nm. The three
particle size distributions have a similar PDI. According to the direct use of liposomes, this
process is able to produce one-shot nanometric liposomes that are directly available for
drug release; mean dimensions lower than 200 nm are also available for biomedical and
pharmaceutical applications [41,42]. These repeatability data were also confirmed by SEM
images reported in the following part of this results section. Moreover, the encapsulation
efficiencies of lutein were similar, with values between 86.5 ± 0.4% and 89.5 ± 0.6%.

Figure 2. Particle size distribution obtained in repeatability tests.

3.2. Study of the Effect of Operating Parameters

The effect of operating temperature on mean particle size and lutein encapsula-
tion efficiency on the liposomes produced using SuperLip, was studied at 35 ◦C, 40 ◦C,
and 45 ◦C. These temperatures were chosen in order to inhibit chemical degradation of
carotenoids [43,44], maintaining their physical properties. Therefore, lutein is subject to
minimum degradation at temperatures lower than 60 ◦C [45]. Moreover, the critical tem-
perature of carbon dioxide is reached at 31.1 ◦C. Setting the lower limit of 31.1 ◦C and the
higher limit of 60 ◦C, we decided to work in a thin temperature operating window among
35 ◦C and 45 ◦C.

The variation of temperature did not have a significant effect on the particle size
distribution, but it influenced the permeability of the double lipidic layer of the liposomes
produced. In the literature, one of the most studied effects regards the drug release
activated by an external stimulus such as the increase of temperature [46,47]; the increase
of temperature could facilitate drug release, since the external lipidic barrier improves its
permeability after receiving the stimulus. Therefore, in this study, we applied this theory
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of the fast diffusion to the liposomes produced at a higher temperature, which could be
employed for a fast drug administration, while protecting lutein from degradation. Since in
this work, we employed carbon dioxide as co-solvent medium, the low critical temperature
of CO2 (31.1 ◦C) allowed us to process lutein without any risk of thermal degradation.

Then, the effect of pressure was studied (100 and 150 bar), by leaving constant the
temperature at 35 ◦C and drug to lipid ratio at 1% on mass basis. At the end, the effect of
DLR was studied (0.5% and 1% on mass basis) by leaving the pressure constant at 100 bar
and the temperature at 45 ◦C. Results are reported in Table 3.

Table 3. Size, size distribution, and encapsulation efficiency for the experimental design performed
for the encapsulation of lutein.

Test
Pressure

(bar)
Temperature

(◦C)

Drug to
Lipid Ratio

(% mass)

Liposome Mean
Diameter

nm (MD ± SD)

Encapsulation
Efficiency

% (EE ± SD)

Lut1 100 40 1 153 ± 38 86.5 ± 0.4
Lut2 100 35 1 206 ± 41 97.1 ± 0.5
Lut3 100 45 1 267 ± 56 96.0 ± 0.2
Lut4 150 35 1 192 ±38 88.0 ± 1.2
Lut5 150 45 1 196 ± 39 87.0 ± 0.1
Lut6 100 35 0.5 145 ± 54 97.8 ± 1.2
Lut7 100 45 0.5 163 ± 39 86.7 ± 1.6
Lut8 150 35 0.5 158 ± 55 91.3 ± 2.2
Lut9 150 45 0.5 178 ± 63 84.7 ± 2.5

According to the operating conditions in the first set of experiments, the sample
named Lut1 produced liposomes of 153 ± 38 nm, working at 40 ◦C, 100 bar, and 1% DLR.
Then, the sample named Lut2 was produced at 35 ◦C, with the same pressure and DLR,
obtaining a mean value of 206 ± 41 nm. The reduction of temperatures produced an
increase of mean diameter of about 50 nm. However, when the temperature was further
increased to 45 ◦C, (experiment named Lut3), the mean size became 267 ± 56 nm (see
Figure 3a). Even if the temperature was increased from 35 ◦C to 45 ◦C, there was not a
dramatic increase of the mean size of liposomes, according to the mean dimensions needed
for pharmaceutical issues [48,49]; moreover, the encapsulation of lutein was still successful
and could be applied for specific cellular applications.

The effect of pressure was also studied (see Figure 3b). Liposomes produced at 35 ◦C
(Lut2) gave a mean diameter of 206 ± 41 nm at 100 bar; however, by increasing the pressure
at 150 bar and leaving the temperature at 35 ◦C (Lut4) and DLR at 1% w/w, the mean
size of liposomes became 192 ± 38 nm, with a similar mean size and standard deviation
(Figure 3b). Even if the mean size =variation did not follow the increase of temperature,
the EE was 97.1 ± 0.5% for Lut2 and 88.0 ± 1.2% for Lut4. This was not necessarily linked
to pressure variation. The Lut5 experiments was produced at 45 ◦C and 150 bar (leaving
DLR constant at 1% w/w), showing a mean size of 178 ± 63 nm and an EE of 87.0 ± 0.1%,
obtaining EE overlapping results with Lut4.

At the end of this campaign of experiments, the effect of the drug to lipid ratio was
studied. The drug to lipid ratio was reduced to 0.5% w/w. At 100 bar and 35 ◦C (Lut6),
145 ± 54 nm liposomes were produced, with an EE of 97.8 ± 1.2%, which was the highest
value obtained in terms of drug EE for this designed process for lutein encapsulation.
Indeed, the reduced amount of lutein entrapped in the double layer of phospholipids
contributed to reduce particle mean size, resulting in a reduced space occupied by drugs
in the external region of vesicles. However, when the temperature was increased to 45 ◦C
(Lut7), liposomes produced showed a mean size of 163 ± 39 nm and an EE of 86.7 ± 1.6%.
The last case regards the reduced DLR to 0.5% w/w and the increased pressure to 150 bar:
in the case of 35 ◦C (Lut8), mean size is 158 ± 55 nm and EE of 91.3 ± 2.2%, whereas at
45 ◦C (Lut9), mean dimensions are 178 ± 63 nm and EE 84.7 ± 2.5%. Again, a decreased
temperature contributed to higher encapsulation efficiency, due to the fact that the external
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lipidic barrier becomes more compact than the one obtained during a higher temperature
SuperLip process (45◦C).

 
(a) 

 
(b) (c) 

Figure 3. Influence of temperature on liposome mean dimensions for a pressure of 100 bar and a drug to lipid ratio of 1%
mass (a); influence of operating pressure on liposome size distribution for a drug to lipid ratio of 1% w/w and a temperature
of 35 ◦C (b); influence of lutein to lipid ratio on liposome size distribution for a pressure of 100 bar and a temperature of
45 ◦C (c).

3.3. Scanning Electron Microscope Observations

Liposomes produced using SuperLip were observed using a Scanning Electron Micro-
scope, following the protocol described in Methods section.

Liposomes shown in Figure 4 are representatives of samples produced at 100 and
150 bar, among 35 ◦C and 45 ◦C, and DLR among 0.5% and 1%, thus resulting in the
production of vesicles whose mean diameter is included among 200 and 300 nm, as
confirmed by DLS analysis reported in Table 3. In all cases, liposomes have a spherical
shape and smooth surface. As it is possible to see in all these SEM figures, the aggregation
of lipids is due to the drying that was performed during liposomes preparation for SEM
characterization, as reported in the preparation protocol of the Methods section.
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Figure 4. Scanning Electron Microscope observations of liposomes produced using SuperLip. (a) Lut1 (100 bar, 35 ◦C, and
1% DLR), (b) Lut3 (100 bar, 45 ◦C, and 1% DLR), (c) Lut 5 (150 bar, 45 ◦C, and 1% DLR), (d) Lut7 (100 bar, 45 ◦C, 0.5%),
(e) Lut8 (150 bar, 35 ◦C, 0.5% DLR).

3.4. Drug Release Tests and Modelling

At the end of this study, Drug Release (DR) tests were performed from liposomes
produced during experiments Lut 1, Lut 2, and Lut 3. These samples are referred to vesicles
produced with SuperLip at 100 bar, 1% w/w DLR, and a working temperature of 35 ◦C,
40 ◦C, and 45 ◦C, respectively. The choice is due to the fact that in this set, the average
EE was the highest (86%, 97%, and 96%). Even if drug release tests were performed at a
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constant temperature of 37 ◦C, the effect of the temperature used for producing samples
was studied during drug release tests and shown in Figure 5.

Figure 5. Drug release test comparison from liposomes, as an effect of liposomes produced at
different temperatures.

The drug release of the experiment produced at 35 ◦C ended in about 4.5 days, with
a significant delay time of 0.8 days before liposomes started to release lutein. A similar
behavior was registered for drug release from liposomes produced at 40 ◦C, where the
initial delay was about 0.6 days and it released all the drug content in 3 days. The third test,
related to vesicles produced at 45 ◦C, was faster than previously analyzed ones, ending in
less than 2 days.

Therefore, an evident and expected effect was detected: by increasing the production
temperature, drug release was enhanced. A possible explanation of this trend is that the
increase in the temperature from 35 ◦C to 45 ◦C reduced the strength of the lipidic barrier of
liposomes, favoring a faster drug release. This indication is also confirmed by the fact that
liposomes can release their content after production at an increased temperature. Moreover,
the higher production temperature resulted in the production of liposomes with a less
compact structure; this fact favored drug release performed in the receiving liquid medium.

As indicated above, drug release raw data were modelled according to Weibull
model [50–52], to which literature refers as being generally used for drug release. In
Figure 5, raw data obtained from drug release of liposomes prepared at 35, 40, and 45 ◦C,
respectively, were fitted. The main parameters and the R2 obtained for the model are
reported in Table 4.

Table 4. Weibull model parameters at each process temperature (as reported in Equation (2)).

Temperature A d K R2 Temperature

35 ◦C 100 2.504 0.435 0.997 35 ◦C
40 ◦C 100 2.693 0.670 0.995 40 ◦C
45 ◦C 100 3.596 1.549 0.975 45 ◦C

As it is possible to see from Figure 5 and Table 4, raw data of drug release from
liposomes prepared at 35 ◦C showed R2 value of 99.7%. The only set parameter was the
amplitude, which was blocked at 100%, indicating the asymptotic total drug loss from
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liposomes. Drug release performed from liposomes prepared at 40 ◦C did not result in a
R2 value of 99.7%, even if the fitting parameters were significantly different. In the case of
drug release from liposomes produced at 45 ◦C, the R2 value was reduced to 97.5%. In this
last case, the main controlling phenomenon was the drug diffusion from the inner core to
the external bulk, but the less compact structure of liposomes contributed to allow a faster
release of lutein. For this reason, the shape of the curve changed at 45 ◦C, and in this case,
the model did not fit the raw data as well as in the case of lower temperatures.

4. Discussion

Drug carriers have been developed to overcome several problems of drug degradation
and boor bioavailability that occurred frequently during administration to human tissues.
The idea of protecting these drugs and active principles was successful, since an external
shell or double layer (made of phospholipids or polymers) was able to avoid destructive
interferences by external stimuli such as light or heat. This was particularly effective
for antioxidant compounds, which are particularly sensitive to the conditions of human
blood (temperature, pH, immune response). In particular, drugs were often recognized
by the immune systems as intrusive and toxic, and was systematically attacked and
eliminated by phagocytes and macrophages. Moreover, the simple drug delivery through
the gastrointestinal tract was particularly ineffective, due to the high acidic conditions
(pH < 2). All these drawbacks were solved by the use of drug carriers; in particular,
liposomes were the most effective carriers, since they were characterized and constituted
by the same backbone of human cells.

From one side, an intelligent solution was achieved; however, another problem be-
came particularly critical for liposomes, and it was related to the method of production.
Liposomes are spherical vesicles, but the mean dimensions, the stability over time, and
the encapsulation efficiencies were critical parameters to control and monitor during and
after the production. As was highlighted in the literature, the conventional methods for the
production of liposomes suffered of low reproducibility and low encapsulation efficiencies
of molecules. Several papers reported in the literature were finalized at the creation of
liposomes in a batch mode, but they often needed post-processing steps of refining, such
as filtration, sonication, or extrusion, in order to obtain nanometric mean dimensions. This
created mechanical stress to the production of liposomes, often resulting in a loss of a
significant fraction of the drug entrapped in the inner core or in the double lipidic layer.
Moreover, some kinds of phospholipids are well-known temperature-sensitive materials,
especially in relation to their phase transition behavior from gel phase to crystalline phase.
The temperature of transition also depends on the type of phospholipid employed; this
could impact to drug release behavior [53,54].

The specific problem of production was resolved by the idea to work at high pressures,
using carbon dioxide in supercritical conditions. CO2 is a cheap, non-toxic solvent, that
has the ability to work in the place of the traditional solvent extraction. CO2, working in
a mixture with an organic solvent, can create an expanded liquid; this mixture has the
ability to extract a specific solute, or induce an assisted atomization or even precipitation.
Exploited by different high-pressure technologies, these phenomena have the ability to
create drug carriers, with the great advantage to eliminate the organic solvent from the
final product. The organic solvent is eliminated by carbon dioxide, while high-pressure
conditions induce a fast and one-shot production of particles at nanometric dimensions.
The process proposed in this paper and named SuperLip, after being employed several
times in the literature, has also been capable of significantly reducing the ethanol residue in
the final liposomes formulations. Moreover, liposomes produced using SuperLip were of
nanometric dimensions, with high encapsulation efficiencies of hydrophilic and lipophilic
compounds; that is why it was employed in this work for the secure and successful
entrapment of lutein.

However, as it is possible to see from the results, the idea of this work was not only
the encapsulation of lutein into liposomes, but also to try to tune drug release of lutein by
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varying the production operating parameters [55,56]. Among all the parameters studied
in this paper, it was particularly interesting the effect of operating temperature on the
successive drug release performed after the production. There is a substantial difference
among the production of temperature-sensitive liposomes and the liposomes whose drug
release is tuned by operating temperature. In the first case, liposomes are made of specific
and expensive phospholipids, and are prepared in such a manner that they can open their
structure and release their content only when a sudden external increase of temperature
is applied. Instead, in this work, a different phenomenon was studied: the possibility to
create a double lipidic layer with different resistance to mass transfer of lutein among the
internal regions and the external bulk. In this case, the drug release was faster or slower,
depending on the temperature of the process during production, and without the addition
of external stimuli during the subsequent drug release.

The effect of the producing temperature on the external barrier structure of liposomes
was studied in this work. The possibility to regulate the properties of liposomes’ surfaces
and the double lipidic layer was a particularly ambitious goal, which was achieved by
creating temperature-responsive surfaces of liposomes. This fact was demonstrated by the
effect on drug release profiles obtained, as it is possible to see in the Results section. In
detail, the release was faster by increasing the production temperature, which resulted into
a reduced robustness of the external double lipidic layer.

5. Conclusions

This work was aimed at producing liposomes whose drug release could be tunable, by
varying the temperature of production. The innovation proposed was not focused on the
supercritical technique for the production of liposomes, which has been demonstrated many
times under different pharmaceutical applications, but it aimed at producing liposomes
whose drug release could be regulated, in order to find specific therapeutic necessities of
the human body.

Liposomes obtained in this work were produced one-shot at nanometric level, with
mean diameters between 137 and 267 nm, and lutein encapsulation efficiency up to 98%,
using a protocol validated by the literature and based on the elimination of the supernatant.
The effect of drug to lipid ratio, pressure, and temperature was studied on mean size and EE,
and mean dimensions were not significantly affected by the variation of these parameters.

The use of Weibull equation for the modelling of drug release raw data was investi-
gated for the first time for liposomes produced using SuperLip. Liposomes produced with
a higher temperature can be used in cases in which the drug release needs to be addressed
in less time. This concept was also confirmed by the modelling part of this work, which
completely fitted the raw data of release profiles at 35 ◦C and 40 ◦C, while losing fitting
precision on raw data obtained at 45 ◦C.

Therefore, for vesicles produced at higher temperatures, a further comment could
be that a model should also contain a dependency on temperature parameter. The study
and production of these kinds of temperature-responsive liposomes using high-pressure
continuous methods, could open new roots to the definitions of temperature-responsive
vesicles; this could be a preliminary work that had the ambition to optimize and regulate
processing parameters, but it will require further in vivo studies performed in sterile
conditions by researchers from departments of medicine.
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Abbreviations

DDS Drug Delivery Systems
EE Encapsulation Efficiency
PSD Particle Size Distribution
PDI Polydispersity Index
SD Standard Deviation
MD Mean Diameter
DLS Dynamic Light Scattering
SEM Scanning Electron Microscope
DR Drug Release
HPV High-Pressure Vessel
S Separator
PC L-α-phosphatidylcholine
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Abstract: Wendita calysina (commonly known as burrito) is an indigenous Paraguayan medical
plat, whose essential oil (EO) is characterized by some pharmaceutical properties. In particular,
the main component is D-carvone, with anticancer action and antimicrobial properties against various
microorganisms. In this work, supercritical CO2 (SC-CO2) was used for the extraction of volatile
compounds from this plant, selecting different operative conditions to optimize the extract yield
and purity. Pressure was varied from 80 to 250 bar, and two CO2 flow rates (0.8 kg/h and 1.2 kg/h)
were tested. The highest EO percentage in the extract was obtained operating at 100 bar and 40 ◦C,
using ground Wendita calysina leaves of 250 μm. CO2 flow rate did not influence the extraction
yield, indicating that an internal mass transfer resistance governs this process. The largely prevailing
compound identified in the extract was D-carvone, with a mean percentage up to 90% w/w.

Keywords: Wendita calysina; burrito; supercritical fluid extraction; fractional separation; D-carvone;
anticancer; antimicrobial

1. Introduction

The adoption of a correct diet together with regular physical exercise are recognized as useful
for the prevention of some human diseases [1–3]. For instance, the daily consumption of foods
rich in antioxidants can reduce free radical degradation of cells and tissues in an organism [2,4].
Herbal infusions are a possible sources of these bioactive molecules [5,6]; green tea is one of the major
examples, widely used particularly in oriental regions due to its medical effects in the prevention and
treatment of various diseases, such as cancer, cardiovascular disease, diabetes and obesity [7].

Infusions of Wendita calysina (Geraniaceae) leaves, a Paraguayan herbaceous plant, generally known
as burrito, are also recognized as healthy for humans, thanks to the well-known antimicrobial,
anti-inflammatory, antioxidant and anti-rheumatic properties [8,9]. Marzocco et al. [9] demonstrated
that Wendita calysina water-soluble extract can be used in the therapy of acute inflammation.
Mesa et al. [10] reported an ultrasonic extraction procedure from Wendita calysina leaves using
a water/ethanol mixture (40/60% v/v), followed by spray-drying. These authors determined
the antiplatelet action of this extract to be used as food supplement and phytomedicine.
Wendita calysina is rich in D-carvone, a monoterpenic ketone with antimicrobial, anticonvulsant,
and antioxidant properties [11]. In particular, it shows antimicrobial properties against various
microorganisms, like Listeria monocytogenes [12], Escherichia coli, Salmonella typhimurium, Photobacterium
leiognathi [13], Fusarium subglutinans, Fusarium cerealis, Fusarium verticillioides, Fusarium proliferatum,
Fusarium oxysporum, Fusarium sporotrichioides, Aspergillus tubingensis, Aspergillus carbonarius, Alternaria
alternata and Penicillium sp. [14]. Aydin et al. [15] demonstrated that carvone has also anticancer
potential in vitro, which improves the general healthy Wendita calysina plant effects [8–10].

Maceration is the most frequently used traditional technique to produce extracts from a vegetable
matter [16]; an organic solvent and, in some cases, water, affine with the compounds of interest, is used
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at a specific ratio with the starting vegetable matter. This procedure can last from some hours to
some days, and the final extract is recovered after solvent evaporation. However, maceration is not a
selective extraction technique and the obtained extracts have to be generally post-processed to remove
the organic solvent residues and/or impurities [16].

Supercritical fluid extraction (SFE) is a green alternative technique to extract high-value compounds
from vegetable matter, avoiding the use of toxic organic solvents that pollute the final product
and the environment [17–19]. Supercritical fluids and, in particular, supercritical CO2 (SC-CO2),
are characterized by favorable physico-chemical properties (i.e., gas-like diffusivity, liquid-like density,
and near to zero surface tension) and reduced cost [20]. Numerous vegetal materials were processed
by SFE [21,22]. Parisotto et al. [23] found that the antitumor activity of Cordia verbenacea extracts
obtained by SFE was superior in the reduction of tumor cells viability and proliferation with respect
to the extract obtained by classical organic solvent extraction with ethanol. Radojković et al. [24]
performed SFE process on Morus leaves working at 300 bar and 40 ◦C. They obtained a linoleic
and linolenic acid-rich extract to be used as dietary supplement and food product. Souza et al. [25]
determined the effects of temperature and pressure on the extraction yield and chemical composition
of extracts from Aloysia gratissima leaves obtained by SFE. Operative temperature was varied from 40
to 60 ◦C; whereas pressure was from 150 to 200 bar. The chemical analysis showed the presence of
guaiol, pinocamphone, caryophyllene oxide and spathulenol as the major chemical components of
this plant extract that contributed to a significant reduction of carrageenan-induced paw edema and
myeloperoxidase activity.

SFE technology can also allow a fractional separation of the extracts, to obtain high purity
compounds [19]. This result is possible when process conditions are opportunely selected.
Operative pressure and temperature influence SC-CO2 solvent power through CO2 density; therefore,
depending on the solubility and on the position inside the vegetable matter of the compounds of interest,
these parameters should be selected, together with CO2 flow rate and vegetable matter particle size,
with the aim of minimizing the co-extraction of undesired compounds [26]. Another possibility is to
perform the fractional extraction, changing the SC-CO2 solvent power during processing. In particular,
depending on the molecular weight (and on the solubility) of the various components, a reduced
SC-CO2 solvent power can be selected in a first step to extract essential oil compounds (low molecular
weight compounds); then, in a second step, operative pressure is increased, to extract the other higher
molecular weight compounds [26].

Taking into account these considerations, to our knowledge, this work performed SFE of Wendita
calysina leaves for the first time, to obtain a high purity essential oil with enhanced healthy properties for
pharmaceutical applications. Systematic gas chromatography–mass spectrometry (GC-MS) analyses
were carried out on the extracts, to optimize the parameters related to SFE processing and on the
starting vegetable matter, to produce a high added-value, solvent free product.

2. Materials and Methods

2.1. Plant Material

Dried Wendita calysina Martius leaves (moisture content lower than 10% w/w), produced by
Coprosa Ltd.a, Paraguay (Cooperativa multiactiva de Produccìon Servicios publicos, Consumo,
Ahorro y Credito, San Andres), were supplied by Commercio Alternativo s.r.l. (Ferrara, Italy).
Before processing, Wendita calysina leaves were ground using a cooled milling apparatus (Waring
Commercial Blender); mean particle size was determined using mechanical sieving.

2.2. Supercritical Fluid Extraction

Supercritical CO2 extraction was performed in a lab-scale apparatus equipped with a 400 cm3

internal volume extractor. CO2 (purity 99%) was purchased from Morlando Group s.r.l. (Sant’Antimo,
NA, Italy). An amount of 100 g of the vegetable matter (mean particle size of 250 μm) was mixed with
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85 g of 3-mm glass beads to avoid caking and channeling phenomena in the fixed bed of particles
inside the extractor. Extract fractions were recovered using two separation vessels in series, with an
internal volume of 200 cm3. Cooling of the first separator was achieved using a thermostated bath
(Julabo, mod. F38-EH, Seelbach, Germany). The second separator allowed the continuous discharge
of the product using a valve located at the bottom of the vessel. A membrane high-pressure pump
(Lewa, mod. LDB1 M210S, Mazzo di Rho, Italy) pumped liquid CO2 at the desired flow rate. CO2 was
heated up to the extraction temperature in a thermostated oven, and its flow rate was monitored by a
calibrated rotameter (ASA, mod. N.5-2500, Serval 115022, Sesto San Giovanni, Italy). Temperatures
along the extraction apparatus were measured by thermocouples and regulated using PID controllers
(mod. 305, Watlow, Corsico (MI), Italy); whereas pressure was measured by test gauges (mod. MP1,
OMET, Lecco, Italy). A schematic representation of an SFE plant can be found in [27]. Each experiment
was performed in duplicate.

2.3. GC–MS Analyses of Compounds from Wendita Calysina Extracts

Wendita calysina extracts obtained by SFE were characterized by gas chromatography–mass
spectrometry (GC-MS). The apparatus was a Varian (mod. Saturn 2100T, San Fernando, CA, USA);
separation was achieved using a fused-silica capillary column (mod. DB-5, J&W, Folsom, CA, USA)
with a 30-m length, 0.25-mm internal diameter and 0.25-μm film thickness. GC conditions were oven
temperature at 40 ◦C for 5 min; then, programmed heating from 40 to 250 ◦C at 2 ◦C/min. After 60 min
at 250 ◦C, temperature was increased to 270 ◦C (speed 2 ◦C/min) and, finally, from 270 to 290 ◦C,
at 1 ◦C/min. Helium was used as the carrier gas (1 mL/min). Samples were run in dichloromethane
using a dilution factor of 0.0008% w/w. All the components were identified according to the retention
time and molecular weight. The same procedure was adopted for the identification of waxes.

3. Results

The aim of this work was the extraction of a high purity volatile oil from Wendita calysina leaves
by SFE. Since this was the first time this technology was applied to Wendita calysina, a preliminary
series of experiments was performed using different CO2 flow rates, to determine the kind of mass
transfer resistance governing this process. CO2 flow rate was varied from 0.8 to 1.2 kg/h; whereas the
plant mean particle size was fixed at 250 μm, obtained using the procedure described in Materials
and Methods. SFE was performed at 250 bar and 40 ◦C (ρCO2 = 0.880 g/cm3); the first separator was
set at −14 ◦C and the second separator was operated at 25 ◦C and 15 bar. The selection of these
values of temperature in the two separators was based on previous works [17,19,28]; the aim was
to induce waxes (i.e., paraffins) precipitation in the first separator due to the solubility reduction of
these components in SC-CO2 at low temperature, and the extract recovery in the second separator at
conditions near to the ambient ones to avoid thermal stress on the liquid extract.

The extraction yield, measured as the ratio between the weight of the extract collected at regular
time intervals and the starting vegetable matter loaded in the extractor, was similar using the two CO2

flow rates. This information indicates that an internal mass transfer resistance governs this process [20]:
i.e., the compounds of interest are located inside the vegetable matter, therefore, the effect of CO2

flow rate is negligible. Once the kind of extraction mechanism was ascertained, all the following
experiments were performed using a CO2 flow rate of 0.8 kg/h and Wendita calysina leaves particle size
of 250 μm.

The second part of the work was focused on the obtainment of a higher essential oil (EO) purity.
Operative pressure was varied from 80 to 250 bar and temperature was fixed at 40 ◦C, to avoid thermal
stresses on the vegetable material, and with the aim of determining the effect of SC-CO2 solvent power.
In all experiments, separators’ conditions were the same as the preliminary experiments.

SFE was carried out in two steps (fractional extraction): the first one was performed at 80 bar
and 40 ◦C (ρCO2 = 0.281 g/cm3), the second one at 150 bar and 40 ◦C (ρCO2 = 0.780 g/cm3). Extraction
was stopped when a negligible increment of the extract was obtained. A final total yield of 0.763%
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w/w and an EO yield of 0.717% w/w were measured. However, working at 80 bar and 40 ◦C, due to
the reduced SC-CO2 density, a too low EO extraction yield was obtained (≈0.03% w/w); therefore,
these operative conditions were discarded. Moreover, observing the last 100 min of processing,
the distance between the total extract yield curve and the EO yield curve tended to enlarge due to the
extraction of non-terpenic compounds: i.e., higher molecular weight compounds were co-extracted
that do not belong to Wendita calysina essential oil. Waxes extraction yield was 1.91% w/w, measured in
the first separator at the end of the supercritical processing.

A further SFE experiment was performed at 250 bar e 40 ◦C, to determine the effect of a larger
SC-CO2 density on the total and EO yield. However, as expected, increasing SC-CO2 density and,
thus, its solvent power, the final total yield (0.794% w/w) was larger than the one measured working
at 150 bar and 40 ◦C (0.763% w/w); but, also the difference between the final total yield and the EO
yield (0.636% w/w) was still larger, due to the co-extraction of other undesired families of compounds
(see Figure 1). Therefore, a lower EO purity characterized this extract. In Figure 1, this trend is clearly
visible, even if the extraction kinetics were faster (420 min). Waxes collected in the first separator had a
yield of 2.02% w/w.

Figure 1. Representation of supercritical fluid extraction (SFE) total yield and essential oil (EO) yield
versus time: 250 bar and 40 ◦C.

Taking into account these results, another series of experiments was performed at intermediate
SC-CO2 solvent power: i.e., 100 bar and 40 ◦C (ρCO2 = 0.623 g/cm3), to balance a fast extraction and a
high EO purity in the extract. Figure 2 reports that a very similar final total yield (0.697% w/w) and EO
yield (0.693% w/w) were obtained: i.e., the two curves practically overlap. This result confirms that
adopting the opportune SFE operative conditions, it is possible to selectively extract the compounds of
interest. Waxes yield was 1.56% w/w in this case.

Summarizing these results, SFE confirmed its flexibility in extracting the compounds of interest
changing SC-CO2 solvent power. This peculiarity, coupled with fractional separation, favored the
obtainment of a high purity EO in the extract, without the use of toxic organic solvents.

Extracts collected in the first and in the second separator were systematically characterized by
GC-MS, as described in Materials and Methods. The extracts composition was in all cases similar
and mainly formed by monoterpenes and sesquiterpenes (at the second separator): identification
of compounds related to SFE performed at 100 bar and 40 ◦C is reported in Table 1. In particular,
D-carvone, a monoterpene responsible for the characteristic odor of caraway, was the major compound
forming the Wendita calysina essential oil, as demonstrated by the GC-MS trace in Figure 3. Its mean
amount in the extract represented up to 90% of the EO composition by supercritical processing.
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Figure 2. Representation of SFE total yield and EO yield versus time: 100 bar and 40 ◦C.

Table 1. Gas chromatography–mass spectrometry (GC-MS) analysis on SFE extracts obtained at 100
bar and 40 ◦C.

Collected Fraction Compounds % w/w

Collection #1–3
Time 80′ D-carvone ≈100

Collection #4–6
Time 200′ D-carvone ≈100

Collection #7–9
Time 320′

Linalool 1.18
Para-cymene 0.72
Camphene 2.14

Para-cymenene 1.73
D-carvone 87.87

Caryophyllene 2.17
Cuparene 1.67

N.I. compounds 2.53

Figure 3. Example of a GC-MS trace related to the extract collected in the II separator.

Waxes collected in the first separator were white, odorless and mainly formed by Nonacosane (C29)
1.227%, Triacontane (C30) 12.616%, traces of Hentriacontane (C31) and Dotriacontane (C32) 86.150%,
as shown in Figure 4. These results demonstrate the efficiency of SFE fractional separation since,
in this separator, only waxes (paraffinic compounds) were precipitated; other peaks, related to other
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compounds were not detected. Moreover, waxes extraction yield increased from 1.56% w/w (@100 bar)
to 2.02% w/w (@250 bar) when a larger SC-CO2 solvent power was tested.

Figure 4. Example of a GC-MS trace related to waxes collected in the I separator at −14 ◦C and 100 bar.

4. Conclusions

Extracts produced by SFE can have a larger added value, since the co-extraction of undesired
families of compounds can be minimized. A selective extraction is possible by obtaining a high
purity, solvent-free extract. Operating at 100 bar and 40 ◦C, SFE applied to Wendita calysina leaves
was successful in obtaining an extract with a content of D-carvone up to 90% w/w. This result was
possible thanks to the addition of a fractional separation scheme that allowed waxes precipitation
in the first separator, and pure extract collection in the second one. This product can be used in
the pharmaceutical field thanks to its antimicrobial, anticancer, anti-inflammatory, antioxidant and
anti-rheumatic properties.

A subsequent study will be focused on the testing of pharmaceutical properties of Wendita calysina
leaves extract, in order to determine its efficacy and the doses required.
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Abstract: Carica papaya leaves are used as a remedy for the management of cancer. Freeze-dried
C. papaya leaf juice was extracted using a supercritical fluid extraction system. Compound
identification was carried out using analytical techniques including liquid chromatography
coupled to high-resolution quadrupole time-of-flight mass spectrometry (LC–QToF-MS) and gas
chromatography–mass spectrometry (GC–MS). The cytotoxic activities of the scCO2 extract and its
chemical constituents were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay on squamous cell carcinoma (SCC25) and human keratinocyte (HaCaT) cell lines.
The chemical constituents were quantified by QToF-MS. The supercritical carbon dioxide (scCO2)
extract of papaya freeze-dried leaf juice showed cytotoxic activity against SCC25. Three phytosterols,
namely, β-sitosterol, campesterol, and stigmasterol, together with α-tocopherol, were confirmed to be
present in the scCO2 extract. Quantitative analysis showed that β-sitosterol was the major phytosterol
present followed by α-tocopherol, campesterol, and stigmasterol. β-Sitosterol and campesterol were
active against SCC25 (half maximal inhibitory concentration (IC50) ≈ 1 μM), while stigmasterol was
less active (~33 μM) but was biologically more selective against SCC25. Interestingly, an equimolar
mixture of phytosterols was not more effective (no synergistic effect was observed) but was more
selective than the individual compounds. The compounds identified are likely accountable for at
least part of the cytotoxicity and selectivity effects of C. papaya.

Keywords: supercritical fluids; mass spectroscopy; ultra-high-pressure liquid chromatography;
cytotoxic compound; phytosterol; stigmasterol

1. Introduction

Carica papaya is a herbaceous plant indigenous to tropical Mexico, Central America, and northern
South America [1]. It is widely cultivated in the tropical and subtropical countries for its nutritional
edible fruit [2]. Apart from the fruit of C. papaya, the leaf is used as a food and medicine. Anecdotal
evidence indicates that the leaf is used in Australia in the form of a decoction to treat cancer [3]. In other
parts of the world, the decoction of the leaf is used as a tea to treat high blood pressure, diabetes,
digestion disorder, and jaundice, as well as dengue fever, rheumatic complaints, and elephantoid
growths [4–7].

Several chemical constituents from C. papaya were identified [7]. The leaf of papaya is reported
to contain alkaloids, tocopherol, flavonoids, tannins, phytosterols, saponin, phenolic compounds,
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and chlorogenic acid [8,9]. Epidemiology studies showed that phytochemicals from plants are beneficial
in reducing the risk of dementia, stroke, diabetes, cardiovascular disease, and cancers [10]. Some studies
demonstrated that leaf extracts from C. papaya were selectively cytotoxic to skin cancer in vitro [11,12].
Nguyen and colleagues reported that phenoside A from papaya leaf juice was potently cytotoxic to
the cancerous SCC25 cell line. However, it was also cytotoxic against the non-cancerous HaCaT cell
line [12]. Active and selective anti-cancer compounds from leaf juice remain to be fully elucidated.

This research gap prompted our interest to discover the bioactive chemical constituents of C. papaya
leaves with selective activity against skin cancer. Supercritical fluid extraction (SFE) offers an alternative
method, whereby different chemical constituents are selectively extracted from those components
yielded by conventional methods. This approach may, therefore, reduce the analytical workload in
identifying chemical constituents of interest. Several analytical methods were used to identify and
quantify chemical constituents from papaya leaves including LC–MS, GC–MS, and nuclear magnetic
resonance (NMR) spectroscopy [11,13,14]. For example, linoleic and linolenic acids were identified
from the ethyl acetate fraction of C. papaya leaves by GC–MS [15].

Over the course of our continuing efforts to characterize anti-cancer compounds from C. papaya,
we aimed to identify bioactive chemical constituents from the scCO2 extract of C. papaya. The tentatively
identified compounds were obtained commercially and compared with those present in the scCO2

extract (for their liquid chromatography retention times, accurate mass, and MS/MS fragmentations).
The identified compounds were analyzed and quantified. Furthermore, the cytotoxicity of the identified
active compounds alone and in combination were evaluated.

2. Materials and Methods

2.1. Materials

DL-α-Tocopherol (purity >96%), stigmasterol (purity >95%), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
β-Sitosterol (purity >95%) was from Chromadex (USA) and campesterol (purity >95%) was from
Novachem (Heidelberg West, VIC, Australia). Ethanol, HPLC-grade methanol, and HPLC-grade
acetone were purchased from Merck (Darmstadt, Germany). Dulbecco’s modified Eagle’s medium
(DMEM), DMEM/F12, trypsin, penicillin/streptomycin, and fetal bovine serum (FBS) were obtained
from Invitrogen (Life Technologies, Mulgrave, VIC, Australia). Freeze-dried leaf juice was prepared
from Australian C. papaya leaves (grown organically) gifted by Tropical Fruit World Pty Ltd., (Duranbah,
New South Wales, Australia) according to the protocol described previously [16].

2.2. Supercritical Fluid Extraction (SFE)

SFE of C. papaya leaf juice was performed using a laboratory-scale extraction system.
Earlier experiments determined that freeze-dried leaf juice was a better starting material in comparison
with fresh leaves or freeze-dried leaves when considering both extraction yield and selective toxicity to
cancer cells. The SFE system comprised a liquid carbon dioxide (CO2) reservoir, high-pressure syringe
pump (Teledyne Isco 260D), a vertical 60-mL stainless-steel (SS-316) extraction vessel (University of
Nottingham), backpressure regulator, heating jacket (WatLow, USA), overhead stirrer (200 rpm) and
fixed straight blade paddle, and SS precipitation chamber; details are described in previous work [16].
Glass wool (Merck, Darmstadt, Germany) was placed inside the extraction vessel and covered by a
stainless-steel mesh to prevent any entrainment of the sample. We previously optimized the conditions
of SFE that provided the extract exhibiting most cytotoxicity toward cancer cells [16]. The extraction
was operated with the following conditions: pressure 250 bar; temperature 35 ◦C; freeze-dried leaf
juice 5 g; extraction time 3 h. Following completion of the extraction, the supercritical fluid (scCO2)
extract was separated to the precipitation chamber via a capillary nozzle (0.0625 inch; 1.5875 mm) and
the CO2 gas was discharged to the atmosphere. The extract was weighed and stored at −20 ◦C for
further analysis. The experiments were repeated three times.
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2.3. Gas Chromatography–Mass Spectrometry

Analysis of the scCO2 extract was carried out using a Shimadzu GCMS-TQ8040. Separation was
obtained on an Rtx-5ms column (30 m × 0.25 mm, 0.25 μm film thickness; Restek, USA) with helium
as the carrier gas at a constant linear velocity of 46.6 cm/s. The injection volume was 1 μL with a
split ratio of 10. The initial column temperature was held at 160 ◦C for 1 min and then increased to
300 ◦C at a rate of 10 ◦C/min. The final column temperature was maintained at 300 ◦C for another
10 min. The temperatures of the injector and the detector were 240 ◦C and 200 ◦C, respectively.
The interface temperature was set to 300 ◦C. Mass acquisition was performed in the range of 42–500 m/z
using electron impact ionization at 70 eV. The components detected in the sample were identified by
performing spectral database matching against the National Institute of Standards and Technology
(NIST) library (v14).

2.4. Sample Preparation for UHPLC–QToF-MS Analysis

The standard stock solutions of dl-α-tocopherol, stigmasterol, β-sitosterol, and campesterol were
prepared by dissolving accurately weighed standards in HPLC-grade methanol to give a concentration
of 1 mg/mL. Each stock solution was filtered through a 0.22-μm polyvinylidene fluoride (PVDF) sterile
filter (Merck Millipore, Germany) and stored in a freezer at −20 ◦C prior to analysis.

2.5. UHPLC–QToF-MS Analysis

The chromatography analysis of dl-α-tocopherol and phytosterols was performed on an Agilent
1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent 6520
high-resolution accurate mass quadruple time of flight (QToF) mass spectrometer. Chromatographic
separation was conducted by a 2.0 × 150 mm, 100 Å, 2.6 μm C18 analytical column (Phenomenex,
USA). Ultra-purified MilliQ water was mobile phase A, while HPLC-grade methanol was mobile
phase B. The gradient elution conditions were as follows: 50% B for the first 5 min; 50% B increasing to
90% B from 5–40 min; 90% B increasing to 100% B from 40–60 min; 100% B decreasing to 50% B from
60–75 min. The sample injection volume was 5 μL with the flow rate of 0.2 mL/min. Mass spectral
acquisition was monitored by MassHunter software (version B.02.01 SP3 –Agilent). The operating
conditions for the mass spectrometer included a scan rate of 0.8 cycles/per second with the following
conditions: nebuliser pressure 30 psi, m/z scan 100–1700, drying gas flow 5.0 L/min, gas temperature
300 ◦C, fragmenting voltage 175 V, and skimmer voltage 65.0 V.

2.5.1. Calibration Curves, Linearity Ranges, Limits of Detection (LOD), and Limits of
Quantification (LOQ)

In this study, four biomarker analytes were evaluated at concentrations ranging from 1.56 to
50 μg/mL for the determination of the linear dynamic ranges. Each individual analyte at a fixed
concentration was injected three times and the resultant peak heights obtained. Calibration curves were
constructed by plotting peak heights against the analyte concentrations prepared, and the linearity of
response to the four compounds was evaluated by linear regression analysis.

2.5.2. Quantification of dl-α-Tocopherol and Phytosterols by LC–QToF-MS

A 5-μL volume of the sample was injected into the LC–MS system. The concentration and profile
of dl-α-tocopherol and phytosterols in the extracts were obtained using optimized LC–QToF-MS
parameters. Peak identifications were performed by matching the retention times and accurate masses
with the standard analytes. The sample was quantified using the external standard method.

2.6. Sample Preparation for the Cell Viability Assay

dl-α-Tocopherol, campesterol, stigmasterol, and β-sitosterol were dissolved in ethanol at
concentrations of 10 mg/mL or 25 mM for the combined phytosterol assay, while the scCO2 extract
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was solubilized in ethanol at a concentration of 50 mg/mL. All samples were sterile-filtered by a
0.22-μm polyvinylidene fluoride (PVDF) filter (Merck Millipore, Germany), resulting in stock solutions
that were diluted with serum-free medium to the indicated final concentrations prior to performing
the experiments.

2.7. Cell Culture Conditions

Human oral squamous cell carcinoma (SCC25) cells were obtained from ATCC® CRL-1628™,
Manassas, VA, USA. The cells were maintained in DMEM/F12 medium added with 10% v/v
heat-inactivated FBS, penicillin (100 units/mL), streptomycin (100 μg/mL), and hydrocortisone
(0.4 μg/mL). Non-cancerous human keratinocyte (HaCaT) cells were a generous gift from Professor
Fusenig. The cells were grown in DMEM containing 10% FBS, penicillin (100 units/mL), and streptomycin
(100 μg/mL). All cell lines were cultured in a humidified atmosphere with 5% CO2 at 37 ◦C. The cultures
were passaged every third day, at which point they were approximately 70%–90% confluent.

Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed
according to the method previously optimized for anticancer bioactive discovery [11,12]. In brief,
6000 cells (SCC25) per well or 3000 cells (HaCaT) were seeded in each well of a 96-well microtiterTM

microplate. The cells were allowed to attach for 24 h prior to addition of samples. The culture medium
was replaced with samples to be tested diluted in serum-free medium. The samples were incubated for
48 h at 37 ◦C, and the serum-free medium was replaced with a 0.5 mg/mL MTT solution. After a 2-h
incubation, the medium was replaced with 100 μL of dimethyl sulfoxide (DMSO) on an orbital shaker
for 20 min. The absorbance values were measured at 595 nm using an Lmark plate reader (BioRad,
Hercules, California, USA). Wells containing no cells was being used as blanks whose absorbance
was subtracted. Results are expressed as the percentage of viable cells with control, with untreated
cells taken as 100%. The half maximal inhibitory concentration (IC50) values of the compounds were
estimated using non-linear regression analysis implemented in Prism 7 (GraphPad software Inc.,
San Diego, CA, USA).

2.8. Statistical Analysis

All statistical analysis was performed using Prism 7 (GraphPad software Inc., San Diego, CA,
USA). All data are presented as means ± standard error of mean (SEM). Two-way ANOVA with a
Sidak post hoc test was employed to compare the differences between the two cell lines.

3. Results

3.1. Supercritical Carbon Dioxide Extraction

Freeze-dried leaf juice of C. papaya was extracted using a scCO2 extraction system. The extraction
yield of scCO2 freeze-dried leaf juice was 3.2% (n = 3).

3.2. Chemical Analysis of scCO2 Extract with GC–MS

GC–MS results showed that at least 11 volatile compounds were present in the scCO2 extract of
freeze-dried leaf juice of papaya (Figure A1).

The mass spectral database of these compounds was matched (>95%) with the NIST library.
Lipophilic compounds including fatty acids, vitamin E, and the phytosterols were tentatively assigned,
and they are listed in Table 1. The results showed that dl-α-tocopherol (25.15%) andβ-sitosterol (40.96%)
were the major compounds detected, followed by campesterol (9.87%) and stigmasterol (8.86%).
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Table 1. Volatile compounds identified by GC–MS.

Peak
Retention Time

(Min)
Peak Area

a Peak Area
(%)

Tentative Compound
Identification

1 8.673 863,427 1.71 Linolenic acid
2 13.820 542,784 1.07 Squalene
3 15.417 2,380,812 4.71 γ-Tocopherol
4 15.884 624,002 1.23 β-Sitosterol acetate
5 16.034 12,690,750 25.15 dl-α-Tocopherol
6 17.000 4,980,249 9.87 Campesterol
7 17.293 4,474,003 8.86 Stigmasterol
8 17.89 20,663,841 40.96 β-Sitosterol
9 18.08 1,819,771 3.60 α-Amyrin

10 18.74 1,403,996 2.78 Brassicasterin
11 19.51 1,289,165 2.53 3-Oxocholest-4-en-27-yl acetate

a Percentage of peak area relative to the total peak area.

3.3. Compound Identification by Comparison with Authentic Standards

Based on the results from the database searching and the tentative identification of compounds
from GC–MS analysis, direct comparison of the four compounds with four commercially available
standards (dl-α-tocopherol, β-sitosterol, stigmasterol, and campesterol) with the scCO2 extract of
freeze-dried leaf juice was performed using LC–MS.

Table 2 shows the comparison of the masses and retention times of the respective standards
and features derived from the scCO2 extract of freeze-dried leaf juice detected in positive ion mode.
All protonated phytosterols likely lost a molecule of water and, hence, the ions detected by the mass
spectrometer are of the form [M +H −H2O]+. All compounds were matched to the retention times,
accurate masses, and MS/MS fragmentations of the reference compounds (Figure 1a–d).

Figure 1. (ai) Extracted ion chromatogram (EIC) of m/z 431.3884 for the scCO2 extract. (aii) EIC of m/z
431.3823 for the dl-α-tocopherol standard; (bi) EIC of m/z 383.3662 for the scCO2 extract; (bii) EIC of
m/z 383.3683 for the campesterol standard; (ci) EIC of m/z 395.3668 for the scCO2 extract; (cii) EIC of m/z
395.3669 for the stigmasterol standard; (di) EIC of m/z 397.1361for the scCO2 extract; (dii) EIC of m/z
397.1347 for the β-sitosterol standard.
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Table 2. Phytochemicals determined by LC–electrospray ionization (ESI)-ToF MS in the scCO2 extract
of freeze-dried leaf juice (positive mode).

Standard

Mass of
Standard
[M + H −

H2O]+ m/z

Retention
Time of

Standard
(min)

Product
ion

Standard
m/z

Mass of
Feature

[M + H −
H2O]+

m/z

Retention
Time of
Feature
(min)

Product
ion

of Feature
m/z

Molecular
Formula

DL-α-Tocopherol 431.3823 30.049 165.120 431.3884 30.043 165.139 C29H50O2
Campesterol 383.3683 31.429 161.180 383.3662 31.464 161.187 C28H48O
Stigmasterol 395.3669 31.457 255.187 395.3668 31.497 255.220 C29H48O
β-Sitosterol 397.1347 32.407 161.185 397.1361 32.409 161.188 C29H50O

3.4. Quantification of Tocopherol and Phytosterols by UPLC–QToF-MS

The responses of all compounds possessed good linearity where dl-α-tocopherol, campesterol,
and β-sitosterol were linear over the concentration range of 1.56–50 μg/mL (r2 = 0.9992, 0.9987, and
0.9991, respectively), and stigmasterol was linear over the range 3.12–50 μg/mL. The LODs were
calculated using a signal-to-noise ratio of 3. The LOD was 0.39 μg/mL for stigmasterol campesterol,
and β-sitosterol, and 0.19 μg/mL for dl-α-tocopherol. The LOQs were calculated at a signal-to-noise
ratio of 10. The LOQ was 1.56 μg/mL for stigmasterol, campesterol, and β-sitosterol, and 0.78 μg/mL
for dl-α-tocopherol (Table 3).

Table 3. Linearity, limit of detection (LOD), and limit of quantification (LOQ) of tocopherol
and phytosterols.

Compound Calibration Curve R2 Linear Range
(μg/mL)

LODs
(μg/mL)

LOQs
(μg/mL)

DL-α-Tocopherol y = 2668.2x + 4301.4 0.9992 50–1.56 0.19 0.78
Stigmasterol y = 956.46x + 2623.6 0.9979 50–3.12 0.39 1.56
Campesterol y = 1008.1x + 1213.6 0.9987 50–1.56 0.39 1.56
β-Sitosterol y = 1718.1x + 1316.6 0.9991 50–1.56 0.39 1.56

The concentrations of tocopherol and phytosterols from C. papaya were evaluated. The content
of each compound was calculated as μg/100 mg of original leaf. The concentrations of tocopherol
and phytosterols were in the range of 0.33 to 1.91 μg/100 mg of original leaf material. β-Sitosterol
was present at the highest concentration, followed by dl-α-tocopherol, campesterol, and stigmasterol
(Table 4).

Table 4. Concentrations of tocopherol and phytosterols in Carica papaya leaves.

Content (μg/100 mg ± SEM of Original Leaf) n = 3 Independent Extractions
Sample

DL-α-Tocopherol Stigmasterol Campesterol β-Sitosterol

scCO2 extract 1.07 ± 0.36 0.33 ± 0.10 0.55 ± 0.08 1.91 ± 0.45

3.5. Cytotoxicity of scCO2 Extract and Identified Compounds

The cytotoxic effects of scCO2 extract, dl-α-tocopherol, stigmasterol, campesterol, and β-sitosterol
were evaluated against cancerous SCC25 and non-cancerous HaCaT cell lines using the MTT assay.
The concentrations used ranged from 1 to 100 μg/mL for the individual compounds and 30 to
500 μg/mL for scCO2 extract. Figures 2 and 3 show SCC25 HaCaT cell viabilities upon exposure to
extracts or pure compounds. The scCO2 extract and phytosterols, but not dl-α-tocopherol, showed
statistically significant cytotoxic effects against SCC25 and HaCaT cell lines in a dose-dependent manner.
Approximately 60% of SCC25 cells survived when exposed to a concentration of 1 μg/mL campesterol
or β-sitosterol, while 1 μg/mL stigmasterol only reduced cell viability to 77.1%. Approximately 60%
of SCC25 cells survived after treatment with 250 μg/mL of the scCO2 leaf juice extract. Interestingly,
when comparing the selectivity of the phytosterols at 1 μg/mL, stigmasterol resulted in the most
significant difference in viabilities between the two cell lines (13.4% difference), whereas campesterol and
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β-sitosterol demonstrated statistically significant selectivity, but with only 3.4% and 5.6% differences,
respectively, at the same concentrations. On the other hand, the scCO2 extract showed significant
selectivity between the two cell lines (p < 0.001, two-way ANOVA) with the post hoc test comparison
showing the significance at each concentration tested.

Figure 2. Effect of scCO2 extract on the viability of SCC25 and HaCaT cell lines. Results are expressed
as means ± standard error of the mean (SEM) (n = 3 independent experiments). Statistical significance
was determined by two-way ANOVA with the Sidak post hoc test, comparing the survival of HaCaT
vs, scc25 (* p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 3. Effect of stigmasterol (a), dl-α-tocopherol (b), campesterol (c), and β-sitosterol (d) on the cell
viabilities of SCC25 and HaCaT cell lines. Results are expressed as means ± SEM (n = 3 independent
experiments). Statistical significance was determined by two-way ANOVA with the Sidak post hoc test,
comparing the survival of HaCaT vs. SCC25 (* p < 0.05, ** p < 0.01, *** p < 0.001).

Table 5 summarizes the IC50 values of the compounds and scCO2 extract toward each cell line.
Campesterol was very active but not selective (had the same IC50 against SCC25 and HaCaT cells).
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Stigmasterol and β-sitosterol exhibited some selectivity toward SCC25, and stigmasterol was less toxic
than the other two sterols tested. The scCO2 extract was cytotoxic against SCC25 and HaCaT cell lines
at concentrations of 88.07 to 120.60 μg/mL, respectively, confirming its selectivity.

Table 5. Half maximal inhibitory (IC50) values of tested compounds and extract for SCC25 and
HaCaT cells.

IC50 (95% Confidence Interval)

Stigmasterol Campesterol β-Sitosterol
Equimolar

Sterol *
Mixture

scCO2

Extract

Cell
Lines

DL-α-
Tocopherol

μg/mL μM μg/mL μM μg/mL μM μM

SCC25 ND 14.35
(11.8–18.2) 34.8 0.63

(0.51–0.74) 1.57 0.41
(0.2–0.56) 0.98 5.98

(3.9–8.1)
88.07

(67.9–111)

HaCaT ND 23.41
(19.1–28.7) 57.7 0.63

(0.53–0.73) 1.57 0.78
(0.65–0.91) 1.88 15.60

(11.2–21.6)
120.60

(95.7–152.3)

* Equal concentrations of stigmasterol, campesterol, and β-sitosterol. ND means not detected. Parentheses show the
95% confidence interval for each compound.

3.6. Effect of Combined Phytosterols against SCC25 and HaCaT Cell Lines

To determine if there was a synergistic interaction between the compounds of interest, the cytotoxic
effects of an equimolar mixture of stigmasterol, campesterol, and β-sitosterol on SCC25 and HaCaT cell
lines were evaluated at a range of concentrations from 2.5 to 250 μM (equivalent to 1–100 μg/mL). In this
experiment, 1 μM of the mixture represents a 0.333 μM concentration of each individual sterol. Figure 4
reveals the effects of the mixture against SCC25 and HaCaT cell lines. The mixture of phytosterols
showed cytotoxicity with an IC50 of 5.98 and 15.60 μM toward SCC25 and HaCaT cells, respectively.
The selectivity of the mixture was the highest at a concentration of 5 μM with 89% viable HaCaT and
68% viable SCC25 cells (** p < 0.01, two-way ANOVA with the Sidak post hoc test). Two-way ANOVA
analysis indicated that, overall, the treatment effect was different between the two cell lines (p < 0.0001).

Figure 4. Effect of an equimolar mix of the three phytosterols on SCC25 and HaCaT cell lines. Statistical
significance was determined by two-way ANOVA with the Sidak post hoc test, comparing the survival
of HaCaT vs. SCC25 (* p < 0.05, ** p < 0.01).

The IC50 of the mixture of phytosterols indicates that the mixture of compounds is not more potent
than campesterol or β-sitosterol on either cell line (Table 5), thereby excluding significant synergistic
effects. It is interesting to note, however, that, with an IC50 ~3 times lower on cancer cells than
non-cancer cells, the mixture showed better selectivity than any of the individual sterols or the extract.
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4. Discussion

Several groups reported the potential anticancer properties of C. papaya leaves prepared by
different extraction methods [12,17,18]. However, the phytochemicals responsible for cytotoxicity and
selectivity are yet to be identified. An orthogonally different extraction method such as supercritical
CO2 extraction method is necessary to ease the identification of compounds of interest from extracts
of simplified composition [19]. There are no scientific studies in the literature which characterize the
scCO2 extracts from freeze-dried leaf juice of C. papaya and, therefore, the present study provides the
first insights into the chemotherapeutic potential of identified compounds from scCO2 extract from
freeze-dried leaf juice of C. papaya.

Among the phytosterols confirmed to be present in the scCO2 extract in our study (stigmasterol,
campesterol, and β-sitosterol), β-sitosterol was found to be the most abundant compound, followed by
campesterol and stigmasterol. This quantitative result is consistent with the phytosterol biosynthesis
pathway, which suggests that the most abundant end-product of plant sterol synthesis is β-sitosterol,
followed by campesterol and stigmasterol [20].

The search for potential chemotherapeutic drugs involves screening for compounds selectively
cytotoxic toward cancerous cells, sparing non-cancerous cells. In the present study, although campesterol
and β-sitosterol were potently cytotoxic to SCC25 (with ~1 μM IC50), only stigmasterol demonstrated
statistically and biologically significant selectivity over a range of concentrations. For campesterol,
the selective cytotoxicity is statistically significant but of an amplitude unlikely to be of biological
relevance. By comparing the structural features of all three phytosterols, a double bond in the side chain
(C-22) of stigmasterol might be hypothesized to selectively affect cancer cells; however, more data are
needed to confirm this claim. Another study showed that stigmasterol demonstrates chemo-preventive
properties against dimethylbenz[a]anthracene-induced carcinoma in a mouse model at concentrations
of 200 mg/kg and 400 mg/kg body weight [21]. This supports the further evaluation of stigmasterol as
a therapeutic agent, as well as the possibility that the traditional use of papaya leaves may be derived
from such activity.

While a previous study showed that phenoside A was more cytotoxic toward non-cancerous
HaCaT cells, this study for the first time proves that the cytotoxicity and selectivity of the C. papaya leaf
extract was due to phytosterol derivatives. However, more studies are needed to discover potential
compounds that possess better selectivity toward SCC25. Some strategies including dereplication and
single-compound purification from the crude extract may lead to fruitful outcomes. The scaffold of
stigmasterol is for medicinal chemists to investigate its structural activity relationship and selectivity.
Some of the successful cases for semi-synthetic compounds including dihydroartemisinin (arteminisin
analogue) are used together with holotranferrin to treat breast cancer [22]. Interestingly, the combination
of sterols demonstrated greater selectivity against SCC25 than individual sterols. This study paves the
way for further in vivo study for future chemotherapy purposes and important clinical implications.

A synergistic effect is the result of the interaction of multiple agents exerting a greater effect
than the total of their individual effects [23]. For example, a mixture of berberine and evodiamine
demonstrated greater inhibition of the human hepatocellular carcinoma cells SMMC-7221 than single
treatment by berberine or evodiamine [24]. We evaluated the possibility that the three most abundant
sterols could act synergistically in selectively impairing cancer cell viability. The results suggest that no
benefit results from combining equimolar concentrations of β-sitosterol, campesterol, and stigmasterol
in terms of half maximal effective concentration (EC50). However, it is interesting to note that the
mixture showed better selectivity than each compound applied individually. A study by Csupor-Löffler
and co-workers reported that the mixture of β-sitosterol plus stigmasterol (at an unknown ratio) from
the roots of Conyza canadensis [22] was five times more cytotoxic against skin carcinoma (A431) cells
than non-cancerous human fetal fibroblasts (MRC-5). The IC50 values of each individual compound
against A431 and MRC-5 were not determined.
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5. Conclusions

In this study, four compounds from scCO2 freeze-dried leaf juice extract were identified by
UPLC–QToF-MS-based chemometric and GC–MS analysis. Phytosterols were reported for the first
time from papaya freeze-dried leaf juice for their cytotoxic activities against skin cancer. Stigmasterol
was selective toward cancerous SCC25 cells in comparison to non-cancerous HaCaT cells. β-Sitosterol
was found to be the most abundant, followed by campesterol and stigmasterol. The present study
provides evidence for further studies on the mechanism of action and in vivo efficacy of papaya leaf
extracts in skin cancer.
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Figure A1. GC–MS analysis of scCO2 extract.
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Abstract: This paper reviews experimental works on the effects of single nozzle location and multi-
nozzle atomization on the mechanism of particle agglomeration in spray drying. In addition to the
naturally occurring primary agglomeration, forced and secondary agglomeration is observed as
an effect of different nozzle positions or multiple-nozzle atomization in spray drying. Particle size
diameters in the spray drying process for atomization from a single nozzle located at the top of the
tower are larger than at the bottom of the tower because of the lower ambient air temperatures and
longer residence time in the agglomeration zone. The trend of reduction in particle size is observed in
all analyzed works when the nozzle is moved down towards the air inlet, due to droplets’ exposure
to higher air temperatures and shorter residence time in the drying chamber. Conditions of droplet–
droplet, dry–dry or sticky–dry collisions leading to the development of coalescence, agglomeration
and rebound zones for multiple-nozzle atomization are described and discussed. Typically, log
normal PSD was found for single-nozzle spraying whereas for multi nozzle arrangement, bi-modal
particle size distribution was found both for drying in lab and industrial scale.

Keywords: spray drying; agglomeration; multiple nozzles; single nozzle location

1. Introduction

One of the common methods for producing dry loose material without prior grinding
is spray drying. Spray drying involves atomization of a solution, slurry, or paste to form
the droplets and contact with hot drying medium, usually air. In spray drying chambers,
the feed is converted into micro-sized droplets via atomization, which facilitates a robust
heat and mass transfer. Spray drying is a fast (10 sec-1min) convective drying process, in
which hot air provides energy for evaporation of solvent in the form of liquid drops [1].
Over the years, spray drying has evolved as an industry-friendly drying technology with
a wide range of applications in many sectors, including the food, pharmaceutical, and
chemical industries [2].

Producing a powder with controlled particle size distribution (PSD) as well as particle
shape and structure is still of paramount interest in the dairy, instant food, pharmaceu-
tical, and detergent industries, and even in the production of medical and biological
products [3,4].

The most common configuration of spray drying is co-current and counter-current
process. In the co-current spray towers, both phases flow through the chamber in the same
direction (downward), which is suitable for temperature-sensitive products. In the counter-
current towers, the spray and the air are introduced at opposite ends of the dryer, with the
atomizer positioned at the top and the air entering at the bottom [5]. Counter-current spray
dryers offer high throughput, control of product bulk density, and an option for application
of multilevel atomization [6].

Particles produced by spray drying can be smaller than 50 μm in diameter, leading to
poor flowability and slower reconstitution or lump formation during rehydration, affecting
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the quality of products. To overcome these problems, the agglomeration process can be
applied to powders produced by the spray drying method. The required particle size
can be achieved by particle agglomeration and control of particle size and properties,
which is commonly implemented in the industry. There are various methods for particle
agglomeration: direct agglomeration during drying [7–9], fluid-bed agglomeration [10],
steam-jet agglomeration, and different pressure agglomeration processes [3].

Many theoretical attempts have been made to determine mechanism of the agglomer-
ation process, such as by direct modelling [11–13], stochastic models [14–16], and particle
populations balance models [17,18]; however, only a few agglomeration models have been
validated due to difficulties in the industrial scale measurements and a lack of data on ma-
terial properties (glass transition or stickiness), tower geometry, and flow hydrodynamics.

This paper reviews experimental works and experimentally validated theoretical mod-
els on the effect of nozzle system configuration on the mechanism of particle agglomeration
in spray drying.

2. Agglomeration in Spray Drying

2.1. Study on Particle Agglomeration Mechanism in Spray Drying

Particle agglomeration is a complex and rapid process in spray drying affected by
many factors, such as drying temperature, hydrodynamics of phases, material characteris-
tics, and the configuration of the nozzles system [19].

Agglomeration can be described as the sticking of particulate solids, which is caused
by short-range physical or chemical forces among the particles because of physical or
chemical modifications of the surface of the solid [20]. Agglomeration can be defined as
a process during which primary particles stick together so that bigger porous secondary
particles (conglomerates) are formed, in which the original particles are still identifiable,
Figure 1. In this way, the characteristics of a single particle are maintained, whereas the
bulk powder properties are improved by the development of the larger agglomerates [19].

Agglomeration in the spray dryer chamber results from collisions between two or more
particles [21]. With drying, stable solid bridges between particles are developed, leading to
formation of a new bigger structure. Not every particle contact results in agglomeration; at
least one of the colliding particles should have a sticky surface for adhesion [22]. To some
extent, both primary and secondary agglomeration occur naturally in the spray chamber
through random collisions of moving particles in the chamber [23].

  
(a) (b) 

 
(c) 

Figure 1. Examples of different agglomerates’ structures adapted from Refs. [19,24,25].

When the surface reaches the sticky state, collisions with other particles (sticky or dry)
could lead to agglomeration, depending on velocity, particle momentum, collision angle,
and time of contact between particles [26,27].
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Extensive analysis of the agglomeration mechanism in industrial spray drying towers
was elaborated by Huntington [28]. The author distinguished the following mechanisms of
agglomeration: droplet/droplet agglomeration within a spray cone, droplet/semi-dried
particle, and particle/particle, taking place during particle flow as well as on the dryer
wall. Huntington [28] claims that in counter-current industrial swirl dryers, agglomeration
increases with increasing tower load, where the mass median diameter (MMD) grows by
a factor of about three from droplet to the powder, whereas for nil-swirl, lightly loaded
towers, MMD may double. Huntington, Ref. [28] concludes that to prevent production of
excessive coarse product agglomeration process in spray drying, towers must be controlled.

Recently, Fröhlich [27], analyzed the effect of solid content in the feed solution on
agglomerate formation. Drying of maltodextrin in pilot plant spray dryer showed that an
increase in total solid content from 30 to 50% (w/w) resulted in an increased particle size
from 44.7 to 64.6 μm. The authors attribute this effect to a changed particle viscosity, as
increased solid content resulted in less coalescence of the agglomerates, concluding that
the agglomeration in the atomization zone is controlled air hydrodynamics in the chamber.

Control of particle size and the agglomeration process can be achieved by proper
configuration of the atomizing nozzles producing droplets [29]. In addition to the naturally
occurring primary agglomeration, forced, secondary agglomeration is observed in many
industrial applications as an effect of using different nozzle positions or multiple-nozzle
atomization [9].

2.2. Particle Agglomeration and Product Quality

In the process of spray drying, particle agglomeration changes the structure and size
of the particles (spherical or semi-spherical), thus affecting some properties of the final
product, such as bulk density, porosity, solubility, and fluidity. Refs. [8,24], investigated
agglomeration in spray drying towers for different numbers and locations of the nozzles to
study and understand the mechanism of the particle agglomeration process. The agglomer-
ates themselves evolve from grapelike structures at the finest fractions to complex shapes
for large sizes (Figure 1). Through the agglomeration process, the primary particles become
granule-shaped with improved dissolution characteristics, which quickly re-hydrate be-
cause of irregular structure and high porosity [3,22]. After agglomeration, the morphology
of the particles is substantially changed, which improves the properties of the powder’s
functionalities (flow properties, dust generation, explosion risks, storage, mixing capacity,
dispersion, solubility, and controlled release).

3. Effect of Nozzle System Configuration on Particle Agglomeration in Spray Drying

The rate of agglomeration and the size of the resulting agglomerates, in addition to the
physicochemical properties of the atomized solution, are also influenced by the operating
process parameters, the geometry of the tower, the method of phase contact (co-current,
counter-current, or mixed) [30], and the configuration of the nozzle system. In this review,
we focus on the analysis of the effect of nozzle arrangement for particle agglomeration in
spray drying.

To determine of the influence of the nozzle system configuration on particle agglomer-
ation more comprehensively, two aspects should be considered: one is the effect of a single
nozzle at different locations in the drying chamber on particle agglomeration (nozzle height
is generally relative to the hot air inlet), and the other is the effect of applying a multi-nozzle
system (two or more nozzles atomizing simultaneously) on particle agglomeration.

3.1. The Effect of a Single Nozzle Position on Particle Agglomeration in Spray Drying

The position of the nozzle in a spray tower affects heat transfer and the velocity of the
particles, which can influence particle agglomeration.

The first extensive experiments on agglomeration in spray drying to include in situ
PDA laser measurements of particle size distribution in a tower were carried out by
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Zbicinski and Piatkowski [31], and Piatkowski [32]. The agglomeration process was studied
in the counter-current 8 m high and 0.5 m diameter spray drying tower (Figure 2).

 

Figure 2. Counter-current spray drying tower.

The position of the nozzle in the tower was changed against the distance of the air inlet,
which allowed analyses of the effect of nozzle location on drying and agglomeration. The
nozzle was installed in three different positions from the air inlet: 2.4 m, 4.7 m, and 6.7 m.

Figure 3 shows a comparison of average particle diameters along the drying tower for
three different nozzle locations and different process parameters; the final average diameter
of agglomerates changed from 150 to 450 μm. The most intensive agglomeration and the
highest average particle growth was observed when the nozzle was installed at 4.7 m and
6.7 m from the air inlet.

   
(a) (b) (c) 

Figure 3. Area of changes of an average particle diameter along the drying tower for different nozzle
positions (a–c), slurry and airflow rate, swirl flow, atomization ratio, and air temperatures.

Results of the experiments proved that the position of the nozzle in relation to the hot
air inlet had a significant influence on the agglomeration process. Phenomena decisive for
the course of agglomeration take place in the atomization zone, i.e., the area from the nozzle
to about 1.5 m below the nozzle. By changing the location of the nozzle, the temperature and
air velocity profiles—which are in direct contact with the sprayed particles—are changed.
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For the nozzle installed at 2.4 m from the air inlet, the final particle diameters were
relatively small because the high air temperature in the atomization zone hindered agglom-
eration, and the final particle diameters for these conditions in most cases did not exceed
150 μm. The poor agglomeration of the particles was the result of the rapid evaporation of
moisture and the establishment of a low adhesive particle structure, so that contact between
the particles did not lead to the formation of the agglomerates.

The displacement of the nozzle from 2.4 m to 4.7 m from the air inlet caused the
material to be sprayed into the air with different velocity profiles and, most significant of all,
to lower air temperature by about 20 ◦C. Under these conditions, the agglomeration process
was more effective, and the maximum particle diameters for several drying conditions
reached approx. 450 μm and were even 10 times larger than the average initial droplet
diameters released from the atomizer.

Another change of the nozzle position (to the level of 6.7 m from the air inlet) did not
significantly change the size of agglomerates; an average diameter size obtained under
these conditions was up to 400 μm.

PDA analysis showed negative value of the particle velocity in the drying chamber,
which confirmed the existence of particle agglomeration recycling zones in counter-current
spray drying [32].

Similar research was carried out by Francia [8,24], who investigated particle growth
in a pilot plant counter-current swirl dryer for detergents, operating with one nozzle at
three locations (8.2D, 5.9D, 3.5D). Figure 4 shows a comparison of the product mass-based
particle size distribution for different nozzle locations. In each case for single nozzles,
mono-modal size distributions were obtained. When the spray nozzle was located at the
top position (a distance of 8.2D from the air inlet), the size of the product was significantly
higher (between 600 to 850 μm), which implied intensive growth into the large fractions.
For the nozzle located at distance of 5.9D from the air inlet, the growth of the size of
the product was reduced. The trend of reduction of the particle size continued when the
nozzle was moved further down to the lowest distance from the air inlet (3.5D), because
of droplets’ exposure to higher air temperatures. In a high-temperature environment, the
outer crust of droplets was produced earlier, the surface was less prone to stick and with
lower residence time, and agglomeration was suppressed. When spraying from higher
nozzles locations, due to longer residence time and lower ambient air temperatures, the
particle aggregation increases.

 
Figure 4. Comparison of the product mass based size distribution obtained under different nozzle
locations Ref. [7].
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However, when the nozzle was situated at the lowest distance from the air inlet (3.5D),
the proportion of particles in the powder with size > 850 μm was larger than at higher
distances from the air inlet (>35% of the production, versus 24% and 14%, respectively),
which means that the mechanism of particle growth might be different to inter-particle
contacts. The authors of [8] suggest that interaction of particles with the wall deposits may
lower disruptive stresses of the agglomerates and promote re-entrainment of large granules
to the chamber.

Recently, Piatkowski et al. [33] experimentally studied particle size distribution, par-
ticle velocities, and air flow pattern in a counter-current pilot plant drying tower (8 m in
height and 0.5 m in diameter) above and below the nozzles located at the top and close to
the air inlet. A schematic of the pilot plant tower and location of the nozzles and levels of
PDA measurements are shown in Figure 5.

 
Figure 5. Schematic of pilot plant tower.

PDA measurements carried out below and above the nozzle trace changes in particle
size distribution and particle velocities at the axis and near the wall (0.22 m from the axis).
Downward air flow in the axis area and upward flow near the wall of the tower cause
collisions and promote agglomeration of the particles. Figure 6a,b shows the particle size
distribution of the product for the nozzles at the top and the bottom positions in the tower.
Figure 6a shows that PSD above the nozzle is smaller, both at the axis (D32 = 25.4 μm)
and at the wall (D32 = 78 μm), in comparison with particles measured below the nozzle
(D32 = 69.5 μm) and at the wall (D32 = 96.6 μm), which is a result of intensive agglomera-
tion in the recirculation zones below the nozzle, whereas smaller and lighter particles were
entrained with upward airflow to the cyclones. The presence of a large number of smaller
particles at the axis results from airflow hydrodynamics, as swirl flow in the chamber
moves bigger particles to the wall of the tower.
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(a) 

(b) 

Figure 6. ((a) Nozzle at the top (b) Nozzle at the bottom) PSD at the axis and at the wall above and
below the nozzle (adapted from Ref. [33]).
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A similar PSD was observed when the nozzle was situated lower in the dryer, near
the air inlet, Figure 6b. The particles above the nozzle are smaller both at the axis
(D32 = 22.0 μm) and at the wall (D32 = 23.7 μm) in comparison with particles found below
the nozzle (D32 = 35.5 μm) and at the wall (D32 = 50.9 μm).

Comparing PSD of the particles for the nozzle located at the top and at the bottom
of the tower, we observe smaller particle diameters at the bottom and bigger for the top
nozzle positions. Reduction in particle size when moving the nozzle down to the air inlet is
a result of droplets’ exposure to higher air temperatures, which hampers the agglomeration
process [8,24].

The authors also showed that for a nozzle situated at the top of the dryer, where
the air temperature in the atomization zone is lower, intensive air circulation promotes
agglomeration of the particles in the form of large uniform structures (Figure 7a). For the
lower position of the nozzle (closer to air inlet), the high air temperature in the atomization
zone hinders agglomeration in the form of spheres and develops complex 3D structures
consisting of many smaller particles (Figure 7b).

  
(a) (b) 

Figure 7. Product photos from the stereoscopic microscope for the nozzle at the top position (a) and
bottom position (b) (adapted from Ref. [33]).

Distance from the nozzle to the air inlet has a decisive effect on the agglomeration of
particles in the counter-current system; nozzle location and appropriate selection of drying
process parameters enable control of particle structure in the spray drying process.

3.2. Particle Agglomeration in Multiple-Nozzle System Atomization

The concept of multiple-nozzle spraying means using single nozzles on different
levels or several nozzles on each level in the drying chamber [34]. Only a few researchers
have carried out experiments on agglomeration for a multiple-nozzle system; mostly
mathematical models are used to simulate particle agglomeration without experimental
verification [17,35]

Francia et al. [25] studied agglomeration in a counter-current dryer between multiple
spraying levels. In contrary to the application of single nozzles, a multi-nozzle arrangement
generates bi-modal particle size distributions (PSD). Figure 8 presents product size distri-
butions between 300–425 μm, with a typical log-normal shape for single-nozzle operation.
The use of two sprays (3.5D and 8.2D from the air inlet) generates a bi-modal-shaped PSD,
with a second mode between 850–1180 μm.

The authors estimated that inter-nozzle interactions account for the production of
>6–11% of agglomerates > 600 μm.
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Figure 8. Product size distribution for single- and multi-nozzle operation (3.5D and 8.2D from
air inlet).

Francia et al. [8] also examined the effect of air flow conditions (air temperature and
velocity) on agglomeration in an industrial swirl spray tower for the drying of detergents,
for a single- and double-nozzle arrangement. The authors confirmed that the particle size
of powder responds to changes in the air flow in the drying chamber. High air velocity
in the chamber makes droplets and particles swirl faster, which moves particles to the
wall where the agglomerates are constantly forming and breaking. This mechanism occurs
independently of dryer throughput and nozzle location, both for single and multiple
nozzles, and inhibits the development of coarse aggregates > 850 μm.

Wawrzyniak et al. [36] applied PDA measurements to determine the effect of spray
direction of two nozzles on the final properties of the products in a pilot plant drying
tower (Figure 5). The upper nozzle was installed 5.05 m above the air inlet and sprayed
downwards, whereas the lower nozzle at 2.8 m above the air inlet sprayed in two directions:
downwards (Test A) and upwards (Test B) (Figure 9). The results confirmed bi-modal PSD
for both configurations of the nozzles spraying in downward and upward direction (see
Figure 8). The drying zone under the lower nozzle and agglomeration zone between the
nozzles were detected when the two nozzles sprayed downwards (Test A). Below the lower
nozzle, reduced agglomeration was determined, as the slurry was sprayed into the hot air,
which made the particles less prone to stick, also due to short residence time. Only smaller
and lighter particles were flowing upward to the agglomeration zone between the nozzles.

Figure 9. Product particle size distribution for two nozzles spraying downwards (Test A) and for
lower nozzle spraying upwards (Test B) (adapted from Ref. [36]).
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When the upper nozzle sprayed downward and lower nozzle sprayed upward (Test B),
intensive agglomeration between the nozzles was observed. The particles sprayed by the
lower nozzle quickly fall into a stream of moist particles from the upper nozzle.

Average powder PSD for Test A and B are similar, D50 = 542 μm and 460 μm, respec-
tively; however, PSD for Test B has a more pronounced two-peak character (Figure 9).

Jubaer et al. [9] studied forced agglomeration to predict coalescence, agglomeration,
and elastic rebound zones in a lab-scale counter-current spray dryer with two-nozzle
atomization. Figure 10 shows schematic of a lab spray dryer with nozzle locations; the
primary (main) nozzle is installed at the top and the secondary nozzles (positions 1 to 3) are
inclined perpendicularly or at an angle of 45◦ to the dryer wall. The arrangements of the of
the secondary nozzles simulates fine returns, which is a typical method in the industry for
controlling and promoting the agglomeration process [23].

 

Figure 10. Schematic of lab spray dryer with nozzle locations; primary nozzle at the top and the
secondary nozzles (positions 1 to 3, Ref. [9]).

During drying experiments, skim milk with 10% initial solid content was sprayed
from primary (top nozzle) and one of the secondary nozzles. To obtain profound picture of
agglomeration mechanism, CFD model was developed and validated on the basis of the
experimental data of particle size distribution and SEM analyses of the powder morphology.

The trials showed significant differences in particle size and morphology for spray
drying with different secondary nozzles locations.

Results of the work are summarized in Figure 11 which shows interaction of sprays
developing droplet, sticky and dry zones in the drying chamber for different secondary
nozzle configurations (Position 1, 2, 3, [9]). For the position 1 of secondary nozzle droplet-
droplet collisions dominates due to short distance between secondary and primary nozzles.
In the position 2 sticky particles from both sprays could collide forming sticky-sticky or
sticky-dry collision zone (the most effective for agglomeration). For position 3 of the
secondary nozzle, where most of the particles are dry; dry-dry or sticky-dry collisions zone
occurs. Similar particles behavior was observed for the case when the secondary nozzles
were positioned at an upward angle.

The Authors claim that the position 2 of the secondary nozzle located upward pro-
duce the most intensive forced agglomeration. Asymmetry introduced by the single
secondary injection might affect air temperature and velocity in the chamber and increase
the wall deposition.

Cumulative distribution of particle size for experiments with different nozzle con-
figurations are shown in Figure 12. Analysis of Figure 12 confirms size enlargement of
the particles for each trail with secondary nozzle atomization; however, the extent of the
enlargement is different for different secondary nozzle locations. The most significant size
enlargement was obtained when the secondary nozzle was located at Position 2 (both for
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perpendicular and upward spraying angle) due to the highest probability of sticky–sticky
and sticky–dry particle contacts. The particle size distribution at Position 1 is slightly
smaller than that of Position 2, as agglomeration there develops only by coalescence. The
smallest diameter enlargement was observed for a secondary nozzle situated at Position 3
due to droplets’ exposure to higher air temperatures, which is in line with conclusions
made by Francia [24]. The most intensive agglomeration was found for nozzle spraying
upward at Position 2.

 

Figure 11. Location of droplet, sticky, and dry collision zones for different nozzle configurations
(Position 1, 2, 3, Ref. [9]).

 

Figure 12. Comparison of particle size distributions of the powder samples collected from the
experimental trials for all tested nozzle positions Ref. [9].
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Wawrzyniak et al. [37,38] analyzed the agglomeration process in a 37 m high and 6 m
diameter nil-swirl industrial spray drying tower for detergent production. The slurry was
sprayed by 12 nozzles an angle of 65◦ located on two levels of 18 m and at 10 m from the
hot air inlets (Figure 13).

 

Figure 13. Schematic of industrial spray dryer for detergents with nozzle locations.

The lack of swirl due to the geometry of the tower and construction of the air inlet ring
resulted in high instability of air flow in the tower. A robust agglomeration process was
observed in the tower, as the initial average particle size increased from 285 μm to the final
770 μm in the product. The initial velocity of particles was 50 m/s. Cumulative initial and
final and percentage undersizing PSD in the industrial tower are presented in Figure 14.

 

Figure 14. Cumulative initial and final and percentage undersized PSD in the industrial tower.

Experimentally determined percentage undersized PSD shows a bi-modal distribution
as in [25,36].
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To determine mechanism of agglomeration in the nil-swirl industrial dryer, CFD of
particle flow was developed. The model was verified indirectly based on temperature
and velocity measurements in the industrial tower using “negative heat source concept”
described in [38]. By analyzing the residence time of particles in the drying tower and the
diameter growth, the zones of particles agglomeration were determined. Residence time of
particles in the dryer was found to be in range from 20 to 60 sec. Average agglomeration
time was estimated as 20 sec. Two particle recirculation zones, above the upper and below
the lower nozzles level in the dryer were detected (Figure 15). Small particles injected at the
upper nozzles level followed air path lines, whereas bigger particles fell with the progress
of the agglomeration and leave the dryer.

Figure 15. Comparison of drying air flow (a) and particle trajectories for upper (b) and lower
(c) nozzles level, Ref. [38].

Diameters of larger fractions increase due to the collisions with wet particles produced
by the nozzles from the upper level, but also due to the agglomeration with particles
entrained with the air from the lower level. Finally, particles produced at the upper nozzle
level are larger than the particles with similar initial diameters released from the lower
level because of the longer residence time in the agglomeration zone.

Based on experiments in an industrial tower ([38]), Jaskulski et al. [39] confirmed the
mechanism of agglomeration in the industrial tower (Figure 12) using a CFD agglomeration
model accounting for collisions of droplets and particles and coupling of agglomeration
with heat, mass, and momentum transfer for the industrial tower. Fine and dry fractions
were entrained above the atomizing nozzle but did not agglomerate, as the lower moisture
content hampered the formation of liquid bridges between the particles during collisions.

Similar conclusions regarding the mechanism of agglomeration were presented by
Nijdam et al. [17], who researched the agglomeration process for one and two nozzles
pointing toward each other and spraying water. The authors showed that the inertia
of a droplet plays an important role in droplet movement in the spray drying chamber.
Larger droplets tend to concentrate on the outer part of the spray, maintaining radial
momentum further downstream from the nozzle, whereas smaller droplets follow the
air flow more closely at the core of the spray. Both turbulent collisions and difference in
droplet relative velocity can promote agglomeration. The authors confirmed that besides
primary agglomeration, forced and secondary agglomeration occurs as an effect of different
nozzle positions.
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4. Conclusions

Intensive agglomeration is observed in industrial spray drying towers, which results
in a significant increase in the particle diameter of the product. Powder containing small
particles, commonly produced in spray drying, is characterized by poor flowability, slower
reconstitution, or lump formation during rehydration. Agglomeration changes the mor-
phology of the particles, improving the powder’s functionalities such as particle shape, bulk
density, porosity, solubility, and fluidity. Most works in the literature examine agglomera-
tion in spray drying and the hydrodynamics of phase contact (co-current, counter-current,
or mixed) and the effect of physicochemical properties of the atomized solution, the spray
drying process parameters, and method of feed atomization in controlling the rate of ag-
glomeration and size of the agglomerates. The literature review carried out in this paper
reveals a strong effect of nozzle location and multi-nozzle atomization on the mechanism
of particle agglomeration in spray drying.

The coarse agglomeration mode is mainly generated by spraying from the top of
drying towers because of the longer residence time and lower ambient air temperature
in the agglomeration zone. Agglomeration growths are inhibited when the nozzles are
located near the bottom the tower due to contacting the high inlet air temperature and
short residence time, which hampers the formation of liquid bridges between the particles.

For multiple-nozzle atomization, droplet–droplet, dry–dry or sticky–dry particle colli-
sions form coalescence, agglomeration, and rebound zones. Log normal PSD, characteristic
for single-nozzle atomization, turns into bi-modal for multi-nozzle arrangements.

Literature analysis proves that atomization from multiple nozzles promotes agglomera-
tion by increasing collision rate, collision frequency and efficiency, increasing the probability
of particle growth with the aid of air flow recirculation in the chamber.

In future work, the research of the effect of spray direction of the nozzles on the
mechanism of particle agglomeration, final properties of the products and reduction of the
wall deposition in co- and counter-current spray drying will be carried out.
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Abstract: The supercritical antisolvent (SAS) technique has been widely employed in the biomedical
field, including drug delivery, to obtain drug particles or polymer-based systems of nanometric or
micrometric size. The primary purpose of producing SAS particles is to improve the treatment of
different pathologies and to better the patient’s compliance. In this context, many active compounds
have been micronized to enhance their dissolution rate and bioavailability. Aiming for more effective
treatments with reduced side effects caused by drug overdose, the SAS polymer/active principle
coprecipitation has mainly been proposed to offer an adequate drug release for specific therapy.
The demand for new formulations with reduced side effects on the patient’s health is still growing;
in this context, the SAS technique is a promising tool to solve existing issues in the biomedical
field. This updated review on the use of the SAS process for clinical applications provides useful
information about the achievements, the most effective polymeric carriers, and parameters, as well as
future perspectives.

Keywords: supercritical antisolvent; micronization; coprecipitation; biomedical field; drug delivery

1. Introduction

Nowadays, the focus on novel polymer/drug formulations is continuously growing, in order to
improve the therapeutic efficacy of an active compound and to augment the patient’s compliance.
In this context, the micronization processes provide a robust solution to issues related to the biomedical
field, including drug delivery. The use of polymeric carriers to produce composite particles has
multiple functions, such as the drug protection against its oxidation and/or deactivation caused by
external agents (light, oxygen, temperature, pH) and the masking of unpleasant taste and/or odor.
However, the primary motivation is often the modification of the release kinetics of the active principle
embedded in the polymeric particles. In the biomedical field, a rapid or a prolonged release of
the active compound can be necessary depending on the pathology, which may require a fast or
long-term response. Many prescribed active principles have a low solubility in water, resulting in low
bioavailability. The particle size reduction, which is achieved by micronizing the active compound,
allows improving the dissolution rate of poorly water-soluble drugs [1–7]. However, drug dissolution
can be further enhanced by developing polymer-based formulations. This approach is also useful
when the active compound cannot be micronized alone [8–13], or when a highly water-soluble drug
has to be released slowly. For example, in the case of infections, long-term antibiotic therapies are
often prescribed. Unfortunately, many antibiotics are very soluble in water, and are characterized by a
very short half-life; in these cases, prolonged-release drug delivery systems are desirable to reduce the
number of administration and the unwanted effects, including the antibiotic resistance [14–17]. Instead,
given the existence of many inflammatory conditions, in the case of non-steroidal anti-inflammatory
drugs (NSAIDs), both a fast and a prolonged release can be required for the treatment of minor
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inflammations (e.g., headaches, toothache) or chronic disease (e.g., rheumatoid arthritis, osteoarthritis),
respectively [18–20]. However, when NSAIDs are frequently taken, serious side effects may occur,
such as nausea, vomiting, gastrointestinal bleeding, and peptic ulcer. All these issues can be solved
by controlling the drug release with suitable polymers, which may have mostly hydrophobic or
hydrophilic behavior, so producing alternative administration systems.

The typical release kinetics of an active principle from conventional pharmaceutical forms is
sketched in Figure 1a, showing how the drug concentration can go below or above the therapeutic
range, in an uncontrolled manner. Thus, in this case, high and repeated drug dosages are necessary,
leading to serious side effects on the patient’s health. In Figure 1b, different release kinetics from
alternative drug delivery systems are represented, such as immediate, prolonged, delayed, or pulsed
drug releases. In this way, the therapy is targeted for the specific application, and the drug concentration
in the plasma is ensured within the therapeutic region, i.e., above the minimum effective concentration
(MEC) required to have a therapeutic effect and below the maximum safe concentration (MSC) to
avoid toxicities.

(a) 

(b) 

Figure 1. (a) Conventional pharmaceutical formulations; (b) modified-release drug delivery systems.

There are different technologies to micronize active compounds or to produce composite
polymer/drug particles, such as spray drying, freeze-drying, jet-milling, solvent evaporation,
or coacervation. Despite the advantages of using these conventional techniques, such as the possibility
of scaling up the process without particular complications, in the case of the widely employed spray
drying, these methods also present significant limitations [7,12,21–25]. Indeed, multistage processing is
often involved to remove the toxic organic solvents used, whose residues are often not negligible in the
final product. Moreover, the employed high process temperatures can cause the thermal degradation
of the thermosensitive active principles. In addition, using conventional micronization techniques, it is
difficult to control the morphology and the dimensions of the produced particles.
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On the contrary, these drawbacks can be overcome using processes based on the use of supercritical
fluids [7,12,21–25], among which the supercritical carbon dioxide (scCO2) is the most commonly
employed in the industrial field. Considerably reducing the use of organic solvents, the scCO2-based
micronization techniques permit to produce regular particles of minimal dimensions, which are difficult
to obtain with conventional processes.

This goal is possible because, in supercritical conditions, fluids have some gas-like properties
(e.g., high diffusivity, low viscosity) and other liquid-like properties (e.g., high density, high solvent power).
In particular, the supercritical antisolvent (SAS) technique stands out for the production of nanoparticles
and microparticles of one or more compounds in a controlled manner. The first papers on the SAS process
date back to the early 90s. For example, Yeo et al. processed para-linked aromatic polyamides obtaining
polycrystalline spherulites and microfibrils [26,27], Bertucco et al. obtained hyaluronic acid benzylic ester
microspheres that can be used for controlled drug delivery [28], Reverchon et al. obtained nanoparticles
and sub-microparticles of different superconductor precursors [29,30].

Regarding the pharmaceutical field, using the SAS process, up to now, micronized drug particles
and several polymer/active compound composites have been proposed for different biomedical
applications [31–35]. Indeed, SAS precipitated particles can be used for drug delivery by oral,
parenteral, transdermal, or topical routes [2,36–42]. The versatile SAS particles can be used in powder
form for the oral administration of composites or the preparation of aerosol formulations, mainly
for the treatment of respiratory diseases; they can also be used for the production of medicated
patches or active topical gels, by incorporating nanoparticles/microparticles into various types of
dressings, supports or pomades, respectively. The dissolution kinetics of many active principles,
both of synthetic and natural origin, have been successfully modified by selecting carriers suitable for
the required therapy. Different biopolymers, which are biocompatible [11,22,43,44] and sometimes even
biodegradable [32,45–49], have been studied to tune the release of the active compounds. In literature,
there are few reviews about the SAS technique [50–53]. An older overview [53] was focused on the
precipitation of single compounds in the form of microparticles and nanoparticles, mainly introducing
the fundamentals of the SAS technique. In this study, the micronization of different kinds of materials
was considered, without choosing a specific field of application. Abuzar et al. [50] focused their
attention to poorly water-soluble drugs, recommending the SAS process as an innovative tool to
enhance the bioavailability of these active principles. In another review [51], the SAS process has been
indicated as a promising drug encapsulation method, but a limited number of studies compared to the
existing ones have been analyzed. Moreover, the crucial role of the polymeric carrier to produce novel
formulations for specific biomedical applications and drug dissolution rate is not highlighted. In the
paper of Gonzalez-Coloma et al. [52], the attention was instead given to the supercritical antisolvent
fractionation (SAF) of natural products. The SAF process is conceptually similar to the SAS one since,
in any case, the supercritical fluid acts as an antisolvent; however, the difference is that, in the former
technology, a complex mixture consisting of various compounds in a solvent has to be selectively
fractionated, precipitating a compound or a series of compounds of interest. It has to be considered
that none of the aforementioned reviews report the interesting results obtained in recent years, such as
the new carriers identified, whose use has been optimized lately.

Considering the advantages associated with the use of the SAS technique and the goals achieved
so far, it is clear that this technology can still make a significant contribution to improving the treatment
of several diseases. Therefore, this updated review is focused on the application of the SAS process in
the medical/pharmaceutical field, both regarding the micronization of active compounds and their
coprecipitation with polymeric carriers. The advantages and disadvantages associated with the use
of the SAS technique, the most effective polymeric carriers, and operating conditions, as well as
the processed active principles and the potential applications, are indicated. This review provides
guidelines for future prospects.
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2. SAS Process: Fundamentals and Test Procedure

The SAS process is based on some main prerequisites. In this technique, the scCO2 has the role of
the antisolvent; therefore, it has to be completely miscible with the selected liquid solvent. On the
contrary, the solute/solutes to be processed has/have to be soluble in the liquid solvent but insoluble in
the binary mixture formed in the precipitator consisting of the solvent and the antisolvent. Hence,
the precipitation/coprecipitation of solute/solutes occurs because of the fast diffusion of scCO2 into the
liquid solvent and the consequent supersaturation of the solute/solutes.

A schematic representation of the SAS process is reported in Figure 2. Briefly, a typical SAS
experiment begins by pumping the CO2 to reach the desired pressure in the precipitator, which is heated
up to the selected temperature. Once the operating conditions are stabilized, the pure solvent is delivered
to the precipitator, passing through a nozzle. Then, the liquid solution, which consists of the solute/solutes
dissolved in the selected solvent, is injected. Due to the supersaturation, the solute/solutes precipitate on
a filter, whereas the mixture solvent/antisolvent is recovered and separated downstream the precipitator,
where a vessel to collect the liquid solvent is located. Once the solution is injected, the scCO2 continues to
flow to eliminate the solvent residues. At the end of this washing step, the precipitator is depressurized
down to atmospheric pressure, and the precipitated powder can be collected.

Figure 2. A scheme of the supercritical antisolvent (SAS) apparatus. P1, P2: Pumps; S1: CO2 supply;
S2: Liquid solution supply; RB: Refrigerating bath; PC: Precipitation chamber; LS: Liquid separator;
MV: Micrometric valve; BPV: Back-pressure valve; R: Rotameter.

There are also some modified versions of the SAS technique, in which the scCO2 acts equally as an
antisolvent, such as the supercritical gas antisolvent (GAS) process and the solution enhanced dispersion
by supercritical fluids (SEDS). In the SEDS process, the scCO2 and the liquid solution are both injected
through a coaxial nozzle. Instead, in the GAS process, the scCO2 is introduced into the solution consisting
of solute/solutes to be precipitated and the liquid solvent. The SAS process was also proposed in the
literature with other different acronyms, such as the aerosol solvent extraction system (ASES).

3. SAS Micronization of Active Compounds

Different factors can influence the oral bioavailability of an active compound, including the
first-pass metabolism, the drug permeability, and its solubility and dissolution rate in water [54].
In particular, poor solubility and slow dissolution rates are the leading causes of the low bioavailability
for most of the active principles [55–57]. Consequently, a low drug amount, often at an insufficient
concentration, is available at the specific site of action.

In the last decades, drug particles with nanometric or micrometric size have been applied to treat
or prevent different pathologies or medical conditions. As previously mentioned, the micronization of
an active compound revealed to be a possible approach to enhance its dissolution rate, since the particle
size reduction leads to an increase of the specific surface area in contact with the aqueous solution.
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Most of nonsteroidal anti-inflammatory drugs (NSAIDs) are a striking example of poorly-water soluble
drugs. The micronization of active principles is also a valid solution to reach a target part of the body.
Aerosol drug administration or anticancer therapies are striking applications. The drug micronization is
also a valid solution when a specific range of particles’ size is required for a certain disease; for example,
in the case of pulmonary diseases, drug particles (e.g., antibiotics) with mean diameters lower than
1 μm and a controlled particle size distribution (PSD) are desirable.

For these purposes, the SAS technique is one of the most effective micronization techniques based
on the use of supercritical CO2. Up to now, several active compounds, such as antibiotics [25,58–64],
NSAIDs [46,65], antioxidant compounds [1,6,7,38,66], anticancer drugs [3,4,67–69], and others [2,32,70–72],
were micronized in the form of nanoparticles, sub-microparticles, and microparticles using the SAS process.

As in the case of the other supercritical fluids assisted technologies, SAS micronization allows
overcoming the main drawbacks of conventional micronization techniques, such as spray drying,
freeze-drying, jet-milling, solvent evaporation, and grinding [7,25]. For example, Rogers et al. [73]
focused their review on a comparison between scCO2-based processes, including SAS, and cryogenic
spray-freezing technologies in the micronization of active principles. Both approaches were presented
as potential solutions for the production of particles of active compounds that cannot be processed by
conventional micronization techniques, such as spray drying and jet-milling. However, the authors
highlighted the advantage of using an environmentally-friendly antisolvent as the scCO2 (in the
specific case of the SAS technique) compared to the organic and toxic antisolvents conventionally
employed. Moreover, the gas-like and liquid-like properties of scCO2, such as the high diffusivity
and the high solvent power, allow obtaining dry particles without solvent residues in one step.
In reverse, lyophilization or liquid antisolvent extraction are needed to dry powders prepared by the
cryogenic micronization technologies. The study of Park et al. [25] demonstrated the superiority of
the SAS process with respect to spray drying in the micronization of cefdinir (a model drug). Indeed,
microparticles with a mean size equal to 2.32 ± 1.76 μm were obtained by spray drying, whereas
nanoparticles with a narrow PSD (0.15 ± 0.07 μm) were produced by the SAS process. Moreover,
the specific surface area of SAS-processed particles (55.79 ± 0.06 m2/g) was higher than that of
spray-dried particles (35.01 ± 0.63 m2/g). The increase in the surface area led to a better contact with the
water molecules, so the dissolution of the SAS-processed cefdinir was faster than the spray-dried drug
particles. According to the results obtained by Ha et al. [7], SAS micronization also proved to be more
effective than milling techniques. Indeed, SAS nanoparticles and sub-microparticles (size in the range:
0.15–0.50 μm) allowed to speed up the dissolution of resveratrol, with respect to crystals (18.75 μm) or
crystals/irregular coalescent particles (1.94 μm) produced by Fritz milling and jet-milling, respectively.
Therefore, it is ascertained that SAS micronization provides benefits in the final pharmaceutical product
both in terms of morphology and dimensions of the particles that constitute it.

Similarly, in other works [1–7,38,66,72,74–77], the SAS micronization led to an enhancement of the
drug dissolution rate; in some cases, a slight improvement was already observed even when smaller
crystals and no regular particles were obtained by SAS with respect to the unprocessed drug. The SAS
technique offers the possibility of obtaining both crystalline and amorphous materials by modulating the
operating conditions of pressure and temperature. For example, at a fixed temperature, crystals mostly
precipitate working at pressures below the mixture critical point (MCP) of the drug/solvent/scCO2

system, i.e., in the biphasic region. The possibility of producing an amorphous material increases by
increasing the pressure, up to a value much higher than the critical pressure, i.e., at fully-developed
supercritical conditions. The attainment of amorphous powders involves numerous benefits, including
the enhancement of the drug dissolution rate in an aqueous environment, due to a higher contact
between the water molecules and the active principle with an increased specific surface area.

However, as emerged from several papers, the selection of the proper liquid solvent is crucial.
Indeed, the success of SAS precipitation strongly depends on the affinity between the solvent and
the supercritical antisolvent, i.e., the solubility of the liquid solvent in the supercritical CO2 and
the fast gas-like diffusion of the supercritical CO2 in the solvent. These fundamental aspects assure
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the attainment of small particles. Many studies showed that dimethylsulfoxide (DMSO) is one of
the best solvents for SAS micronization [1,3,6,17,46,58–62,65,67,71], as it often allows to produce
particles with good morphology and small size, in addition to being the most used solvent. Respecting
the basic prerequisites of SAS precipitation, up to now, DMSO allowed micronizing a wide variety
of active principles in the form of nanometric and micrometric particles. Ethanol [5,7,63,64,69,78]
and acetone [2,68] also emerged as good solvents for the SAS micronization of active compounds.
In addition, some active principles were effectively micronized using methanol [7,25,72] and
N-methyl-2-pyrrolidone (NMP) [38,58,60]. Moreover, acetone belongs to the category of solvents that
have a narrow pressure range to switch from the two-phase to the single-phase mixing with scCO2;
using this kind of solvent, nanoparticles are generally obtained [79]. Instead, microparticles usually
precipitate with DMSO, EtOH, and NMP, which are solvents that present a broad transition zone
from the two-phase to the single-phase mixing with scCO2. For the latter category of solvents, high
operating pressures are necessary to produce nanoparticles. In some papers, SAS precipitation was
also attempted by solubilizing drugs into solvent mixtures, which consisted of the solvents above,
but satisfying results were reached only in few cases [1,7,13,59,66,80,81].

Another critical parameter for a successful micronization is the molar fraction of CO2, which should
allow the complete miscibility between the solvent and the antisolvent at the selected pressure and
temperature. For this purpose, in most of the reported papers, CO2 molar fractions higher than 0.95
were used. In addition, the operating pressure and the concentration of the active compound in the
liquid solution also influence the morphology and the size of the precipitated powders. In particular,
when spherical particles are produced, a decrease of the pressure or an increase of the drug concentration
often results in an increase of particles’ dimensions [5,38,58,61,62,69,72]. However, it is possible that
large crystals significantly precipitate, increasing drug concentration. This result can be explained
considering that the presence of the active compound can modify the high-pressure vapor-liquid
equilibria (VLEs) of the solvent/antisolvent binary system.

Consequently, the MCP of the drug/solvent/scCO2 ternary system shifts towards higher pressures
with respect to the MCP of the solvent/scCO2 binary system [82,83]. Therefore, the operating point
could lie below the MCP, i.e., in the biphasic region. This effect is accentuated by increasing the drug
concentration in the liquid solvent.

The morphology and the dimensions of SAS-processed particles obviously will influence the
dissolution of the active compound. Indeed, as highlighted in various papers [7,38,66,72], a smaller
particle size, which means an increased surface area, led to an increase in the drug dissolution rate.

SAS particles can be used for oral, parenteral, and topical drug administration; in the latter case,
the micronized drug particles can be incorporated into various types of dressings or supports. Up to
now, SAS-micronized drugs were proposed for different diseases or clinical conditions, including
inflammations and pains [11,12,75,84], infections [2,4,25,58,59,61,63,64,74,77,85,86], diabetes [5,7,66],
psychological disorders [87], asthma [32,71,88], tumors [1,3,4,31,38,67–69,78,89–92], cardiovascular
pathologies [6,33,70,76], etc.

However, some active compounds are not processable by the SAS technique. Indeed, in many cases,
SAS micronization substantially fails since crystals precipitate [11–13,74,87,90,93] or, even, the active
compound can be extracted by the solvent/scCO2 mixture [8,9] not respecting the fundamental
prerequisites of the SAS process.

Nevertheless, different studies proved that it is possible to force the morphology of these
compounds not suitable for SAS micronization through their coprecipitation with a proper selected
polymeric carrier [5,8–13,44].

In Table 1, a summary of the active compounds processed by SAS micronization is reported. The active
principle to be micronized, the morphology and size of precipitated powders, as well as the applications
are indicated. The operating conditions that mainly influence the morphology of particles are also
specified, i.e., the liquid solvent used, the pressure (P), the temperature (T), and the drug concentration in
the injected solution (C).
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4. SAS Coprecipitation of Active Compounds with Polymeric Carriers

Up to now, the SAS process has been widely exploited to produce composite polymer/active
compound systems for various biomedical applications. In particular, composite particles
were produced to treat inflammations [8,11,46,65,98,99], infections [17,100–106], asthma and
allergies [22,32,44,93], diabetes [35,107,108], hypertension [34,70], and other diseases [39,94,109–113].
Different kinds of active principles, both with synthetic and natural origin, have been incorporated
into polymeric particles. In particular, SAS particles loaded with natural active compounds have been
often proposed as alternative therapies to conventional ones, e.g., for the prevention and treatment of
tumors or cardiovascular diseases [31,49,91,97,114–116]. Carotenoids, phenols, and flavonoids belong
to this category of compounds that offer numerous benefits for human health, given their antioxidant,
anticancer, antimicrobial, and anti-inflammatory properties.

As occurs for the drug micronization, the coprecipitation of a polymer and an active principle
via the SAS process offers many advantages if compared with conventional techniques [12,21–24].
The study of Wu et al. [12] proved the superiority of the SAS process with respect to spray drying in
the attainment of polyvinylpyrrolidone (PVP)/piroxicam microparticles. Indeed, the PSD obtained
with the SAS technique was narrower than that of the spray-dried particles. Moreover, the dissolution
rate of piroxicam released from SAS particles is approximately twice as fast than that of the drug
released from the spray-dried particles. In particular, about 2% of pure piroxicam dissolved in 5 min,
whereas the percentage of piroxicam released from SAS-processed microparticles and the spray-dried
microparticles was about 100% and 55%, respectively [12].

Similarly, Lee et al. [22] prepared inclusion complexes both by the freeze-drying method and
the SAS technique. By coprecipitating cetirizine dihydrochloride (an antihistamine drug) with
β-cyclodextrin (β-CD), large and irregular crystals were produced by the freeze-drying method,
whereas spherical particles were obtained by the SAS technique. In the work of Won et al. [23], the SAS
process also showed better performance with respect to the conventional solvent evaporation in the
preparation of felodipine-loaded particles based on hydroxypropylmethyl cellulose (HPMC) and
poloxamers. In particular, SAS particles proved to be more stable over time, in addition to exhibit a
higher drug dissolution rate.

As previously mentioned, polymer/drug composites are produced for various purposes,
but the main challenge is to suitably modify the dissolution kinetics of the active principles,
aiming for excellent therapies. Depending on the medical application, different drug release
kinetics can be required. The choice of the right polymeric carrier is strategic to release the
drug at the desired time/speed and/or to a specific site of action. In this context, it was proven
that the use of different carriers for SAS coprecipitation leads to different drug releases [46,65].
In particular, when a hydrophilic polymer is used as the carrier, the dissolution of the active
principle contained in the SAS composite particles is enhanced. PVP belongs to this category
of polymers; indeed, its use allowed to increase the dissolution rate of various poorly-water soluble
active compounds [8,9,11,31,33,65,70,81,93,94,97,115–117]. In reverse, the drug release is prolonged
using a polymer with a hydrophobic behavior, as occurs, for example, by selecting zein [17,46–49].
Similarly, a sustained or prolonged release of the active compound was observed from particles based
on polylactic acid (PLA) and poly (L-lactic acid) (PLLA) [32,67,98,99,111,112,118–121], which, until now,
has been mostly employed to deliver anticancer drugs.

In addition, it is also possible to promote a targeted drug release by producing SAS particles based
on pH-sensible polymers, i.e., polymers that dissolve at specific pH values. The Eudragit polymers are
a striking example [43,44,98,99,104,122].

Two significant examples of improvement of the drug release kinetics by SAS-produced particles
are reported in Figure 3. In Figure 3a, the dissolution of a model NSAID (i.e., ketoprofen) was
speeded up by selecting PVP as a hydrophilic carrier to ensure a rapid relief against inflammations,
such as headache or toothache. In Figure 3b, the release of a model antibiotic (i.e., ampicillin) was
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prolonged by producing particles based on zein as a hydrophobic carrier, thus reducing the frequency
of administration and the side effects due to antibiotics overuse.

(a) (b) 

Figure 3. Dissolution kinetics of active principles from microparticles obtained through the SAS process:
(a) Ketoprofen (pure and released from polyvinylpyrrolidone (PVP)); (b) ampicillin (pure and released
from zein).

However, it is necessary to identify and to use carriers that can be processed by the SAS technique.
Up to now, satisfactory results have been reached only with a reduced number of polymers, which are
therefore identified as effective carriers for the SAS coprecipitation. PVP is currently the most used
polymer and is considered one of the best carriers [8,9,11,31,33,35,65,70,80,81,93,94,97,103,115–117,123]
since it is often allowed to obtain regular and spherical composite particles. PVP is followed
by PLA [45,108,124] and PLLA [41,67,98,99,111–113,118–121,125–127] that are also suitable carriers
often employed. Recently, zein [17,46] is also established as a good polymeric carrier for SAS
coprecipitation; moreover, β-CD [22,128] seems to be a promising polymer, but its use has to be
further investigated given the very few existing papers. Accurately selecting the solvent and the
operating conditions, Eudragit L100-55 also led to the formation of regular composite particles.
Therefore, it can be considered a novel carrier more suitable for SAS coprecipitation with respect to the
previously tested Eudragits, including Eudragit RS100 and Eudragit RL100 [43,98,99,122]. Eudragit
L100-55 is soluble at a pH higher than 5.5, corresponding to the first intestinal tract (duodenum),
thus the active compound is protected against the acid gastric fluid; in the meanwhile, the side
effects on the gastric tract are also avoided. Eudragit L100-55 allowed reaching a controlled release
of NSAIDs, antibiotics, and bronchodilator drugs from SAS microspheres [44,104]. Until now,
the SAS coprecipitation was attempted using other kinds of polymers, such as polyethylene
glycol (PEG) [35,106,129,130], poly(lactide-co-glycolide) (PLGA) [36,37,109], ethyl cellulose
(EC) [91,100–102,105], HPMC [34,39,42,70,107], and poly(hydroxybutyrate-co-hydroxyvalerate
(PHBV) [95,96,131–135]. However, the use of these carriers must be further investigated, by changing
the selected solvents or/and the operating conditions, because the morphology of the polymer/drug
precipitated powder is not yet satisfactory.

Indeed, in addition to respecting the essential prerequisites of the SAS technique, it has to be
considered that the SAS coprecipitation seems to be effective when composite microspheres are
obtained, i.e., microparticles consisting of a polymeric matrix in which the drug is homogeneously
dispersed [46]. In this case, in the meanwhile that the liquid solution is fed to the precipitator, the liquid
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jet break-up and the subsequent atomization quickly occur and prevail with respect to the surface
tension vanishing. As a consequence, the polymer and the active compound are entrapped in the same
droplet, which behaves as an isolated reactor. The droplet drying by scCO2 leads to the attainment of
the composite microsphere, as represented in Figure 4.

Figure 4. Mechanism of formation of a polymer/active compound microsphere by the SAS technique.

On the contrary, when nanoparticles precipitate, the coprecipitation fails at least in part.
In particular, nanoparticles are formed when the surface tension vanishing is very fast, and the
gas mixing prevails on the breakage of the liquid jet. Consequently, no droplets are formed and
the precipitation of nanoparticles occurs by gas-to-particles nucleation and growth. In this case,
a sort of physical mixture at the nanometric level is obtained, i.e., polymer nanoparticles mixed with
nanoparticles of the active compound. In addition, in the case of the sub-microparticles, a specific
portion of the recovered powder consists of the polymer and the drug precipitated together, but with
an irregular distribution of the two materials. Hence, the achievement of an effective polymer/active
compound coprecipitation seems to be strongly influenced by the size and the morphology of the
particles produced, as well as by their shape. Indeed, the coprecipitation fails also in the case of the
attainment of crystals, which occurs by operating in the miscibility gap between the solvent and the
antisolvent, where the two compounds tend to precipitate separately, resulting in polymer crystals and
drug crystals.

This correlation between a successful coprecipitation and the morphology/size of particles was
proved in the study of Franco et al. [46] employing the dissolution tests. In particular, using zein as the
carrier and diclofenac sodium as the model drug, it was observed that, increasing the polymer/drug
ratio, the particles’ diameter increased, whereas the release of the active compound was further slowed
down. Moreover, as the particle size decreased, the burst-like effect, i.e., the dissolution of the drug
near/on the particles’ surface, which, therefore, dissolve as quickly as the unprocessed drug increased.

Several papers showed that the selection of a proper carrier could force even the morphology
of active principles that cannot be processed alone by the SAS technique [5,8–13,44]. Moreover,
the entrapment of the active compound into the amorphous polymeric matrix can also favor the
inhibition of the drug recrystallization [136].

Nevertheless, it has to be taken into account that the presence of the active compound can
modify the polymer processability even if, under the selected process conditions, the carrier can
be micronized alone in well-defined particles [44]. This influence may be a consequence both of
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an interaction between the polymer and the drug, but usually, it is due to the presence of solutes
(polymer and/or active principle) that can alter the high-pressure VLEs. Therefore, the critical point
of the solvent/polymer/drug/antisolvent quaternary mixture can shift with respect to that of the
solvent/scCO2 binary mixture [82,83]. Each compound (i.e., carrier and drug) has a different influence
on VLEs, which might be negligible or not; thus, the morphology of the precipitated composites also
depends on this factor.

In the case of the coprecipitation, it is evident that the polymer/drug ratio plays a crucial role in
the attainment of composite particles. Moreover, the polymer content strongly affects the dissolution
rate; in general, the release of the active compound is mostly modified by increasing the polymer/drug
ratio [23,41,46,99,110,117,119].

Aiming to obtain spherical microspheres that guarantee an effective coprecipitation, in some
cases, it is not possible to reduce the amount of polymer in the composite particles beyond a specific
value [97,123]. In particular, a high polymer content in the pharmaceutical formulations can be a
limitation of the SAS coprecipitation when some carriers are employed. Among these, up to now,
the use of Eudragit L100-55 allowed producing well-defined microparticles only at polymer/drug ratios
equal to 20/1 and 10/1 w/w [44,104]. Similarly, in the studies of Chhouk et al. [123] and Ozkan et al. [97],
polymer/active compound ratios equal to 30/1 and 20/1 w/w were indicated as optimal for the production
of PVP/curcumin and PVP/quercetin particles, respectively. However, this drawback was found only
in these few cases using PVP as the carrier. Alternatively, a high amount of polymer in the SAS
coprecipitated powders can be avoided by selecting β-CD.

In general, cyclodextrins (CDs) are characterized by a hydrophilic external surface, which makes
them very soluble in water, and a hydrophobic internal cavity, in which various molecules
can be incorporated to form guest/host inclusion complexes by non-covalent interactions.
The production of CDs-based inclusion complexes by the SAS technique has been exploited to
mask the bitter taste and/or to increase the dissolution of various active compounds, such as
antioxidants [114,128,137,138], antihistamine drugs [22], antibiotics [139], and others [140]. In these
papers, hydroxypropyl-β-cyclodextrin (HP-β-CD) [114,137–140] is mainly employed, followed by
β-CD [22,128]. In particular, from the few available studies, β-CD seems to be a more suitable carrier
for the SAS process with respect to H-β-CD, since composite particles of regular morphology and size
were successfully produced only with β-CD. In addition, inclusion complexes are generally formed
by using a low polymer content, i.e., from molar ratio polymer/drug equal to 3/1 up to 1/2 mol/mol.
Therefore, the application of β-CD may be a useful tool to reduce the amount of polymeric carrier in
the SAS-prepared composite particles significantly, when a rapid drug release is desired.

In addition to the polymer/active compound ratio, other parameters influence the morphology
and size of composite particles, mainly the pressure and the overall concentration of solutes in the
liquid solution [8,9,44,65,80,81,93,94,97,110,117]. If the pressure is too high, the disappearance of the
surface tension prevails over the breakage of the liquid jet, and the coprecipitation partly fails with
the formation of nanoparticles, as previously mentioned. This failure also occurs if the pressure is
too low and below the MCP, hence the operating point lies in the biphasic region, resulting in the
precipitation of crystals or aggregates; even, the liquid can be recovered in the precipitator. Regarding
the total concentration, undoubtedly, the upper limit is represented by the solubility of the solutes in
the selected solvent. Nanoparticles or coalescent particles often precipitate when the concentration
of solutes is too low, because of the fast vanishing of the surface tension and the low viscosity of the
injected solution, not allowing the generation of well-defined droplets. Moreover, in the case of a low
concentration in the solution, the content of the polymeric carrier, which acts as a microsphere-forming
agent, is not enough to force the morphology of the composite system and to trap the active compound
into the polymeric matrix. On the contrary, if the total concentration is too high, aggregates or even
crystals can be obtained due to the influence that solutes may have on VLEs, as explained above.

In some cases, the variation of the temperature can favor the attainment of well-separated
microparticles, as occurs with zein [17,46]. As demonstrated in the study of Franco et al. [17],
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by coprecipitating ampicillin (a model antibiotic) and zein at a fixed pressure (90 bar) and total
concentration (50 mg/mL), polymer/drug 20/1 w/w sub-microparticles (mean size: 0.36 ± 0.30 μm)
were produced working at 40 ◦C. Instead, spherical microparticles with a mean size in the range
19–9 μm were obtained at 50 ◦C, also managing to reduce the ampicillin/zein ratio up to 5/1 w/w.
The morphology and shape of zein-based particles prepared by the SAS process are also definitely
better than aggregates and irregular or collapsed particles obtained up to now with the techniques
commonly used in the pharmaceutical field, namely spray freeze-drying and spray-drying [141–143].

A similar trend to that shown in the study of Franco et al. [17] was also reported in the paper
of Montes et al. [99] since the dimensions of ibuprofen-loaded particles produced using PLLA
or Eudragit L100 increased by increasing the temperature. Instead, Kalogiannis et al. [59] and
Patomchaiviwat et al. [119] observed a rise in the degree of coalescence of the PLLA-based particles
by increasing the temperature up to 50 ◦C, probably due to the PLLA plasticization. Indeed, it is
well known that the glass transition temperature (Tg) of a polymer can be depressed in the presence
of the scCO2, because of its absorption into the polymeric matrix that leads to a weakening of the
intramolecular and intermolecular attractions between the polymeric segments [144–146]. Therefore,
the polymer Tg decreases in proportion to the amount of scCO2 that the polymer is able to absorb.
The CO2 absorption and, consequently, its plasticizing effect in the presence of semicrystalline polymers
also depends on the operating temperature, which influences the scCO2 properties.

A glaring gap emerged from the SAS literature: Up to now, the use of polymeric blends has been
employed to produce drug delivery systems in very few papers [23,37,40,41]. Polymer blends can be
exploited to tune the drug release as desired, by modulating the ratio between the hydrophilic and
hydrophobic polymers that constitute the microparticles. In addition, they are useful to improve other
features of the final product, such as mechanical properties and moisture absorption. For example,
the very hydrophilic PVP can induce a hygroscopic effect, which could lead to low stability over time
and high water uptake in the produced composite powders. This critical issue can be overcome by
introducing hydrophobic polymers in the formulation, thus increasing the particles’ resistance to
humidity. Lee et al. [37] selected PLGA and PLLA to produce microspheres loaded with bupivacaine
HCl, a local anesthetic drug generally administered by parental route for the regional anaesthesia,
i.e., the local pain control. Various PLGA/PLLA mass ratios were investigated, as well as the use
of PLLA at two different molecular weights (MW 2000 or 50,000). It was proved that the release
of bupivacaine HCl from particles obtained by SAS depends on the PLGA/PLLA ratio and on the
molecular weight of PLLA. In particular, by increasing the PLGA content, the drug dissolution rate
increased, until having a rapid release (in about 4 h) when only PLGA was used.

On the contrary, both molecular weight PLLA prolonged the bupivacaine dissolution, but a slower
drug release with a lower burst-like effect was achieved when the lower molecular weight PLLA
(MW 2000) was employed. These results are partly also since the particles’ morphology improved as
the PLGA content decreased. Amphiphilic block copolymers, obtained by combining hydrophilic and
hydrophobic polymeric segments, can also be employed to deliver active compounds. For example,
in the paper of Jung et al. [41], PLLA, methoxy poly-(ethylene glycol)-b-poly(L-lactide) (mPEG-PLLA)
block copolymers or PLLA/PEG blends were chosen as carriers for controlled delivery of leuprolide
acetate. The last-mentioned one is a non-steroidal antiandrogen drug used to treat prostate and breast
cancers and endometriosis, which is usually administered via the parenteral route, being not orally
bioavailable. However, leuprolide-based therapies require long-term daily injections and frequent
administrations because this drug is very water-soluble and it has a short half-life when administrated
via the parenteral route. The mPEG-PLLA diblock copolymers were synthesized by ring opening
polymerization of L-lactide in the presence of PEG chain lengths. The effect of the mPEG block
length, the PEG/PLLA blending, and the polymer/drug ratio on the leuprolide acetate release were
investigated. A dichloromethane/methanol 1/1 v/v mixture was used for the SAS coprecipitation, and in
all the investigated conditions, spherical microparticles were produced. It was observed that the
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mean diameter of PLLA-based microparticles was higher than the one of microparticles prepared
using mPEG-PLLA.

Moreover, an increase in the mean particle size was noted as the PEG block length increased in the
mPEG-PLLA diblock copolymer. The drug entrapment efficiency was not significantly influenced by
the mPEG block length in mPEG-PLLA, the blending of PLLA and PEG, as well as the polymer/drug
ratio. However, these factors influence the release of leuprolide acetate from SAS microparticles.
Indeed, the drug dissolution rate increased by increasing the PEG block length in the mPEG-PLLA.
Microparticles based on PEG/PLLA blends showed a faster drug release with respect to the mPEG-PLLA
copolymer containing an equal mass ratio PEG/PLLA. Concerning the effect of the polymer/drug ratio,
a higher amount of mPEG-PLLA allowed a slower drug release rate.

Recently, some changes to the SAS process have been suggested [13,47]. In particular,
Matos et al. [13] proposed a single-step coprecipitation and coating by using the supercritical antisolvent.
A SAS coprecipitation of PVP/curcumin particles was attempted to coat the surface of different polymers,
namely microcrystalline cellulose (MCC) (size of crystals/irregular particles: 175 μm), corn starch
(size: 15 μm), or lactose (size: <5 μm). Briefly, before starting the experiment, irregular particles/crystals
of MCC, starch, or lactose were located into the precipitator; then, the solution containing PVP and
curcumin is injected and, because of the antisolvent effect of the scCO2, composite particles precipitated
onto the different polymers used as support. During the single-step coprecipitation and coating,
the stirring into the precipitator ensured a homogeneous coating onto the polymer surface. However,
a proper morphology of the final product was not guaranteed, since it strongly depends on the shape
of the polymeric supports initially charged into the precipitator. Moreover, from the release tests, it can
be noted that only about 10% of the unprocessed curcumin dissolved in 60 min. In contrast, the drug
released from PVP-based particles precipitated by a conventional SAS coprecipitation (i.e., without
other polymeric supports) already reached more than 95% of dissolution in 5 min. The dissolution of
curcumin did not show a further improvement when PVP/curcumin particles were precipitated onto the
polymeric supports. Instead, Liu et al. [47] attempted to incorporate an anticancer compound, namely
10-hydroxycamptothecin (HCPT), into zein-based particles. By coprecipitating the polymer and the
drug through the SAS technique, rods-like crystals and drug nanoparticles were obtained. These results
suggest that coprecipitation did not occur because the polymer and the drug precipitated separately
and not in the form of composite microspheres. An unsatisfactory morphology was also achieved
using the built-in ultrasonic dialysis process (BUDP), which couples the ultrasonic emulsification with
the dialysis technologies [147]. Then, the authors combined the supercritical process with the BUDP by
dispersing the SAS coprecipitated zein/HCPT powders into an ethanol/water mixture, which was used
as the dialysis solution for BUDP. In this way, well-defined zein/HCPT microspheres were produced,
also prolonging the drug release. However, nowadays, aiming at the process intensification, the use of
a multistage-procedure is not the best option, both in terms of costs and of process times.

A summary of the polymer/active compound composites produced by the SAS technique for
medical purposes is reported in Table 2. The polymeric carriers and the active principles processed
were indicated, as well as the main process parameters, including the liquid solvent used, the pressure
(P), the temperature (T), and the overall concentration of solutes (polymer + drug) in the liquid solution
(Ctot). The morphology and the dimensions of SAS-obtained samples are also specified. In particular,
the literature results are listed in Table 2, firstly reporting the polymers that revealed to be the most
used and the most suitable for the SAS technique.
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5. Conclusions

This review is focused on the application of the SAS technique in the biomedical field. In this
context, the micronization and coprecipitation by the supercritical antisolvent have been proposed for
several purposes. Regarding the production of composite particles, the opportunity of modulating the
drug release by choosing a carrier based on the required therapy is particularly impressive. In this
way, it is possible to release the active principle to a specific site of action and/or at the desired
dissolution rate, therefore reducing the side effects caused by drug overdoses and improving the
patient’s compliance. However, to date, few polymers can be defined as valid for a successful SAS
coprecipitation in the form of microspheres, including PVP, PLA, PLLA, zein, and Eudragit L100-55.
From the very few conducted studies, β-CD also seems a promising SAS carrier, but its use has
yet to be deeply investigated. The main challenge is, therefore, to identify new polymeric carriers
suitable for the SAS coprecipitation, in order to develop novel polymer/active compound systems and
overcome the main issues still existing in the biomedical field. A key role may be played by the use of
polymeric blends, which is still practically unexplored with regard to the SAS technique. Maintaining
the microparticles’ morphology and varying the content of hydrophobic and hydrophilic polymers,
the release can be tuned according to the specific application. Anyway, the use of the SAS technique in
the biomedical field is strategic to produce composite systems without residues of solvents that are
toxic for human health and to produce particles in a controlled manner with a narrow PSD.
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